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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Early diversification of archaea remains unsettled due to uncertainty from conventional phylogenomics.

■   By integrating deep learning and traditional phylogenomics, we revealed archaeal evolutionary patterns.

■   Early diversification of DPANN potentially linked to acetate metabolism in lower temperature environments.

■   The other archaea might share an ancestor with methyl-reducing methanogenesis and carbon fixation.

■   From domain-wide radiating patterns to genus-level adaptation, our framework offers comprehensive insights.
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Archaea, one of the primary domains of life,  have coevolved with Earth for
billions  of  years  and  play  critical  roles  in  biogeochemical  cycles  across
diverse  ecosystems.  However,  resolving  deep  archaeal  phylogeny  is
confounded by among-site heterogeneity and compositional biases, which
together  exacerbate  long-branch  attraction  in  lineages  like  DPANN.  Here,
using variational autoencoders and other deep learning models along with
phylogenomics, we re-evaluated archaeal evolution and identified a radiating
evolutionary landscape of three major archaeal superphyla, DPANN, TACK-
Asgard and Euryarchaeota. Our integrated results also support the scenario
in which DPANN evolved as an early monophyletic lineage, potentially rely-
ing  on  acetate-related  metabolism  under  lower  temperature  conditions,
whereas  TACK-Asgard  and  Euryarchaeota  possibly  share  a  hydrogen-
dependent  methyl-reducing  methanogen  ancestor  with  the  complete
Wood–Ljungdahl  pathway  in  higher  temperature  habitats.  Environmental
factors,  including  temperature,  oxygen,  and  salinity,  have  kept  influencing
subsequent archaeal  evolution  in  distinct  patterns,  highlighting  the  inter-
play  between  environmental  factors  and  evolutionary  trajectories  of  this
ancient domain.  By  demonstrating  that  deep  learning  can  be  systemati-
cally  integrated  with  phylogenomics  to  generate  testable  hypotheses  on
ancient  metabolisms  and  environmental  adaptation,  this  work  provides  a
new analytical insight for archaeal evolutionary studies.

 INTRODUCTION
Archaea  are  one  of  the  fundamental  domains  of  life  alongside  bacteria1-3

and  have  coevolved  with  Earth  environments  for  approximately  four  billion
years.4-6 The  origin  and  evolution  of  archaea  throughout  geological  history
have  long  been  discussed,  debated  and  renewed  because  of  the  rapid
discovery  of  new  archaeal  species7-12 and  novel  evolutionary  tools.13-19

Archaea taxonomy has been expanded from the Euryarchaeota and Crenar-
chaeota  phyla  to  at  least  20  phyla,  approximately  four  superphyla,
Euryarchaeota (comprising eight  phyla  in  GTDB R220),12 TACK (Thermopro-
teota),20 Asgard  (Asgardarchaeota),  and  DPANN (comprising  eleven phyla  in
GTDB  R220).21 Estimating  the  metabolic  repertoire  of  the  last  archaeal
common ancestor (LACA) and resolving the deep phylogenetic relationships
among these superphyla remain interdependent and contentious challenges.
One  phylogenomic  study22 inferred  the  evolutionary  history  of  each  gene  in
four archaeal superphyla through gene duplication, transfer, and loss analysis.
They  placed  the  archaeal  tree  root  between  DPANN and  other  archaea  and
predicted that the LACA was an anaerobe that may have been able to fix CO2

to acetyl-coenzyme A (acetyl-CoA) via the Wood–Ljungdahl  pathway (WLP)
and subsequently generate acetate and ATP using an acetyl-CoA ligase (Acd,
ADP-forming).22 However, another study argued that this rooting may reflect
the fast evolutionary rate of DPANN and the artifacts of long-branch attraction
(LBA).23 They  proposed  that  the  monophyletic  DPANN  archaea  probably
evolved from a free-living, Euryarchaeota-like ancestor.23 Therefore, based on
their  species  trees,  LACA  corresponds  to  the  last  common  ancestor  of
Euryarchaeota  and  TACK-Asgard.  Moreover,  an  integrated  phylogenetic
investigation  of  methanogenesis-related  proteins  revealed  that  LACA  was  a
versatile  methanogen  capable  of  both  reducing  CO2 and  methylated
compounds and that the inheritance/loss/gain/innovation of methanogenesis
drove early archaeal diversification.24 These competing� reconstructions illustrate
that the placement of DPANN and the metabolic identity of LACA are tightly

coupled, yet conventional phylogenomic approaches, reliant on site-indepen-
dent substitution models, yield conflicting topologies that are highly sensitive
to sampling and alignment strategies.

The  abovementioned  studies  suggested  that  methanogenesis,  complete
WLP,  and  acetate-related  metabolism  might  have  existed  in  the  LACA.  For
methanogenesis, it is primarily categorized into four types based on different
substrates:  methyl-reducing  hydrogenotrophic  (H2/CH3R),  CO2-reducing
hydrogenotrophic  (H2/CO2),  methyl-dismutating,  and  acetoclastic.25 The
methyl-coenzyme M reductase complex (Mcr) is the key enzyme for all these
methanogenesis processes, as Mcr catalyzes the last step of methanogenesis,
reducing methyl-coenzyme M to CH4. Traditionally, methanogenesis is linked
to  the  tetrahydromethanopterin  (H4MPT)  methyl  branch  of  the  WLP,  which
reduces  CO2 to  the  methyl  group  of  CH3-H4MPT,26-28 serving  as  a  substrate
for  H2/CO2 methanogenesis.25,29,30 In  the  H4MPT branch,  H2 acts as  an elec-
tron  donor,  and  CO2 is  progressively  reduced  to  a  methyl  group  through
catalysis by  following  enzymes:  the  tungsten  or  molybdenum  formyl-
methanofuran  dehydrogenase  complex  (Fwd),  the  formylmethanofuran:
H4MPT  formyltransferase  (Ftr),  the  methenyl-H4MPT  cyclohydrolase  (Mch),
F420-dependent methylene (CH2)-H4MPT dehydrogenase (Mtd) or the bacterial
methylene-H4MPT  dehydrogenase  (bMtd)  or  H2-forming  methylene-H4MPT
dehydrogenase  (Hmd)  and  the  methylene-H4MPT  reductase  (Mer).26-28

The  carbon  monoxide  dehydrogenase/acetyl-CoA  synthase  (Cdh)  complex
catalyzes  reactions  in  the  carbonyl  branch  of  the  WLP,  and  its  four  main
subunits (CdhACDE) are widely present in both archaea and bacteria.27,28,31 In
archaea,  CdhA/B  reduces  CO2 to  CO,  and  CdhCDE  converts  CO  and  the
methyl  group  of  CH3-H4MPT  into  an  acetyl  group  to  synthesize  acetyl-
CoA.27,28,31 One  study  reported  that  the  complete  WLP  might  be  used  as  an
electron  sink  in  acetate-related  metabolism  in  the  deeply  branching Korar-
chaeia32 and that these archaea can convert acetyl-CoA to acetate to generate
ATP via Acd or acetate kinase (Ack) and phosphate acetyltransferase (Pta).32-

36 Moreover, another study focused on acetate-related metabolism, including
Acd  and  acetyl-CoA  synthase  (Acs,  AMP-forming),  in  methane-oxidizing
archaea,37 and  cultivation  experiments  have  demonstrated  that  some
methane-oxidizing archaea can utilize acetate for acetoclastic methanogen-
esis  through  Acs.37 Collectively,  there  are  intricate  connections  between
methanogenesis, WLP, and acetate-related metabolism, and these metabolic
processes may drive the early evolution of the archaeal domain. While these
metabolic capacities have been extensively investigated, their ancestral pres-
ence and the evolutionary order of their emergence remain actively debated,
motivating the development of complementary analytical frameworks.

Recent  expansions  in  publicly  available  protein  sequence  databases,
coupled  with  advances  in  unsupervised  generative  modeling,17-19 have
enabled  us  to  probe  life  evolution  at  unprecedented  depth  using  variational
autoencoders (VAEs) and other algorithms, offering methods to address the
limitations  of  conventional  phylogenomics.  By  feeding  a  full-length  multiple
sequence alignment (MSA) of a gene or protein into a VAE model, the encoder
of the VAE compresses high-dimensional sequence embeddings into a set of
latent  variables  governed  by  an  approximate  Gaussian  prior,  while  the
decoder of  the VAE reconstructs  the original  MSA within  a  Bayesian frame-
work.17-19,38,39 This  captures  higher-order  sequence  dependencies,  including
epistatic interactions among residues, that site-independent models treat as
noise and yields a continuous, low-dimensional latent space. In the resulting
VAE protein evolutionary landscape, sequences arrange in a star-like pattern
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around  the  coordinate  origin  (inferred  ancestral  state)  and  radiate  outward
along  continuous  evolutionary  trajectories,  providing  a  heuristic  proxy  for
relative divergence that is orthogonal to tree-based branch lengths.17-19 Over-
laying this  landscape onto conventional  phylogenomic trees refines branch-
ing orders and pinpoints residues under selective pressure.17,18 Based on the
evolutionary landscapes of conserved proteins, VAE-PCA genomic evolutionary
landscapes  proposed  in  this  study  can  generate  conical  radiating  patterns,
and crucially, this framework does not assume site independence. Instead, it
models  each MSA as a  joint  distribution,  potentially  mitigating LBA artifacts
when rapidly evolving lineages are involved. Beyond life evolution, other deep
learning models are trained on whole-genome and proteome features to esti-
mate  species-level  physiological  optima,  such  as  growth  temperature,40-44

pH,40,44,45 salinity40,44,46 and  oxygen  tolerance,40,44,47,48 and  project  these  traits
onto the species tree and the latent manifold. The resulting multiscale frame-
work links shifts  in  molecular  ancestry to paleoenvironmental  variables,  illu-
minating how proteome and metabolic networks adapt to fluctuating ancient
habitats  and  offering  concrete  hypotheses  about  the  ecological  niche  of
ancestral  organisms.11,22,49,50 Importantly, this  multiscale  framework  gener-
ates  computationally  testable  hypotheses  that  are  intended to  complement,
rather than replace, conventional phylogenetic inference.

In  this  study,  archaeal  evolutionary  relationships  were  explored  using
genomes from the Genome Taxonomy Database (GTDB R220), the potential
metabolic traits of archaeal ancestors were inferred, and their key evolutionary
processes  were  depicted,  by  integrating  a  VAE-related  framework  with
phylogenomics  to  generate  complementary,  data-driven evolutionary  land-
scapes. Our results are consistent with the potential evolutionary scenario in
which  DPANN  forms  a  monophyletic  group  that  diverges  early,  relying  on
acetate-related  metabolism  in  lower  temperature  environments,  in  contrast
to the ancestor  of  Euryarchaeota and TACK-Asgard possibly  living in  higher
temperature  habitats.  Metabolic  pathway  reconstructions  suggest  that  the
H4MPT branch of the WLP might have emerged from the common ancestor
of  Euryarchaeota and TACK-Asgard.  H2/CH3R methanogenesis represents a
plausible  earliest  form,  and the origin  and duplication of  the Mtr  complex in
Euryarchaeota  potentially  contributed  to  multiple  Mtr-dependent methano-
genesis diversification events. Other deep learning models were integrated to
predict the environmental adaptations of each archaeal genus, revealing that
hypersalinity,  temperature  and  oxygen  are  major  variables  associated  with
archaeal evolution.  This  work  thereby  provides  a  reusable  analytical  frame-
work  that  integrates  deep  learning-based  methods  and  phylogenomics  to
offer  a  complementary  angle  and  supportive  evidence  for  understanding
archaeal origin, metabolism, and adaptation, including insights into the place-
ment of  DPANN and the nature of  early archaeal  metabolisms and environ-
mental adaptation.

 MATERIALS AND METHODS
 Collection of archaeal genomes

A total of 1847 archaeal genera were verified based on the Genome Taxon-
omy  Database  (GTDB  R220, https://data.gtdb.ecogenomic.org/releases/
release220/220.0/). For each archaeal genus, one genome was chosen as a
representative  for  each  genus  and  their  genome  information  was  collected.
Additionally,  eight  genomes  from  methanogens  were  added,  making  the
1,855  archaeal  genomes  set  (dataset1:  arc1855).  Moreover,  all  genomes  of
Nezhaarchaeales, Methanonatronarchaeia and Halarchaeoplasmatales from
GTDB  R220  were  collected  for  further  research.  Whole-genome  protein
sequences of  each genome were  predicted by  Prodigal  (Version 2.6.3).51 To
further reduce the influence of genome quality on metabolic pathway recon-
struction results, 603 archaeal families were additionally verified based on the
GTDB database R226. For each archaeal family, one genome with the highest
quality  score  (completeness - 5 ×  contamination)  was  selected  as  a  repre-
sentative, to test the completeness and effects of the selected pathway.

 Phylogenomic and phylogenetic analyses
Conserved  genes  and  key  metabolism-related  proteins  were  identified  by

Blastp (version 2.12.0+)52 with “-p 40 -e 1e-5 --query-cover 50 -f 6” and in a
genome, each conserved gene with the best Blast hit was preserved. Protein
sequences  were  aligned  by  the  rapid  multiple  sequence  alignment  program
MAFFT (version 7.526)53 with “--ep 0 --genafpair --maxiterate 1000 --thread -

20”.  Their  alignments were manually  checked to remove false positives and
particularly  incomplete  sequences,  and  then  filtered  by  trimAI  software
(version 1.5.rev0)54 with “-automated1”. For the construction of species trees,
the  MSAs  of  a  set  of  conserved  genes  were  concatenated  into  a  single
concatenated alignment and the species trees were constructed using Fast-
Tree  software  (version  2.1)55 with “-wag”.  A  total  of  169  genomes  for  all
archaeal  orders and 343 genomes for  all  non-DPANN archaeal  families and
DPANN orders were randomly selected from the 1855 genomes. These two
species  trees  and  key  metabolism-related  proteins  trees  were  constructed
using either FastTree with “-wag” or IQ-TREE (version 1.6.2)56 with “-alrt 1000
-bb 1000 -nt  40” for  model  selection.57 For  IQ-TREE  analyses,  the “C60”
mixture model was incorporated into the best-fit model to construct the final
tree  (details  in Table  S1).  iTOL  (http://itol.embl.de/�release220/220.0/)  was
used to modify the phylogenomic trees.

 Construction  of  VAE  protein  evolutionary  landscapes  and  VAE-PCA
genomic evolutionary landscapes

Based  on  the  full-length MSA  of  a  gene,  VAE  protein  evolutionary  land-
scapes were constructed with default parameters (the random seed is 123).17

The Euclidean distance of  each protein sequence to the coordinate origin in
the VAE landscape was calculated. The VAE protein evolutionary score of the
protein  sequence  farthest  from  the  coordinate  origin  was  set  to  1,  and
normalization was performed to obtain the VAE protein evolutionary scores of
all  protein  sequences.  The  VAE  protein  evolutionary  scores  of  a  set  of
conserved  genes  in  a  genome  were  used  as  embeddings  to  describe  the
relative  divergent  distance  of  this  genome.  If  a  conserved  gene  was  not
present in some genomes, the average VAE protein evolutionary score of that
conserved  gene  from  other  genomes  was  used  to  fill  the  missing  value  in
these  genomes.  Principal  Component  Analysis  (PCA)  was  employed  to
extract  the  three  principal  components  of  the  embeddings  of  all  genomes.
These components were then visualized to construct the VAE-PCA genomic
evolutionary  landscape.  The  Kaiser-Meyer-Olkin  measure  of  sampling
adequacy  (KMO)  and  parallel  analysis  of  PCA  were  tested  using  Python
scripts. If the VAE-PCA evolutionary landscape presented a conical shape, the
genome closest to the apex of the cone in the evolutionary landscape would
be set as the starting point, and the Euclidean distance of other genomes to
the  starting  point  could  be  calculated.  The  VAE-PCA  genomic  evolutionary
score  of  the  genome  farthest  from  the  starting  point  was  set  to  1,  and
normalization  was performed to  obtain  the  VAE-PCA evolutionary  scores  of
all  genomes.  Four  additional  random  seeds  (42,  710, 1011, 1115)  were
selected to  validate  the  robustness  of  the  VAE  protein  evolutionary  land-
scape and the VAE-PCA genomic evolutionary landscapes by calculating the
coefficient  of  variation  of  VAE  scores  for  protein  sequences  and  VAE-PCA
scores  for  genomes  across  different  random  seeds.  Python  scripts  for  the
above  VAE-PCA  framework  are  available  at https://doi.org/10.6084/m9.
figshare.31849165.

 Protein structure prediction and alignment
Protein  structures  were  predicted  using  ColabFold58 with “--num-recycle

5”, and the top-ranked result was used as the final prediction. Protein struc-
tures  were  aligned  using  USalign59 with  default  parameters.  The  alignment
results were visualized using PyMOL (http://www.pymol.org/pymol).

 Prediction of optimal conditions for archaea
The  oxygen  tolerance  for  archaea  was  predicted  by  Aerobicity47 and

Aerobot.48 For a given archaeal genome, if both software provided consistent
prediction  results,  the  archaea  was  labeled “oxygen-tolerant” or “oxygen-
intolerant”,  while if  the prediction results were inconsistent,  the archaea was
labeled “inconsistent”.  The  optimum  growth  temperature  for  archaea  was
predicted  by  Tome.42 The  possibility  of  a  protein  sequence  to  be  halophilic
was predicted by HPClas.46 If the possibility was greater than 0.9, the protein
was considered a predicted halophilic protein, and if it was less than 0.1, the
protein was considered a predicted nonhalophilic protein. If the proportion of
predicted halophilic proteins in a genome was more than 38%, it was inferred
that the archaea could tolerate hypersalinity environments.

 RESULTS AND DISCUSSIONS
 Phylogenomic tree and VAE-PCA evolutionary landscape of archaea

The  VAE  evolutionary  landscape  method17-19 coupled  with  phylogenomic
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analysis was used to investigate the origin and evolution of  archaea follow-
ing a custom procedure (Figures 1A-E). Through the VAE model, based on the
MSAs of  a  set  of  conserved  genes,  their  VAE  evolutionary  landscapes  were
constructed  (Figures  1A-C).  The  VAE  evolutionary  score  of  a  protein
sequence, calculated based on the Euclidean distance from it  to the coordi-
nate origin in the VAE landscape,  provides a quantitative descriptor  in latent
space  that  we  interpret  as  potentially  reflecting  relative  divergent  distance
(Figure 1C). The closer the sequence is to the coordinate origin, the earlier it is
likely to have diverged under this model assumption.17-19 Therefore, the rela-
tive  divergent  distance  of  a  set  of  conserved  genes  in  a  genome  could  be
used as an embedding to characterize the relative divergent distance of this
genome  (Figure  1D).  However,  this  representation  is  used  as  a  heuristic
framework for exploring evolutionary relationships, not as a direct measure of
absolute divergent distance. PCA was performed on these embeddings of all
the genomes, and the results were visualized to construct a VAE-PCA evolu-
tionary  landscape  (Figures  1D-E).  Other  dimensionality  reduction  methods,
including  Uniform  Manifold  Approximation  and  Projection  (UMAP)  and  T-
distributed Stochastic Neighbor Embedding (t-SNE), were also attempted for
visualizing these embeddings.  Nevertheless,  because the linear combination

of  relative  divergent  distances  of  conserved  genes  may  provide  a  better
description  of  the  relative  divergent  distances  of  genomes,  the  main  PCs
represent  the  major  axes  of  variation  of  these  embeddings  and  VAE-PCA
landscapes may capture conical  evolutionary patterns,  with genomes closer
to  the  vertex  of  the  cone  potentially  representing  earlier-diverging  lineages.
The  VAE-PCA  evolutionary  score  of  a  genome,  calculated  based  on  the
Euclidean distance from it to the genome closest to the vertex of the cone in
the VAE-PCA landscape, is used here as an exploratory proxy that may reflect
the relative divergent distance of this genome (Figure 1E).

To investigate  the origin,  evolution,  metabolism,  and environmental  adap-
tation  of  all  archaea,  representative  genomes  with  high  completeness  and
low  contamination  (Figure  2A)  for  all  1,847  archaeal  genera  from  GTDB
R22012 as well as eight additional archaeal genera were collected (Table S2).
The 1,855 archaeal genomes set (dataset1: arc1855) included all the genera
from  the  four  archaeal  superphyla,  and  their  genome  size,  GC  content,  and
amino  acid  utilization  were  extensive  and  evenly  distributed  (Figures  2A-B),
allowing unbiased analysis of the origin, evolution, and metabolism of major
archaeal  groups.  These  genomic  features  are  associated  with  evolutionary
trajectories and served as indicators of metabolic diversity and environmental
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Figure 1.  Workflow for constructing a VAE-PCA evolutionary landscape (A) The multiple sequence alignment (MSA) of a conserved gene is used as an input for the VAE model.
(B) One-hot encoding is applied to all amino acids in this MSA, converting the sequences into sequence embeddings of the same length. The VAE model is trained by compressing
the high-dimensional sequence embeddings into 2-dimensional embeddings (Zi) and reconstructing the MSA based on Zi repetitively. (C) The Zi of sequences in MSA from the
well-trained  VAE  are  projected  to  construct  a  VAE  protein  evolutionary  landscape.  The  VAE  evolutionary  score  of  a  protein  sequence  is  calculated  based  on  the  Euclidean
distance of its projection point to the coordinate origin. (D) VAE landscapes of a set of conserved genes from genomes are constructed, and the VAE evolutionary score for each
conserved gene in each genome is calculated. The VAE evolutionary scores of a set of conserved genes in each genome are used as embeddings to explore patterns potentially
related to the relative divergent distance of these genomes. Principal component analysis (PCA) is performed on the embeddings of all genomes and three principal components
(PCs) are extracted. (E) The three PCs of each genome embedding are projected to construct a VAE-PCA evolutionary landscape, which typically appears as a conical shape. The
VAE-PCA evolutionary scores are calculated based on the Euclidean distance from projection points of  genomes to the projection point  of  the genome closest  to the conical
vertex.
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adaptation,  since  differences  in  genome  size,  GC  content,  and  amino  acid
utilization  among archaeal  groups  are  associated  with  significant  variations
in their metabolic strategies and ecological niches (Figures 2A-B), consistent
with adaptation to diverse and even extreme environments over evolutionary
time.

 Traditional  phylogenomic  tree  of  archaea. Species  trees  for  arc1855
based on concatenated sets of 16, 27 and 37 conserved genes (Table S3)60-62

were  constructed  (Figures  3A  & S1A). Consistent  with  previous  phyloge-
nomic  analyses,22,23 all three  trees  indicated  that  DPANN  formed  a  mono-
phyletic  group,  and  arc1855  can  be  divided  into  three  major  supergroups,
DPANN,  TACK-Asgard,  and  Euryarchaeota,  suggesting  that  the  Asgard  and
TACK lineages are closely related early-diverging archaeal clades (Figures 3A
& S1A).  After  species  trees  for  169  representative  genomes  from  169
archaeal  orders  (dataset2:  arc169),  as  well  as  343  representative  genomes
from  53  DPANN  orders  and  290  other  archaeal  families  (dataset3:  arc343)
based  on  37  conserved  genes,  were  constructed,  similar  results  were
obtained  (Figure  S1B). In  both  trees,  DPANN  consistently  formed  a  mono-
phyletic group, whereas Asgard formed a monophyletic group but originated
within  TACK  (Figure  S1B).  Interestingly,  in  the  recent  phylogenomic  tree
constructed  by  Baker  et  al.,23 the  root  of  the  archaeal  tree  was  placed
between  TACK-Asgard  superclade  and  other  archaeal  superphyla,  with
DPANN forming a monophyletic group that originated within Euryarchaeota.
If  the same out-group rooting method was used,  this  topology shows simi-
larities  to  the  trees  of  arc169  based  on  37  conserved  genes  and  arc1855
based  on  27  conserved  genes  in  our  study  (Figures  S1B-C),  suggesting  a
certain consistency in the placement of DPANN and its evolutionary relation-

ship with Euryarchaeota.  More recently,  phylogenetic reconciliation analyses
have likewise recovered DPANN as a monophyletic sister group to TACK and
Asgard,  converging  on  a  root  near  the  base  of  the  Euryarchaeota  and
supporting  a  complex,  methanogenic  LACA.63 These  convergent  inferences,
despite differing root placements,  provide an alternative view on the nesting
of DPANN within Euryarchaeota.

These recent studies highlight the importance of rooting the archaeal tree
and  provide  a  framework  for  understanding  the  evolutionary  relationships
among  major  archaeal  superphyla.23 These  findings  also  underscore  the
challenges associated with traditional phylogenomic tree construction, which
is highly sensitive to factors such as genome sampling and alignment strate-
gies,  leading  to  inconsistencies  in  resolving  relationships  between  distantly
related  archaeal  groups.  Moreover,  traditional  phylogenomic  methods
assume that all sites in a MSA evolve independently, an assumption that fails
to account for epistatic interactions between sites, which are now recognized
as  critical  drivers  of  protein  evolution.64-67 This limitation  becomes  particu-
larly  problematic  when  rapidly  evolving  lineages  such  as  DPANN,  where
conserved  genes  may  also  accumulate  saturated  mutations,  eroding
phylogenomic  signals,  are  studied.68-71 Such  saturation  can  lead  to  long-
branch  attraction,72-74 where  unrelated  lineages  cluster  together  due  to
convergent  evolutionary  rates  rather  than  shared  ancestors.  The  placement
of  DPANN  within  Euryarchaeota  raises  important  questions  about  whether
this  topology  reflects  true  evolutionary  relationships  or  methodological
biases.23 These  challenges  highlight  the  need  for  other  phylogeny-indepen-
dent approaches or more advanced phylogenomic methods that incorporate
site interdependencies and account for the complexities of molecular evolu-
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Figure 2.  Genome information of the 1855 archaeal genera (A) Information of contamination, completeness, genome size and GC content, for representative genomes of 1847
archaeal  genera  from  GTDB  R220.  Blue  represents  genomes  from  DPANN,  red  represents  Euryarchaeota,  orange  represents  TACK,  and  yellow  represents  Asgard  (with  the
number of genomes in parentheses). The four box plots on the right show the genome contamination, genome completeness, GC content,  and genome size for four archaeal
superphyla. (B) The upper panel shows the average utilization of amino acids in archaeal genomes from different phyla, with blue for DPANN, red for Euryarchaeota, orange for
TACK, and yellow for Asgard. The lower panel shows box plots of amino acid utilization in each archaeal genome.
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tion,  particularly  when  reconstructing  the  deep  evolutionary  history  of
archaeal superphyla.

 The evolutionary radiating pattern of archaea via VAE-PCA. To address
these issues,  we attempted to introduce VAE to assist in the analysis of the
origin  and  evolution  of  archaea.17-19 VAE  evolutionary  landscapes  were
constructed  for  each  conserved  gene  in  the  above  phylogenomic  analysis,
and  the  VAE  evolutionary  scores  for  protein  sequences  were  calculated
(Figures 1A-C). The VAE evolutionary scores of 16, 27 or 37 conserved genes
(Table  S3)  in  genomes  were  used  as  embeddings  to  describe  the  relative
divergent  distance  of  arc1855  by  constructing  the  VAE-PCA  evolutionary
landscapes,  and  the  evolutionary  trajectories  in  each  VAE-PCA  landscape
exhibited  a  conical-radiating  shape  (Figures  3B  & S1A).  Similar  evolutionary
trajectories were obtained using other sets of conserved genes, such as sets
of 48 and 126 conserved genes in the 321 genomes from the study of Baker
et  al.  (Figure  S1C).23 The  construction  of  VAE-PCA  landscapes  using  37
conserved genes from only DPANN, TACK-Asgard,  or  Euryarchaeota yielded
similar  evolutionary  landscapes  that  exhibited  a  conical-radiating  shape
(Figures 3C & S1D).

In the VAE-PCA evolutionary landscape based on the 37 conserved genes
of arc1855, the genomes at the base of the cone are distributed along eight
evolutionary  trajectories  extending  at  different  angles  (Figure  3B),  and  the
genomes  on  each  of  them  belong  to  the  same  phylum,  including Thermo-
plasmatota, Halobacteria (splitting  into  two  evolutionary  trajectories),  and
Methanomicrobia of  Euryarchaeota, Nanoarchaeia of  DPANN,  and Bath-

yarchaeia, Thermoprotei, and Nitrososphaeria of TACK, suggesting that these
archaea may diverge later in evolution. In contrast, the genomes at the top of
the cone are relatively densely clustered, including archaea from four super-
phyla,  and  are  difficult  to  distinguish  in  terms  of  evolutionary  trajectories
(Figure 3B), suggesting that these lineages possibly represent earlier-diverg-
ing taxa. Therefore,  the genome closest to the apex of the cone in the VAE-
PCA landscape was tentatively designated as the possible evolutionary start-
ing point (Gstart),  and the distances of all  the other genomes from Gstart were
calculated  and normalized  to  serve  as  the  VAE-PCA evolutionary  scores  for
each genome, as indicated in Figure 1E. To evaluate the reproducibility of this
analytical  framework,  we  conducted  repeated  computations  employing  four
additional  random  seeds  (see  Materials  and  Methods),  and  subsequently
calculated  the  coefficients  of  variation  of  VAE  scores  for  protein  sequences
and  VAE-PCA  scores  for  genomes  across  five  seeds.  Across  the  1,855
genomes  analyzed  using  37  conserved  genes,  the  median  CV  for  VAE-PCA
scores  was  6.1%,  with  the  vast  majority  of  genomes  exhibiting  CVs  under
30%.  These  results  indicate  that  the  landscape  construction  remains  stable
despite variations in initial randomization parameters. Within a cluster on the
species tree of arc1855 based on 37 conserved genes, genomes with smaller
VAE-PCA scores are typically in deeper branches closer to the root, whereas
those with larger VAE-PCA scores are often found in branches away from the
root.  The Pearson correlation coefficient between their VAE-PCA scores and
branch  lengths  to  the  root  in  the  species  tree  is  0.44,  indicating  a  certain
degree  of  consistency  in  the  inferred  evolutionary  relationships  of  archaea
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Figure 3.  Phylogenomic tree and VAE-PCA evolutionary landscapes of  1855 archaeal  genomes (A)  The species tree of  1855 archaeal  genomes based on the concatenated
MSA of 37 conserved genes, is rooted between DPANN and other archaeal phyla. Blue represents DPANN (882 genomes), yellow represents Asgard (78 genomes), orange repre-
sents TACK (372 genomes), and red represents Euryarchaeota (523 genomes). (B) The VAE-PCA evolutionary landscape of 1855 archaeal genomes was constructed based on
the VAE evolutionary scores of 37 conserved genes. And three-view drawing of this VAE-PCA evolutionary landscape is displayed. (C) VAE-PCA evolutionary landscapes were
constructed for genomes only from DPANN, TACK-Asgard, and Euryarchaeota, respectively. (D) The results of the Kaiser-Meyer-Olkin measure of sampling adequacy (KMO) for
the VAE protein evolutionary scores of 37 conserved genes in 1,855 genomes show that all the conserved genes are suitable for PCA, with COG0091 having the smallest KMO
value of  0.7516.  Additionally,  1,000 parallel  analyses were performed to determine the number of  principal  components to  be retained.  The correlation between the VAE-PCA
evolutionary scores and the branch length distances from the root on the species tree was calculated, and their Pearson’s correlation coefficient is 0.44.
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using these two methods (Figure 3D). There are 212 archaeal genomes clos-
est  to  Gstart (with  VAE-PCA values less  than 0.15)  from 11 phyla  of  all  three
superclades  (Figure  3B),  suggesting  that  DPANN,  TACK-Asgard,  and
Euryarchaeota  might  have  originated  rapidly  after  LACA.  This  pattern  is
consistent  with  the  hypothesis  that  DPANN  is  a  deeply  branching,  early-
diverging  lineage,  supported  by  the  DPANN-root  hypothesis  advanced  by
Williams et al.22 and the recent reconciliation analyses recovering DPANN as
the sister to TACK and Asgard.63 However, these deep learning-based results
do  not  resolve  the  placement  of  DPANN;  rather,  they  are  presented  here  as
providing  an  additional  complementary  perspective  that  extends  beyond
traditional phylogenomics.

It  is  important  to clarify  what the VAE-PCA landscape adds beyond tradi-
tional  phylogenomic  approaches.  Conventional  species  trees  rely  on
concatenated  MSAs  analyzed  under  site-independent  models;  they  yield
discrete  branching  orders  highly  sensitive  to  outgroup  choice,  alignment
trimming, and LBA. In contrast, the VAE-PCA landscape treats each genome
as a point in a continuous latent space derived from per-gene VAE evolution-
ary scores. The moderate correlation between VAE-PCA scores and root-to-
tip branch lengths (r = 0.44) indicates that the two methods share an under-
lying  evolutionary  signal  (Figure  3D),  yet  the  discrepancies,  particularly  for
deep-branching  lineages,  highlight  regions  where  site-independent  models
and  latent-space  embeddings  diverge.  These  discrepancies  likely  arise
because VAEs implicitly model residue covariation including epistatic interac-
tions  between  sites  and  capture  the  information  of  back-mutations  from
MSAs,  whereas  phylogenomic  likelihoods  treat  recurrent  substitutions  as
homoplasy. A distinctive advantage of the VAE-PCA genomic landscape is its
capacity  to  infer  the  relative  divergent  distance  of  genomic  differentiation
from a continuous, data-driven perspective beyond discrete tree topology. In
conventional  phylogenomics,  the  relative  order  of  lineage  divergence  is
inferred indirectly through root-to-tip branch lengths under specific substitu-
tion  models  and  molecular-clock  assumptions,  which  can  be  distorted  by
rate heterogeneity or long-branch attraction. By contrast, the VAE-PCA evolu-
tionary score provides a direct, genome-wide quantitative measure of latent-
space distance from the inferred ancestral origin (the apex of the cone). This
allows genomes to be ranked along a trajectory of relative divergence, offer-
ing  an  independent  heuristic  to  distinguish  earlier-diverging  lineages  (those
closer to the origin) from later-diverging ones (those farther along the radiat-
ing trajectories). Consequently, the VAE-PCA landscape should be viewed as
a  complementary  heuristic  that  identifies  broad  radiating  trends  and  flags
lineages warranting closer  scrutiny,  rather  than as a  replacement  for  phylo-
genetic inference.

 Evolution of potential LACA and its descendants
As  previously  mentioned,  Williams  et  al.  hypothesized  that  the  complete

Wood–Ljungdahl  pathway  (WLP)  and  acetyl-CoA ligase  (Acd,  ADP-forming)
of acetate-related metabolism were potentially present in LACA, whereas the
methyl-coenzyme  M  reductase  complex  (Mcr),  as  the  key  enzyme  in
methanogenesis,  could  only  be  traced  to  the  common  ancestor  of
Euryarchaeota and TACK.22,30 However, a study by Mei et al. based on phylo-
genetic  analysis  of  enzymes  related  to  methanogenesis  and  the  results  of
autocatalytic  experiments  using  the  cofactor  F430 proposed that  methano-
genesis  may  have  begun  from  primordial  protein-free  F430-driven  reactions
and  that  the  origin  of  methanogenesis  coincided  with  LACA  and  that  LACA
was capable of reducing both CO2 and CH3OH to CH4.24 Therefore, we identi-
fied key proteins involved in acetate-related enzymes, WLP, methanogenesis,
as  well  as  other  key  metabolisms  from  arc1855  to  explore  the  evolution  of
potential  LACA  and  its  descendants  (Figures  4A-C).  In  addition,  to  mitigate
the  potential  effects  of  genome  completeness,  we  further  surveyed  these
pathways  across  a  different  dataset  constructed  from  the  highest-quality
genomes available in  GTDB R226,  selecting one representative per  archaeal
family  based  on  quality  scores.  Among  the  603  families  thus  selected,  the
integrity  of  the  relevant  complexes  and  metabolic  pathways  was  evaluated,
and  the  resulting  patterns  were  consistent  with  those  observed  in  arc1855
(Table S4).

 Acetate-related metabolism. Through the key proteins of acetate-related
metabolism,  including  Acd,  Acs,  and  the  combination  of  Ack  and
Pta,32-37,75 archaea  can  consume  ATP  to  convert  acetate  into  acetyl-CoA,

which serves as a substrate for subsequent biomass synthesis; alternatively,
they can convert excess acetyl-CoA into acetate to obtain ATP, fulfilling their
energy  metabolism  needs.33-37,76 As  in  a  previous  study,34,35,76 structural
comparisons revealed that Acd is composed of α and β subunits (Acd α and
Acd  β)  and  that  they  are  not  necessarily  in  a  fixed  order  (Figure  S2).  Acd  α
and Acd β can also exist independently; therefore, sequences of independent
Acd α and β, as well as fusion Acd with both orders (Acd α+β and Acd β+α),
were  separately  identified  in  arc1855.  Because  Acd  α  is  necessary  for
catalytic  activity,  whereas  the  β  subunit  may  aid  in  specific  binding  to
acetate,35,36 if  a  genome  contains  Acd  α,  it  is  inferred  that  the  archaeal
genome  has  the  potential  for  archaeal-type  acetate-related  metabolism
(Table S5). The sequences of Acs,  Ack,  and Pta were also separately identi-
fied  in  arc1855.  If  an  archaeal  genome  possesses  both  Ack  and  Pta,  it  is
inferred  to  have  the  potential  for  bacterial-type  acetate-related  metabolism
(Table S5);  similarly,  if  an archaeal genome contains Acs,  it  is considered to
have universal acetate-related metabolism (Table S5).

Acd is distributed mainly in archaea,37,76 and 841 genomes of arc1855 have
independent Acd α sequences, 17 of which contain more than 10 copies with
the  most  sequence  copies  at  25  (GCA_019058315),  whereas  585  genomes
have fused Acd α+β sequences with the most sequence copies at four,  and
only  91  genomes  contain  fused  Acd  β+α  sequences  (Table  S5).  The
widespread presence of Acd across different archaeal superphyla is consis-
tent  with  the  hypothesis  that  Acd  was  possibly  present  in  LACA.22 Among
genomes with  Acd,  genomes with  only  independent  (not  fused)  Acd α  were
dominant in DPANN (376/434) and TACK (137/321), whereas genomes with
only  fused  Acd  α+β  were  dominant  in  Euryarchaeota  (195/420, Table  S5).
Notably, genomes with both independent Acd α and fused Acd α+β are domi-
nant  in  Asgard  with  Acd  (59/77, Table  S5).  Moreover,  the  genomes  at  the
base  of  TACK  and  Euryarchaeota  almost  only  have  independent  Acd  α,
including JANJXX01, Korarchaeia, and Methanomethylicia of TACK and Ther-
mococci and Hadarchaeia of  Euryarchaeota  (Table  S5),  suggesting  that  the
independent  Acd  α  may  represent  the  ancestral  state  of  all  Acd  types.  The
protein tree of all the Acd α sequences could be divided into three clades, one
of which is dominated by independent Acd α, whereas in the other two clades,
independent Acd α and Acd α in fused Acd α+β are sister groups (Figures 4A
& S3). In the VAE landscape, although the sequences of Acd α in Acd α+β are
close  to  the  coordinate  origin,  those  of  independent  Acd  α  are  closer
(Figure S3). Similar results were obtained from the protein tree and VAE land-
scape  of  all  the  Acd  β  (Figures  4A & S3).  The  above  results  are  consistent
with a scenario in which Acd α and β may have existed independently and in
multiple copies in early archaea and some of them may have fused into Acd
α+β multiple  times during the early  evolution of  archaea.  Finally,  Acd β+α is
densely  distributed  in Nitrososphaerales and Bathyarchaeales of  TACK  and
Methanococcales, Methanobacteriales, Halobacteria,  and Thermoplasmata
of  Euryarchaeota,  and  their  sequences  are  almost  always  within  the
sequences of independent Acd subunits in either protein tree of the Acd α or
β, which again suggested that the two independent subunits could fuse into a
single protein (Figures 4A & S3). However, the number and distribution range
of  the  fused  Acd  β+α  are  much  smaller  than  those  of  the  fused  Acd  α+β
(Table S5), raising the possibility that an unknown selective pressure favored
the fusion of the Acd subunits to occur in the order of α+β.

Acs is widely present in all three domains of life and is a universal acetate-
related  metabolism  enzyme  that  may  be  present  in  the  last  universal
common ancestor77,78 and potentially inherited by early archaea. However, the
protein  tree  of  Acs  is  divided  into  mainly  two  large  clades,  TACK  and
Euryarchaeota,  and  sequences  from  DPANN  and  Asgard  are  distributed  in
multiple clusters within these two clades (Figures 4A & S3), consistent with a
scenario  in  which  the  ancestors  of  Asgard  and  DPANN  may  have  lost  Acs
and  then  regained  it  multiple  times  independently  through  HGT  from  TACK
and Euryarchaeota. In the VAE landscape of Acs, sequences of Euryarchaeota
and TACK are  near  the  coordinate  origin  and extend into  the  corresponding
two sets of evolutionary trajectories, and sequences of Acs from Asgard and
DPANN  are  distributed  in  these  two  trajectories  (Figures  4A  & S3),  yielding
results similar to those of the phylogenetic analysis. Acs and Acd can coexist
or  complement  each  other  in  archaea,  especially  in  Asgard,  as  all  78
genomes of Asgard in arc1855 have Acs and/or Acd (Table S5). Characteri-
zation  experiments  based  on  purified  enzymes  revealed  that  both  enzymes
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could  be  reversed,  but  Acs  is  more  active  in  the  direction  of  acetyl-CoA,
whereas Acd is more active in the direction of acetate.37,79 The coexistence of

the  two  enzymes  may  allow  archaea  to  utilize  acetyl-CoA  as  a  vehicle  for
energy  storage,  whereas  their  complementarity  suggests  that  acetate
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Figure 4.  Protein trees and VAE evolutionary landscapes of enzymes related to acetate-related metabolism, the WLP and methanogenesis (A) Protein trees and VAE evolu-
tionary landscapes of enzymes related to acetate-related metabolism are displayed, including α and β subunits of Acd and Acs (AMP). Blue represents protein sequences from
DPANN, orange represents TACK, yellow represents Asgard, and red represents Euryarchaeota. And in both subunits of Acd, green represents sequences from independent Acd
subunits, beige represents sequences from fusion Acd α+β, and gray represents Acd β+α. (B) Protein trees and VAE evolutionary landscapes of proteins related to the WLP in
archaea are displayed, including CdhACDEB in the carbonyl branch, and FwdABCD, bmtd in the H4MPT branch, and gray fill indicates protein sequences from bacteria. (C) Protein
trees and VAE evolutionary landscapes of McrABG, MT2, and MtrACDE related to methanogenesis are displayed. In Mcr,  red indicates Acr,  green indicates Mcr from H2/CH3R
methanogens, yellow indicates Mcr from Syntropharchaeia, beige indicates Mcr from Nezhaarchaeales, orange indicates Mcr from Methanobacteriota, and blue indicates Mcr
from Halobacteriota. In MT2, orange indicates protein sequences from TACK, yellow indicates those from Asgard, red indicates those from Euryarchaeota, and gray filled indi-
cates the ranges of MtaA, MtbA, and MtsA. In Mtr, orange indicates Mtr from Methanobacteriota, blue indicates Mtr from Halobacteriota, yellow indicates Mtr from Syntrophar-
chaeia and Methanoliparia,  beige  indicates  Mcr  from Nezhaarchaeales,  black  indicates  Mtr  from genomes without  Mcr,  and red  indicates  Mtr  from genomes with  Acr.  Some
Methanosarcinia have two subtypes of Mtr (Mtr A- and M-type), and Mtr A-type clusters with the red-labeled Mtr while Mtr M-type clusters with the blue-labeled Mtr. The gray
filled indicates range of the Mtr A-type. CdhABCDE, FwdDBAC, and MtrABCD denote the concatenation orders of MSAs of these key protein.
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concentrations vary in different space-time. Therefore, one plausible interpre-
tation for the potential loss of Acs in the DPANN and Asgard ancestors is that
these  lineages  might  have  experienced  temporarily  limited  environmental
acetate availability, reducing the selective pressure to maintain this energeti-
cally  costly  enzyme  that  normally  converts  acetate  to  acetyl-CoA  at  the
expense of ATP.37,79

Ack  and  Pta  originated  from  bacteria,  and  in  their  protein  trees,  archaeal
sequences  are  distributed  within  different  bacterial  lineages  (Figure  S3),
confirming that  they  were  transferred  into  archaea  multiple  times  indepen-
dently  through  HGT  from  bacteria.33,80 For  example, Methanosarcina
(GCA_004099695) evolved to utilize acetate for methanogenesis after acquir-
ing Ack and Pta.81 Moreover,  the large-scale replacement of Acd and/or Acs
by  Ack  and  Pta  occurred  mainly  in  the Woesearchaeales of  DPANN
(Table  S5).  Therefore,  a  plausible  scenario  is  that  some  ancestors  of
Woesearchaeales may have lost Acd and Acs during their process of reduc-
tive  evolution  and  subsequently  acquired  Ack  and  Pta  through ancient  HGT
from  bacteria,  potentially  in  response  to  changes  in  environmental  acetate
concentrations.  Ack  and  Pta  are  sporadically  distributed  in  other  archaea  in
the form of replacing Acd or coexisting with Acd, potentially reflecting recent
gene loss and/or gain events. Moreover, their quantity and distribution range
are far smaller than those of Acs, and nearly none of them are distributed in
Asgard (Table S5).

In  summary,  archaea  possibly  have  acquired  the  above  three  different
kinds of acetate-related metabolism through vertical inheritance (Acs), inno-
vation (Acd), or horizontal gene transfer (Ack and Pta); moreover, the multiple
gene duplications, losses, and gains of those enzymes in archaeal evolution-
ary  history  suggest  that  acetate-related  metabolism  may  be  an  important
factor  associated  with  the  evolution  of  archaea,  particularly  in  Asgard  and
DPANN.

 Wood–Ljungdahl  pathway. The  WLP  in  archaea  consists  of  a  carbonyl
branch  and  a  H4MPT  branch.  The  reactions  in  the  carbonyl  branch  are
catalyzed by the CdhACDEB complex, with CdhB regarded as a later addition
that is functionally redundant to CdhA.27,28,31 Following established practice,82

we adopted a pathway-calling threshold of 75% of expected components to
account  for  potential  genome  incompleteness;  accordingly,  if  a  genome
encodes at least three of the subunits of CdhACDE, the archaeon is consid-
ered  to  possess  a  carbonyl  branch  (Table  S6).  The  reactions  in  the  H4MPT
branch  are  catalyzed  sequentially  by  five  enzymes,  the  FwdDBAC  complex,
Ftr,  Mch,  Mtd  or  bMtd  or  Hmd,  and  Mer.26-28 If  a  genome has  at  least  three
genes encoding subunits of FwdDBAC, the archaea is considered to have an
Fwd complex. Mtd, bMtd, and Hmd were separately identified in arc1855, and
if one of them is identified in a genome, the archaea is considered to catalyze
the  fourth  reaction  in  the  H4MPT  branch.  Nevertheless,  as  Mer  is  a  large
family  of  luciferases26 and  its  sequences  identified  through  alignment  are
taxonomically challenging to classify,  it  is  not included in this study.  For the
whole pathway, we assume that if a genome has at least three genes encod-
ing  enzymes  of  the  Fwd  complex,  Ftr,  Mch,  and  Mtd  or  bMtd  or  Hmd,  the
archaea is considered to have the H4MPT branch WLP (Table S6). Moreover,
if  a  genome  has  both  a  carbonyl  branch  and  a  H4MPT  branch  WLP,  it  is
considered to have the complete WLP (Table S6).

The complete WLP is widely distributed in TACK (77/372),  Asgard (38/78)
and  Euryarchaeota  (119/523).  However,  only  10  genera  near  the  base  of
DPANN have the near-complete  WLP and 9  of  them are  from Altiarchaeota
(Table  S6).  Based  on  this  observation,  there  are  two  possible  scenarios  for
the distribution of the WLP in Altiarchaeota based on the hypothesis that the
complete WLP was potentially present in early archaea.22,26,31 In Scenario one,
the  common  ancestor  of  DPANN  lost  the  WLP,  and  the  ancestor  of Altiar-
chaeota reacquired  the  complete  WLP  through  HGT  from  other  archaeal
superphyla. In Scenario two, after the origin of DPANN, most DPANN ances-
tral  nodes  lost  the  WLP,  but  the  ancestor  of Altiarchaeota at  the  base  of
DPANN  retained  this  pathway,  which  was  ultimately  vertically  inherited  by
their  descendants.  However,  by  constructing  protein  trees  and  VAE  protein
evolution  landscapes  for  the  major  protein  families  of  the  WLP,  it  appeared
that  the  evolutionary  scenarios  for  the  H4MPT  branch  and  the  carbonyl
branch of the WLP in Altiarchaeota may differ.

CdhACDE  of Altiarchaeota cluster  together  in  their  protein  trees  and  are
close  to  the  coordinate  origin  in  their  VAE  landscapes  (Figures  4B  & S4),

consistent  with  Scenario  two,  under  which  the  common  ancestor  of Altiar-
chaeota may  have  preserved  the  carbonyl  branch  and  that  other  DPANN
lineages  may  have  lost  it.  Notably,  in  DPANN,  only  one Altiarchaeota genus
and one SpSt-1190 genus encode CdhB (Figure S4 & Table S6); thus, CdhB is
nearly absent in Altiarchaeota and DPANN. Because CdhB is thought to have
been added to the archaeal CdhACDE complex later,31,83 under the hypothesis
that  DPANN  represents  an  early-diverging  lineage,  the  absence  of  CdhB  in
DPANN could reflect the addition of CdhB occurring in the common ancestor
of Euryarchaeota and TACK. However, if DPANN diverged within, for example,
Euryarchaeota, Altiarchaeota might  be  expected  to  have  the  complete
CdhABCDE complex inherited from their possible Euryarchaeota-like ancestor,
which  could  indirectly  support  the  hypothesis  that  DPANN  originated  from
LACA rather  than  Euryarchaeota.  Nevertheless,  CdhB  is  functionally  redun-
dant with CdhA,83 and Altiarchaeota may have lost CdhB during its reductive
evolution,  as  in  most  DPANN.  However,  these Altiarchaeota genera  with
complete WLP may be free-living, as inferred in some studies,84,85 and main-
tain  their  genome  sizes  with  an  average  genome  size  of  1.65  Mb,  which  is
larger than the average genome size of DPANN in arc1855 at 1.01 Mb (Table
S2). Therefore, more genomes and in-depth research are needed to confirm
the absence of CdhB in Altiarchaeota and its underlying mechanism.

The evolutionary scenarios of the protein families in the H4MPT branch of
DPANN are more complex than those in the carbonyl branch, and seven other
Altiarchaeota genera  encode  the  H4MPT  branch  without  the  Cdh  complex
(Table S6). Altiarchaeota may have gained the subunits of FwdDBAC and Ftr
from other archaeal superphyla by HGT, as the related protein sequences do
not cluster together in their protein trees and VAE landscapes, consistent with
Scenario  one  (Figures  4B & S5).  In  contrast,  the  Mch  sequences  of Altiar-
chaeota cluster  together  in  the  protein  tree  similar  to  the  subunits  of  Cdh,
although these  sequences  are  not  close  to  the  coordinate  origin  in  the  VAE
landscape (Figure S5),  consistent with the possibility that Altiarchaeota may
have gained Mch via  an ancient  HGT.  The reduction of  methenyl-H4MPT to
methylene-H4MPT  is  catalyzed  by  three  isozymes,  Mtd,  bMtd,  and  Hmd.
Among  them,  Mtd  is  widely  distributed  in  archaeal  superphyla  other  than
DPANN,  and  only  two  Mtd  sequences  are  identified  in  a  genome in  phylum
SpSt-1190 of  DPANN  (Figure  S5 & Table  S6). Altiarchaeota in  DPANN  only
use  bMtd,  which  is  also  distributed  in  TACK-Asgard;  however,  only  8  bMtd
sequences  are  identified  in  Euryarchaeota  (Figures  4B & S5 & Table  S6).
Moreover,  there may be two subtypes of Hmd with sequence and structural
differences, and Hmd is found only in Euryarchaeota (Figure S6 & Table S6).
Because some bMtd sequences of Altiarchaeota are very close to the coordi-
nate  origin  in  the  VAE  landscape  (Figure  4B)  and  other  superphyla  already
have functionally equivalent Mtd or Hmd (Figure S5 & Table S6), it is hypothe-
sized  that  bMtd  may  have  originated  independently  within Altiarchaeota of
DPANN and subsequently  been  transferred  into  TACK,  Asgard,  and  bacteria
by ancient HGT (Figure 4B). However,  it  cannot be completely ruled out that
bMtd may have originated in the common ancestor of TACK and Asgard, as
inferred  by  another  study,26 and  that Altiarchaeota gained  bMtd  via  HGT
(Figure  4B),  though  it  remains  speculative.  Almost  all  the  above-mentioned
enzymes in  the H4MPT branch appear to have been horizontally  transferred
to Altiarchaeota. Therefore, the common ancestor of DPANN might have lost
the H4MPT branch,  and the Altiarchaeota ancestor at  the base of DPANN in
the species tree possibly reacquired it later. However, this does not conform
to the principle of evolutionary parsimony. Thus, this study does not provide
support for the hypothesis that the H4MPT branch of the WLP was present in
the common ancestor  of  DPANN under  the current  evolutionary framework,
which  represents  one  of  several  competing  hypotheses  regarding  archaeal
evolution.

If  adopting  the  findings  of  Baker  et  al.,23 which  places  DPANN  as  a
subgroup within Euryarchaeota, it becomes difficult to explain the aforemen-
tioned observations: the absence of the CdhB subunit and the near-exclusive
reliance on bMtd in DPANN (Euryarchaeota mainly rely on Mtd and the exclu-
sive Hmd), and the loss of the H4MPT branch in Altiarchaeota at the base of
DPANN  followed  by  subsequent  reacquisition  via  HGT.  Alternatively,  under
the  results  of  Williams  et  al.,22 which  places  DPANN  at  the  root  of  archaea,
these  issues  are  more  readily  reconciled  with  a  scenario  in  which  LACA
potentially only possessed CdhACDE functioning in catabolism, as in the last
universal common ancestor,31,86 and the H4MPT branch and CdhB might have
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originated  from  the  common  ancestor  of  TACK-Asgard  and  Euryarchaeota
after the divergence of DPANN. We note that the strength of this interpreta-
tion depends on the phylogenetic placement of DPANN, and it remains one of
several possible evolutionary scenarios that warrant further testing with addi-
tional data and refined models.

In  summary,  a  hypothesis  consistent  with our  analysis  is  that  the H4MPT
branch may have originated in the common ancestors of TACK-Asgard and
Euryarchaeota,  and  with  the  carbonyl  branch,  they  could  fix  CO2 to  acetyl-
CoA.  This  metabolic  difference  is  hypothesized  to  be  associated  with  the
divergence  of  DPANN  from  other  archaea,  and  most  of  DPANN  may  have
become dependent on ectosymbiosis with other species for carbon sources.
While the presence of the complete WLP in Altiarchaeota has been noted,26,31

the  differential  evolutionary  histories  of  its  carbonyl  and  H4MPT
branches—suggested here by the discordance in both protein trees and VAE
landscapes—represent  a  nuanced  extension  of  previous  hypotheses.  In  our
hypothesis, Altiarchaeota appears  to  retain  the  carbonyl  branch  of  the  WLP
from LACA and to have acquired enzymes in the H4MPT branch through HGT
or  even  independent  innovation  (bMtd),  thereby  potentially  restoring  the
complete WLP and maintaining the potential for free living.

 Methanogenesis. Methanogenesis-related  proteins  include  the  methyl-
coenzyme  M  reductase  complex  (Mcr),  tetrahydromethanopterin  S-methyl-
transferase  complex  (Mtr)  and  methyl-substrate:coenzyme-M methyltrans-
ferase complex (MT).25,29,30,87 If a genome has any gene encoding subunits of
McrABG,  the  archaea  is  considered  potentially  methane  related,  and  if  a
genome has at least three genes encoding subunits of MtrACDE, it is consid-
ered to have a Mtr complex (Table S7). MT includes substrate-specific MT1
(including  MtaB,  MtbB,  MttB,  MtmB,  and  MtsB)  and  MT2  (including  MtaA,
MtbA, and MtsA), as well as a corrinoid protein, which were separately identi-
fied in arc1855.30,87 MT is widely distributed in archaea and does not strongly
correlate with methanogens, and this study focused on MT2. The methano-
genesis type of a genome was determined by combining the presence of Mcr,
Mtr,  and the  H4MPT branch of  WLP,  as  well  as  their  taxonomic  information
(Table S7).

As  the  key  enzyme  for  methanogenesis,  Mcr  has  been  proposed  to  be
traced back before the divergence of TACK-Asgard and Euryarchaeota.22,24,29,30

In H2/CH3R methanogenesis,  MT (including Mta/Mtb/Mts)) directly transfers
the  methyl  group  to  coenzyme  M,  after  which  Mcr  reduces  methyl-coen-
zyme M to methane.25,30 An analysis of the consistency between the species
tree of methanogens and the protein tree of MtaA revealed that MtaA may be
vertically inherited in TACK and Euryarchaeota and may have existed in their
common ancestor.24,30,87 Therefore, H2/CH3R methanogenesis represents one
plausible  earliest  form  of  methanogenesis  that  might  have  been  present  in
the  common  ancestor  of  TACK  and  Euryarchaeota.  The  other  types  of
methanogenesis all require Mtr to link Mcr and the H4MPT branch of the WLP
to  complete  methanogenesis.25,29,30 Methyl-dismutating  and  acetoclastic
methanogenesis  are  found  only  in Methanosarcinia and  may  be  metabolic
innovations of this lineage.81,88 However, some studies suggest that because
Mtr in Nezhaarchaeales and other TACK archaea may be vertically inherited
from extinct  lineages of  H2/CO2 methanogens within  TACK,  Mtr  and H2/CO2

methanogenesis  can  also  be  traced  back  to  the  divergence  of  TACK  and
Euryarchaeota.24,29 Therefore,  whether  H2/CH3R  methanogenesis  or  H2/CO2

methanogenesis is the earliest type is still debated.
In  this  study,  the  McrABG  subunits  of  H2/CH3R  methanogens  in  the  VAE

protein  evolutionary  landscapes  are  slightly  closer  to  the  coordinate  origin,
consistent with the possibility that H2/CH3R methanogens represent an earli-
est form (Figures 4C & S7). The McrABG subunits of ANME-1 in Syntrophar-
chaeia and H2/CH3R methanogens cluster together in both protein trees and
the VAE landscapes, as ANME-1 probably gained McrABG from Methanofas-
tidiosales by  HGT  and  McrABG  replaced  its  original  alkyl–coenzyme  M
reductase  complex  (Acr).30,89 H2/CH3R  methanogenesis  requires  the  MT  to
transfer  a  methyl  group  from  CH3R  to  CoM,24,25,30 and  based  on  structural
alignment, although  utilizing  different  methyl  substrates,  the  methyltrans-
ferases  that  transfer  methyl  groups  from  corrinoid  proteins  to  CoM  (MT2,
including MtaA, MtbA, and MtsA) have high structural similarity and catalyze
the  same  reaction,  indicating  that  MtaA,  MtbA,  MtsA  and  other  MT2  are
homologous (Figure S8). Therefore, the VAE landscape and the protein tree of
all  kinds  of  MT2  identified  in  arc1855  were  constructed.  MT2  is  a  large

protein  family  widely  distributed  across  the  three  archaeal  superphyla  other
than  DPANN,  and  its  distribution  does  not  show  a  strong  association  with
methanogens in  arc1855 (Figure  4C & Table  S7).  In  the  VAE landscape,  the
sequences of MtaA and MtsA near the coordinate origin are from both TACK
and Euryarchaeota. In the protein tree, both MtaA and MtsA are split into two
clades  at  the  base  of  the  tree;  the  sequences  at  the  base  of  one  clade  are
from TACK, while those at the base of another clade are from Euryarchaeota
(Figure  4C).  In  the  VAE  landscape,  the  sequences  of  MtbA  and  other  MT2
near  the  coordinate  origin  are  only  from  Euryarchaeota,  and  in  the  protein
tree, MtbA has a clade only from Euryarchaeota, whereas the other MT2 are
split into two clades, and the sequences at the base of them are mainly from
Euryarchaeota (Figure 4C). Therefore,  MT2 might have originated and dupli-
cated  in  the  common  ancestor  of  Euryarchaeota  and  TACK-Asgard  before
these  lineages  diverged.  Taken  together,  these  findings  raise  the  possibility
that  H2/CH3R  methanogenesis  dependent  on  Mcr  and  MT  could  have  been
present in the common ancestor of TACK and Euryarchaeota, although alter-
native interpretations cannot be excluded.

Because  all  other  types  of  methanogenesis  and  anaerobic  oxidation  of
methane  (AOM)  in Methanobacteriota and Halobacteria require  the  Mtr
complex to link the H4MPT branch of the WLP with Mcr,29,30 these Mtr-depen-
dent types of methanogenesis would logically emerge after the origin of the
Mtr complex. Mtr is predominantly found in Euryarchaeota, with a few occur-
rences  in Nezhaarchaeales or  other  archaea  within  TACK (Figures  4C & S9,
Table S7). Based on protein trees and VAE landscapes, the Mtr complex may
have  originated  within  the Methanobacteriota of  Euryarchaeota  and  may
have  been  vertically  transferred  along  with  the  Mcr  complex  from
Methanobacteriota to Halobacteria.  However,  some  methanogens  of
Methanobacteriota and Halobacteria have  entered  host-related  systems,
such as Methanosphaera of Methanobacteriota isolated from bovine rumen
digesta  or  human  stool90 and Methanimicrococcus of Halobacteria from  a
cockroach (Periplaneta americana).91,92 In these host-related systems, where
CH3OH  and  H2 are  abundant,90-92 these  originally  H2/CO2 methanogens  with
complete  Mtr  complexes  can  also  perform  H2/CH3OH  methanogenesis
(Table  S7),  consistent  with  the  hypothesis  that  if  the  environment  of  the
common ancestor of methanogens was rich in H2 and methyl substrates,93-95

H2/CH3R  methanogenesis  would  be  the  earliest  type  of  methanogenesis,
regardless of the presence of the Mtr complex.

Moreover,  two  subtypes  of  Mtr  were  identified  from  five  genera  within
Methanosarcinia in Halobacteria,  namely, UBA204 (GCA_030621155),
Methanoperedens  A (GCA_014859785), Kmv04 (GCA_014859725), QBUR01
(GCA_029210685),  and DQIP01 (GCA_030611265)  (Figures  4C  & S9,
Table S7). This is consistent with the hypothesis that gene duplication of Mtr
may  have  occurred  in  the  common  ancestor  of Halobacteria or  before  the
divergence  of Methanoliparia, Syntropharchaeia,  and Methanosarcinia,
potentially  leading  to  the  emergence  of  two  Mtr  subtypes,  which  were
temporarily designated Methane(M)- and Abnormal(A)-type (Figures 4C & S9,
Table  S7).  In Halobacteriota,  ANME-1  (AOM,  Mcr)30,89 in Syntropharchaeia,
Methanoliparia (non-syntrophic methanogenic hydrocarbon degradation, Acr
and  Mcr),96 and EX4572-44 (anaerobic  oxidation  of  alkane,  Acr)97 in
Methanosarcinia have  the  Mtr  A-type,  whereas  other Halobacteriota (Mcr),
including Methanosarcinia, Bog-38, Methanocellia,  and Methanomicrobia,
have  the  Mtr  M-type  (Table  S7).  The  sequences  of  the  Mtr  M-type  do  not
significantly  change  from  the  preduplication  state,  whereas  the  Mtr  A-type
may have undergone rapid evolution, as the sequences of each subunit of the
Mtr  A-type complex  are  represented  as  longer  branches  with  variable  posi-
tions  in  the  protein  trees  and  form  separate  clusters  radiating  directly  from
the  coordinate  origin  in  the  VAE evolutionary  landscapes  (Figures  4C & S9).
Nezhaarchaeales may  have  gained  the  Mtr  A-type  from Halobacteriota
through  HGT,  shifting  from  H2/CH3R  methanogenesis  to  Mtr-dependent
methanogenesis.  Notably,  according  to  a  recent  report  on  the  cultivation  of
Ca. Methanonezhaarchaeum  fastidiosum  YNP3N,  it  cannot  grow  in  the
absence of methylamines, suggesting that it actually performs methyl-related
methanogenesis  rather  than  the  H2/CO2 methanogenesis  inferred  from
MAG,98 thus, H2/CO2 methanogenesis is still only distributed in Euryarchaeota
currently.  Moreover,  some  Mtr  A-type genes  have  been  horizontally  trans-
ferred  to  archaea  without  Mcr  in  TACK  such  as  in Hecatellaceae,  and  their
function remains unclear  (Figures 4C & S9, Table  S7).  Interestingly,  archaea
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with the Mtr A-type appear to have periods when Mtr was present but inac-
tive; for example, EX4572-44 only has Acr,97 whose Mtr would be inactive, and
in ANME-1, before its original Acr was replaced by Mcr,30,89 Mtr would be inac-
tivated  (Table  S7).  This  may  explain  the  rapid  evolution  of  the  Mtr  A-type,
which  clearly  differs  from  the  Mtr  M-type  and  may  have  new  functions  not
related to  methanogenesis,  but  may  have  still  maintained  its  original  struc-
ture and function (Figures 4C & S10). However, further research is needed to
determine  whether  the  Mtr  A-type  originated  through  gene  duplication  and
underwent  rapid  evolution.  Notably, Methanosarcinia within Halobacteria
have  a  diverse  array  of  methanogenesis,  including  H2/CH3OH, methy-
lotrophic and acetoclastic methanogenesis, AOM, and even alkane oxidation;
the  archaea  with  two  Mtr  subtypes  also  belong  to Methanosarcinia. There-
fore,  the  diversification  of  methanogenesis  may  be  potentially  associated
with Mtr duplication and rapid evolution; however, further in-depth research is
needed.

In  summary,  though  several  evolutionary  hypotheses  exist  and  remain
hotly debated, our results are consistent with the hypothesis that Mcr and MT
may  have  originated  before  the  divergence  of  Euryarchaeota  and  TACK-
Asgard,  and  H2/CH3R  methanogenesis  represents  a  plausible  earliest  form
(Figure 5A). Within Euryarchaeota, Mtr may have originated before the diver-
gence of Methanobacteriota, and then Mcr and Mtr may have been co-inher-
ited  within  Euryarchaeota,  potentially  giving  rise  to  various  Mtr-dependent
methanogenesis, especially in Methanosarcinia (Figure 5A). Methanobacteri-
ota and Halobacteria primarily utilize Mtr for methanogenesis, but some of its
descendants  shift  to  H2/CH3OH  methanogenesis  in  methanol-rich  host-
related  environments  (Figure  5A).  In  the Halobacteriota, before  the  diver-
gence  of Methanoliparia, Syntropharchaeia,  and Methanosarcinia,  Mtr  may
have undergone gene duplication,  resulting in  two Mtr  subtypes (A- and M-
type, Figure  5A).  Most  methanogens  in Halobacteriota are  the  Mtr  M-type,
whereas  the  Mtr  A-type  is  mainly  found  in  ANME-1, Methanoliparia,  and
EX4572-44 of Methanosarcinia, which either currently or previously may not
utilize Mtr for methanogenesis, consistent with the possibility that the Mtr A-
type may have rapidly evolved, resulting in significant differences in sequence
from the other Mtr types (Figure 5A & Table S7). To our knowledge, the diver-
gence  of  Mtr  into  two  subtypes  (M-type  and  A-type)  linked  to  different
methanogenesis  has  not  been  previously  highlighted  at  this  phylogenomic
scale.  Within  TACK,  some  descendants  retained  H2/CH3R  methanogenesis,
and some descendants, such as Nezhaarchaeales, may have acquired the A
type Mtr through HGT, thereby shifting to methyl-dismutating methanogene-
sis (Figure 5A).

 Perspective  on  archaeal  origin  and  metabolism. The  distribution  and
evolutionary relationships of the above proteins among arc1855 are consis-
tent  with  the  hypothesis  that  acetate-related  metabolism,  the  carbonyl
branch of the WLP, and H2/CH3R methanogenesis may have existed in LACA.
Afterward,  DPANN,  TACK-Asgard,  and  Euryarchaeota  possibly  diverged
rapidly  after  LACA.  The  H4MPT  branch  then  potentially  originated  in  the
common  ancestor  of  TACK-Asgard  and  Euryarchaeota,  in  line  with  the
hypothesis that the ancestor most likely was a generalist capable of ensuring
at  least  one  energy  pathway  and  one  biosynthetic  pathway  in  a  variety  of
environments (Figure 5B).22,30,99 If H2 and CO2 are abundant, it can fix CO2 into
acetyl-CoA  via  the  WLP  and  generate  acetate  from  excess  acetyl-CoA  via
Acd to obtain ATP. If CO2 is scarce but methyl substrates, H2, and acetate are
abundant,  it  can  obtain  energy  through  H2/CH3R  methanogenesis  while
consuming  ATP  to  convert  environmental  acetate  into  acetyl-CoA  via  Acs.
The common ancestor of TACK and Asgard probably retained the generalist
state (Figure 5B), as exemplified by modern archaea in TACK, including Bath-
yarchaeota-3300028193_21, LGG-1_spades_metabat_bin213,  and  two
genera  of JACAEJ01,  which  possess  WLP,  acetate-related  metabolism,  and
H2/CH3R methanogenesis (Figure 5B & Table S8).  The common ancestor of
Euryarchaeota  was  probably  also  in  the  generalist  state  (Figure  5B),  but
modern  Euryarchaeota  with  all  three  metabolic  pathways  have  not  been
found.  After  the  WLP  was  lost  during  their  further  evolution,  TACK  and
Euryarchaeota  with  H2/CH3R  methanogenesis  gave  rise  to  most  modern
H2/CH3R  methanogens  (Figure  5B).  Mtr  may  have  originated  within
Euryarchaeota,  linking  the  H4MPT  branch  of  the  WLP  to  Mcr  to  achieve
H2/CO2 methanogenesis, potentially adapting to environments rich in H2 and
CO2 (Figure 5B) and diversifying into other kinds of Mtr-dependent methano-

genesis  consistent  with  environmental  changes.  Most  TACK  and  Asgard
eventually  lost  methanogenesis  and  retained  only  the  WLP  and  acetate
metabolism, and potentially used the WLP as an electron acceptor during the
fermentation  of  organic  substrates  for  heterotrophic  growth  (Figure  5B).32

The  origin  of  the  H4MPT  branch  in  the  common  ancestor  of  TACK  and
Euryarchaeota, and the potential loss of methanogenesis (or never has) in the
common ancestor of DPANN may have been associated with the divergence
of  DPANN  from  other  archaea.  However,  the Altiarchaeota at  the  base  of
DPANN possibly retained the carbonyl branch and gained the H4MPT branch
through HGT, thus acquiring the complete WLP (Figure 5B). These observa-
tions suggest that acetate-related metabolism, the WLP, and methanogene-
sis,  along  with  environmental  changes,  were  associated  with  the  early
archaeal diversification (Figure 5B) and may have contributed to the founda-
tion for the development of diverse metabolisms in modern archaeal species.
We  acknowledge  that  these  metabolic  scenarios  remain  hypothetical;  their
resolution  will  require  more  advanced  AI  tools,  phylogenomic  reconciliation
analyses, biochemical validation, and expanded genome sampling.

To  further  explore  the  potential  metabolic  evolutionary  history  of  early
archaea, we additionally surveyed key genes involved in a range of metabolic
pathways across arc1855, including hydrogen metabolism, pyruvate synthesis,
phosphoenolpyruvate  (PEP)  metabolism,  the  non-oxidative pentose  phos-
phate pathway, the TCA cycle, glycolysis/gluconeogenesis, and nitrogen and
sulfur metabolisms (Figures S11-S17 & Table S9). Although the genes asso-
ciated  with  these  pathways  are  broadly  distributed  across  the  archaeal
domain  (Table  S9),  their  evolutionary  histories  are  obscured  by  pervasive
horizontal  gene  transfer,  lineage-specific  gene  gains  and  losses,  and  the
potential extinction of intermediate lineages, which together render ancestral
reconstructions  inherently  uncertain.  Despite  these  challenges,  the  majority
of  these genes are  widely  present  in  both TACK-Asgard and Euryarchaeota,
with  the  notable  exception  of  2,3-bisphosphoglycerate-independent phos-
phoglycerate mutase (Pgm) in glycolysis, which is absent from TACK-Asgard.
Furthermore,  in  several  phylogenetic  trees,  sequences  from  TACK-Asgard
and Euryarchaeota each tend to form monophyletic clades (Figures S11-S17
& Table S9).  These patterns are consistent with the hypothesis that the last
common ancestor of TACK-Asgard and Euryarchaeota possessed a complex
metabolic repertoire  and  a  generalist  lifestyle  adaptable  to  diverse  environ-
ments.22,30,99 By contrast, DPANN sequences cluster together only in a subset
of  gene trees,  including those for  hydrogenase subunits (HydABG),  pyruvate
kinase (Pyk), and several key enzymes in pyruvate synthesis, the non-oxida-
tive  pentose  phosphate  pathway,  and  glycolysis/gluconeogenesis  (Figures
S11-S14 & S16). This pattern is compatible with the hypothesis that DPANN
lineages  underwent  extensive  genome  reduction  and  reductive  evolution
associated  with  a  transition  from  a  free-living  to  an  ectosymbiotic
lifestyle.23,100,101 Under the phylogenetic framework in which DPANN is placed
within  Euryarchaeota,  LACA  would  likely  have  possessed  complete  core
carbon  metabolism,  hydrogen  metabolism,  and  sulfur  and  nitrogen
metabolism, with  subsequent  differential  loss  shaping  the  modern  distribu-
tions observed in the arc1855 dataset. Alternatively, under the early-diverging-
DPANN  hypothesis,22 with  which  our  results  are  consistent,  LACA  may  still
have  harbored  a  comparably  complex  metabolism,  as  gene  loss  in  DPANN
could have occurred after its divergence from LACA. Collectively, these analy-
ses outline a set of testable hypotheses regarding the metabolic capacity of
LACA; more  comprehensive  phylogenomic  reconciliation  analyses,  comple-
mented by structural  and biochemical  validation,  will  be essential  to  resolve
these ancestral states with greater confidence.

 Coevolution of archaea and earth environments
As  described  above,  in  the  VAE-PCA  evolutionary  landscape  of  arc1855

based on the set of 37 conserved genes, the genomes at the top of the cone
are  densely  distributed,  whereas  at  the  base  of  the  cone,  the  genomes  are
distributed along eight trajectories (Figure 3B). The genomes on each trajec-
tory  belong  to  the  same  phylum  and  cluster  together  in  the  corresponding
species  tree  (Figure  3B).  Notably,  the  archaea  located  on  some  trajectories
may  be  strongly  associated  with  specific  environments  (Figure  6E  &
Table  S8).  The  trajectory  of Thermoprotei of  TACK  primarily  includes
members from extremely high-temperature environments,102 the trajectory of
Bathyarchaeia of  TACK  mostly  includes  members  from  high-temperature
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environments,103,104 the trajectory of Nitrososphaeria of TACK largely consists
of members from aerobic environments,105-107 and the trajectory of Halobac-
teriota of Euryarchaeota predominantly includes members from aerobic and
hypersalinity environments (Figure 6E).108-110 These observations are consis-
tent with the possibility that archaea may have expanded into different types
of environments during their later stages of evolution. Therefore, it is interest-

ing to study how archaea adapt to various extreme environmental conditions
and the coevolution of archaea with Earth environments. To this end, in this
study,  a  variety  of  deep  learning  models  based  on  single  proteins  or  entire
genomes  were  integrated  to  predict  the  optimal  growth  temperatures
(pOGTs), hypersalinity tolerance, and oxygen tolerance of arc1855 (Figure 6A
& Table  S8).  As  these  predictions  provide  a  genome-scale,  computational
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Figure 5.  Acetate-related  metabolism,  the  WLP,  and  methanogenesis  in  LACA  and  its  descendants (A)  Possible  evolutionary  history  of  methanogens  was  inferred.  Black
arrows indicate  the  transfer  process  of  Mcr  and  purple  arrows indicate  that  of  Mtr,  and  dashed arrows indicate  possible  horizontal  gene  transfer  while  solid  arrows indicate
almost vertical inheritance. (B) Metabolic pathways consistent with the hypothesis that the carbonyl branch of WLP, acetate-related metabolism, and H2/CH3R methanogenesis
may have been present  in  LACA are  shown,  as  well  as  pathways potentially  present  in  its  various descendants.  The dashed boxes indicate  the  inferred transitional  states  of
archaea that may have existed in geological history but have not been found in modern archaea.
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Figure 6.  Predicted optimum physiological conditions for 1855 archaeal genomes (A) Based on the whole-genome protein sequences, predictions of whether those archaea
can tolerate hypersalinity environments (HPClas) or oxygen (Aerobicity and Aerobot), and their optimal growth temperatures (pOGTs, by Tome). For oxygen-tolerance, if Aerobicity
and  Aerobot  provides  consistent  results,  the  results  are  reliable,  while  if  the  predictions  are  inconsistent,  the  corresponding  archaea  are  labeled  as “inconsistent”.  For  OGT,
archaea with a pOGT less than 45°C are classified as non-thermophilic, those with a pOGT between 45°C and 80°C are classified as thermophilic, and those with a pOGT more
than 80°C are classified as hyperthermophilic. (B) For hypersalinity tolerance, if the proportion of predicted halophilic proteins (pHPP) by HPClas in a genome is more than 38%,
the archaea is predicted to be able to tolerate hypersalinity environments. (C) Distribution of 1855 archaea with predicted physiological conditions on the species tree based on
37  conserved  genes  is  displayed.  (D)  Proportions  of  archaeal  genomes  with  predicted  physiological  conditions  among  all  archaeal  genera  and  within  each  superphylum  are
displayed. (E) Distribution of archaeal genera with predicted physiological conditions in the VAE-PCA evolutionary landscape based on 37 conserved genes is displayed. (F) The
1855 archaeal genomes belong to 564 families, and 255 families contain more than one genus. Among them, only one family contains members that are predicted to either toler-
ate or not tolerate hypersalinity environments, 19 families contain genera that are predicted to either tolerate or not tolerate oxygen, and pOGT ranges of 15 families exceed 30°C.
(G) The prediction of adaptation to three environmental factors for 1,855 archaeal genomes was statistically analyzed and displayed. In the right-hand scatter plot,  the X-axis
represents the pOGT (°C) of archaea, while the Y-axis represents the pHPP (%).
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perspective  on  the  ecological  preferences  of  these  archaea,  they  represent
testable  hypotheses  whose  confirmation  will  benefit  from  targeted  culture-
based experimental validation under the inferred conditions.

 Temperature. The  pOGTs  of  arc1855  were  predicted  by  Tome,42 and
among  them,  1,184  genera  with  pOGTs  less  than  45°C  were  classified  as
nonthermophilic, 524 genera with pOGTs between 45°C and 80°C were clas-
sified  as  thermophilic,  and  147  genera  with  pOGTs  greater  than  80°C  were
classified  as  hyperthermophilic  (Figure  6D  & Table  S10A).  In  the  VAE-PCA
landscape, the genera at the top of the cone are predicted to adapt to a vari-
ety of temperatures, whereas those on the trajectories at the base of the cone
adapt  to  consistent  temperatures (Figure 6E).  These findings are  consistent
with the hypothesis that archaea may have rapidly adapted to a broad range
of temperatures during the early stages of evolution. Among the 372 genera
from TACK, approximately one-third (120 genera) are hyperthermophilic, and
nearly half (181 genera) are thermophilic (Figure 6D). Among the 523 genera
from Euryarchaeota, only 18 are hyperthermophilic, and 135 are thermophilic;
however, these hyperthermophilic and thermophilic archaea are distributed at
the base of the Euryarchaeota and TACK lineages (Figures 6C-E, Tables S2 &
S10A). This is consistent with the possibility of a thermophilic or even hyper-
thermophilic  origin  for  the  common  ancestors  of  Euryarchaeota  and
TACK22,111 and suggested that different temperature environments are asso-
ciated  with  diversity  among  Euryarchaeota  (Figures  6C-E).  In  DPANN  and
Asgard,  thermophilic  and  hyperthermophilic  members  together  account  for
less than a quarter of the genera, consistent with the possibility that nonhigh-
temperature  environments  are  associated  with  the  divergence  of  Asgard
from  TACK  and  DPANN  from  other  archaea  (Figures  6C-E, Tables  S2 &
S10A).22,49

 Oxygen tolerance. Two deep learning models,  Aerobot48 and Aerobicity,47

were  used  to  predict  the  oxygen  tolerance  of  arc1855  (Figure  6A).  If  they
provide consistent results, the results are considered to be reliable; however,
if  the  predictions  are  inconsistent,  the  corresponding  archaeal  genera  are
labeled “inconsistent”,  and  these  archaeal  genera  may  be  in  a  transitional
state between oxygen tolerance and intolerance. Among arc1855, 233 genera
are  oxygen  tolerant,  whereas  1,350  genera  are  oxygen  intolerant,  and  272
genera are labeled “inconsistent” (Figure 6D). In the VAE-PCA landscape, both
oxygen-intolerant and oxygen-tolerant genera are distributed at the top of the
cone,  whereas  those  on  the  trajectory  at  the  base  of  the  cone  are  either
oxygen-intolerant  or  oxygen-tolerant  (Figure  6E).  Interestingly, WAKA01
(GCA_015523565)  and Kariarchaeum (GCA_002728275)  of Heimdallar-
chaeales are very close to the vertex of the cone, consistent with the hypoth-
esis  that  oxygen  may  be  associated  with  the  evolution  of  early  archaeal
lineages,  potentially  prior  to  the  Great  Oxidation  Event,  as  some  studies
inferred.112-114 Moreover,  oxygen-tolerant  archaea  are  concentrated  in
Nitrososphaerales of  TACK  and Thermoplasmataceae, SW-10-69-26,
JACPAO01 Poseidoniales and Halobacteriales of Euryarchaeota (Figures 6C-
E, Tables  S2 & S11A),  and  the  other  oxygen-tolerant  archaeal  species  are
distributed  sporadically  across  the  four  archaeal  superphyla  (Figures  6C-E,
Tables S2 & S11A), consistent with the association between oxygen and the
diversification  and  niche  expansion  of  the  archaeal  domain,  especially  in
Euryarchaeota (149/523).

As a basis for predicting the optimal physiological conditions of organisms,
there is a debate over whether the adaptation of organisms to different envi-
ronmental factors is a result of adaptation across the entire proteome or even
the  cellular  system,  or  whether  it  can  be  achieved  through  a  set  of  specific
genes. To predict the optimal growth temperature (OGT), researchers initially
used reverse gyrase as a marker to identify hyperthermophilic organisms;115-117

however,  this  enzyme  was  later  discovered  in  thermophilic  organisms.118,119

Currently,  predictions  of  OGT  by  deep  learning  models  are  almost  entirely
based  on  whole-genome-scale  feature  extraction,42,44 as  environmental
temperature  affects  the  whole  proteome  and  the  whole  cell.  In  contrast,
predictions of oxygen tolerance still involve two approaches. One is based on
annotations focusing on a set of specific genes (as in Aerobicity),47,120 and the
other  focuses on the whole-genome scale  (as in  Aerobot).48 Researchers  of
Aerobicity have identified a series of specific protein families that are closely
related to oxygen tolerance, and their predictions are based on the types and
copy numbers of these genes in a genome.47 This correlation was undeniable,
but  it  may  lack  causality—that  is,  whether  these  genes  helped  organisms

tolerate  oxygen  or  whether  organisms  gained  these  protein  families  for
oxygen  utilization  after  they  had  been  oxygen  tolerant.  Moreover,  if  oxygen
tolerance is due to the gain of specific genes,  the number of archaeal fami-
lies  with  both  oxygen-tolerant  and  oxygen-intolerant  members  should  far
exceed 19 families (Figure 6F), as the gain and loss of genes can be accom-
plished  easily  and  are  common  in  nature.121-123 Therefore,  the  presence  of
certain  oxygen-related  genes  in  oxygen-tolerant  archaea  is  more  likely  a
result of their ability to tolerate oxygen. Additionally, the researchers of Aero-
bicity  further  developed  a  faster  and  more  convenient  model  for  predicting
oxygen  tolerance  based  on  the  concatenated  MSA  of  a  set  of  conserved
genes in the genomes.47 They reported that among the 148,765 sites of this
MSA,  only  69  had  nonzero  weights  for  predicting  oxygen  tolerance  and
concluded that differences in amino acid usage between aerobes and anaer-
obes were site specific rather than generalizable.47 However, this may also be
just a correlation,  because if  only 69 specific sites out of 148,765 determine
whether an organism is  aerobic  or  anaerobic,  the number of  archaeal  fami-
lies  with  both  aerobic  and  anaerobic  members  should  be  far  more  than  19
(Figure  6F),  as  conserved  genes  and  conserved  acid  amino  sites  also  have
certain  mutation  rates.124-126 Therefore,  this  study  proposes  that  adaptation
across  the  entire  proteome  makes  organisms  adapt  to  temperature  and
oxygen,  indicating  that  whole-genome-scale sequence  features  are  predic-
tive of whether an organism is aerobic or anaerobic and its OGT.

 Hypersalinity. Extremely  halophilic  organisms  typically  employ  a  salt-in
strategy,  in  which  potassium  and  sodium  ions  accumulate  within  the  cell,
leading to a cytoplasmic salt concentration that is comparable to that of the
external  hypersaline  environment.127-129 Consequently,  a  high  proportion  of
acidified  halophilic  proteins  are  present  in  the  proteome,  with  exceptions
including  proteins  that  can  be  protected  from  the  hypersaline  cytoplasm
(such as internal ribosome subunits and membrane proteins) or those under
selective  pressure  to  avoid  acidification  (such  as  DNA-binding  proteins).129

Therefore,  like  adaptation to  temperature,  adaptation to  hypersalinity  is  also
at the whole-genome scale. By utilizing HPClas,46 it is convenient and fast to
predict  whether  a  protein  is  halophilic,  and  the  proportion  of  predicted
halophilic  proteins  (pHPP)  among  the  whole-genome  proteins  of  each
genome in  arc1855  can  be  determined.  Finally,  based  on  the  pHPP (38% in
this study) and sampling site information of a genome, whether the archaea
are extremely halophilic can be predicted (Figures 6A-B).46

Traditionally, there are four groups of extremely halophilic archaea, namely,
Halobacteria,108,110 Nanosalinia,130-132 Methanonatronarchaeales,133 and Halar-
chaeoplasmatales.134 In  arc1855,  101  of  the  103  genera  in Halobacteria are
extremely  halophilic,  whose  pHPPs  range  from  43–75%,  and  13  of  the  17
genera  in Nanosalinia are  extremely  halophilic,  whose  pHPPs  range  from
38–58% (Table S12B). Therefore, most members of Halobacteria and Nanos-
alinia are extremely halophilic  archaea.  However,  in Methanonatronarchaeia,
only  one  genus, JAANXF01 (GCA_018263395),135 has  a  pHPP  of  54%,  and
none of the members in Halarchaeoplasmatales has a pHPP exceeding 38%
(Table S12B). To eliminate the sampling bias of arc1855, all the genomes of
Methanonatronarchaeia and Halarchaeoplasmatales were  collected  from
GTDB  R220;  however,  except  GCA_018263395,  the  pHPPs  in  the  other  five
genomes of Methanonatronarchaeia range from 9–15%, and those in the 17
genomes of Halarchaeoplasmatales range from 6–24% (Table S12C). There-
fore, Methanonatronarchaeia and Halarchaeoplasmatales may  be  not
extremely  halophilic  archaea,  or  they  do  not  employ  the  salt-in  strategy.
Moreover,  a  study expanded the scope of  extremely  halophilic  archaea,  and
new  extremely  halophilic  archaea,  such  as Asbonarchaeaceae and Afarar-
chaeaceae, were found.109 Asbonarchaeaceae is a sister group to Halobacte-
ria,109 and  pHPPs  of  its  four  MAGs  range  from  44–66%,  whereas Afarar-
chaeaceae belongs  to Nanosalinia,109 and  among  its  9  MAGs,  except  for
GCA_034190605 (pHPPs at 29%), the pHPPs in the other 8 MAGs range from
49–63%  (Table  S12C).  The  above  results  validated  the  accuracy  of  the
method used in this study for predicting extremely halophilic archaea.

Beyond those extremely halophilic archaea,  the two genera of SW-10-69-
26 in Thermoplasmatota, SW-10-69-26 (GCA_003009755) sampled from the
salt  crust  in  the  Atacama  Desert  in  Chile  and PWVY01 (GCA_003561665)
sampled from hypersaline soda lake sediment in Russia, have proportions of
predicted halophilic proteins (pHPPs) of 40% and 69%, respectively, suggest-
ing  that  they  may  represent  a  new  potentially  independently  evolved
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halophilic archaeal lineage (Tables S2 & S12A). In summary, most proteins in
the genomes of Methanonatronarchaeia and Halarchaeoplasmatales are not
halophilic, and even though these organisms could tolerate hypersalinity, they
may  not  mainly  employ  the  salt-in  strategy.109,127-129,136 The  extremely
halophilic  archaea  defined  in  this  study  in  arc1855  are  only  distributed  in
Nanosalinia of DPANN, SW-10-69-26 of Thermoplasmatota, and Halobacte-
ria of  Euryarchaeota  (Tables  S2 & S12A),  suggesting  that  hypersalinity  may
only have a limited impact on the diversity of the archaeal domain.

 Combined effects of environmental factors. To quantify the adaptability
of archaea to temperature, oxygen and hypersalinity, their adaptation to these
three  environmental  factors  was  analyzed  within  each  archaeal  family.
Arc1855  belongs  to  564  families,  and  among  them,  255  families  contain
more  than  one  genus  (Table  S2).  With  respect  to  temperature,  15  families
present a range of  predicted optimal  growth temperatures (pOGTs) exceed-
ing  30°C,  with UBA233 having  the  highest  pOGT  range  (more  than  46°C).
Within  this  family, Termiticorpusculum (GCA_009781675)137 has  a  pOGT  of
35.43°C,  whereas DSZD01 (GCA_018396935)104 has  a  pOGT  of  82.05°C
(Figure 6F & Table S10B). Different genera within the same family can adapt
to a wide range of temperatures, suggesting a strong adaptability of archaea
to  temperature.  With  respect  to  oxygen,  19  families  contain  both  predicted
oxygen-tolerant  and  oxygen-intolerant  archaeal  genera  (Figure  6F  &
Table S11B). Among these 19 families, 11 families have more than 5 archaeal
genera,  and in 6 of these 11 families,  half  or more of the genera are labeled
“inconsistent”,  suggesting  that  these  families  may  be  in  a  transitional  state
between  oxygen  tolerance  and  intolerance  (Table  S11C).  Different  genera
within the  same  family  can  adapt  to  either  aerobic  or  anaerobic  environ-
ments, suggesting the strong adaptability of archaea to oxygen. However, for
hypersalinity,  almost  no  archaeal  family  has  members  that  are  either
extremely  halophilic  or  not,  except  for Nanoanaerosalinaceae (Figure  6F).
This  family  comprises  three  genera. JALIDO01 (GCA_022865265, propor-
tions of predicted nonhalophilic proteins (pNHPP) at 18% and proportions of
predicted halophilic proteins (pHPP) at 49%), which was sampled from a high-
salinity lake in China (PRJNA820349, Table S12A), is predicted to be aerobic
and extremely halophilic. In contrast, JALIDQ01 (GCA_022865275, pNHPP at
23%,  pHPP  at  28%)  from  the  same  sampling  site  as JALIDO01 and
Nanoanaerosalina (GCA_022257775, pNHPP at 27%, pHPP at 20%), sampled
from a soda lake  in  China (PRJNA797678),  both  are  predicted to  be  neither
aerobic nor extremely halophilic (Tables S11A & S12A). Therefore, almost all
the  members  of  an  archaeal  family  are  either  extremely  halophilic  or  not,
suggesting that  the  difficulty  for  archaea  to  adapt  to  hypersaline  environ-
ments is  far  greater  than  the  difficulties  associated  with  adapting  to  differ-
ences in temperature and oxygen.

Extremely halophilic archaea, such as most members of Halobacteria and
Nanosalinia, are  always  oxygen  tolerant;  thus,  it  is  interesting  to  investigate
the adaptation of archaea to combinations of the above three environmental
factors  (Figure  6G).  With  respect  to  hypersalinity  and  the  other  two  factors,
almost  all  the  extremely  halophilic  archaea  are  also  oxygen  tolerant  and
nonthermophilic, and  there  are  only  two  exceptions  in  arc1855,  as  follows
(Figure  6G).  The  extremely  halophilic JAANXF01 (GCA_018263395,  pHPP at
54%) of Methanonatronarchaeia is thermophilic and anaerobic, and SW-4-43-
9 (GCA_003009795, pHPP at 38%) of Nanosalinia is anaerobic (Tables S11A
& S12A). With  respect  to  temperature  and  oxygen  tolerance,  only  15  ther-
mophilic archaeal genera are predicted to be able to tolerate oxygen, and the
oxygen tolerance  of  four  hyperthermophilic  archaeal  genera  and  71  ther-
mophilic archaeal genera is inconsistent (Figure 6G & Table S8). Therefore, in
arc1855,  almost  no  hyperthermophilic  archaea  and  only  a  few  thermophilic
archaea  can  tolerate  oxygen.  Collectively,  these  findings  indicate  that,  in
archaea,  extremely  halophilic  activity  is  closely  linked  to  oxygen  tolerance,
whereas a  mutual  exclusivity  exists  between  oxygen  tolerance  and  ther-
mophilicity.  Several  possible  explanations  may  account  for  this  observed
pattern,  as outlined below.  On the one hand,  the introduction of  oxygen into
the cell  may  increase  the  ability  of  archaea  to  tolerate  hypersaline  environ-
ments,  as  extremely  halophilic  archaea  require  a  substantial  amount  of
energy  to  synthesize  high  amounts  of  intracellular  osmotic  molecules  to
reduce the difference in osmotic pressure across the cell membrane (salt-out
strategy) or to actively expel inorganic ions into the cytoplasm for accumula-
tion (salt-in strategy),127-129,136 which may be difficult to achieve solely through

anaerobic metabolism.138-140 On the other hand, this finding may rule out the
possibility of hyperthermophilic archaea tolerating oxygen, as in extreme high-
temperature environments, free radicals are more likely to be activated within
cells,  which  can  damage  cellular  structures  and  genetic  information.141,142

Thus,  the  combination  of  hyperthermophily  and  extremely  halophily  is  rare
among  archaea,  consistent  with  the  proposed  constraints  of  oxygen
(Figure 6G).

 Coevolutionary  history  of  Halobacteria  and  Nanosalinia. Evolutionary
history of Halobacteria and Nanosalinia could serve as an excellent example
of coevolution between species and their environments, since most of them
are both extremely halophilic and oxygen tolerant and engage in ectosymbi-
otic  relationships.  Based  on  the  predicted  optimal  physiological  conditions
and the sampling environments of Halobacteria and Nanosalinia in arc1855,
this study proposed a speculative evolutionary scenario as follows. First, the
last  common  ancestor  of Nanosalinia may  be  similar  to  that  of JAFCCC01
(GCA_017610385),143 with  a  predicted  nonhalophilic  protein  proportion
(pNHPP) of  75% and a predicted halophilic  protein proportion (pHPP) of  3%,
and  this  MAG was sampled  from the  Guaymas Basin,  an  anaerobic  marine
environment (PRJNA692327, Figures 7A-C & Tables S11A & S12A). Because
no Halobacteria or methanogens were found in MAGs from PRJNA692327,143

JAFCCC01 and  the  last  common  ancestor  of Nanosalinia were  likely  free-
living  organisms.  Subsequently,  some  descendants  of Halobacteria and
Nanosalinia probably  diverged  into  organisms  similar  to JAHENH01
(GCA_018609935)  and JAHENU01 (GCA_018609855),  respectively
(Figures  7A-C).  These  two  MAGs  were  both  sampled  from  Bonneville  Salt
Flats  Sediment  (PRJNA522308),  and  both  of JAHENH01 (pNHPP  38%  and
pHPP 15%) and JAHENU01 (pNHPP 42% and pHPP 16%) can tolerate oxygen
and certain salt  concentrations but not hypersalinity (Figures 7A-C & Tables
S11A  & S12A).  The  exclusive  exosymbiosis  between Halobacteria and
Nanosalinia is consistent with the hypothesis that their ancestors may have
independently  acquired  tolerance  to  oxygen  and  certain  salt  concentrations
before engaging  in  ectosymbiosis  in  environments  similar  to  salt  flat  sedi-
ments from which JAHENU01 and JAHENH01 were sampled. Finally, similar
to  most  of  the  remaining Halobacteria and Nanosalinia genera, Nanosalinia
appears  to  require  ectosymbiosis  with Halobacteria,  and  both  may  have
tolerated oxygen and hypersalinity (Figures 7A-B & Table S8).109,132 In Nanos-
alinia,  there  are  5  families  and  17  genera,  with  3  families  (Nanohalalkaliar-
chaeacea, Nanoanaerosalinaceae,  and Nanosalinaceae)  being  extremely
halophilic  (Figure  7B). Nanohalalkaliarchaeacea include  two  genera  with
pHPPs of 54% and 58% inhabiting deep sediment layers in hypersaline envi-
ronments  (Figures  7A-C  & Table  S12A).132 Nanoanaerosalinaceae include
three  genera,  with  only  one  genus  (JALIDO01,  GCA_022865265,  pHPP 49%)
being extremely halophilic and inhabiting surface sediment layers.132 Nanos-
alinaceae include  10  genera  whose  pHPPs  range  from  38–58%,  inhabiting
the  brine  layers  (Figures  7A-C  & Table  S12A).132 Interestingly,  the  pHPP  in
these Nanosalinia families decreased slightly from deep sediments to surface
sediments and brine layers (Figure 7C), a pattern potentially explained by the
observation  that  hypersaline  lakes  often  have  higher  evaporation  rates  than
inflows do, where salts accumulate in deep sediments and diffuse from there
to surface sediments and brine layers.144 In Halobacteria, as discussed above,
101 of  the 103 genera (excluding JAHENH01 and UBA12382)  are extremely
halophilic  (Figure  7C).  Notably, UBA12382 (GCA_027249345,  pNHPP  54%,
pHPP 6%),  sampled from the Sargasso Sea (PRJNA767318),  a marine envi-
ronment,  is  oxygen  tolerant  but  may  have  lower  salt  tolerance  than
JAHENH01 (pNHPP 38%, pHPP 15%), and similar to JAFCCC01 (pNHPP 75%,
pHPP 3%) of Nanosalinia in the marine environment (Figures 7A & C). Some
studies  have  suggested  that UBA12382 (Hikarchaea)  may  evolve  from
extremely  halophilic  ancestors  and  have  adapted  to  nutrient-poor  deep-sea
environments  through  gene  loss.109,145,146 In  summary,  the  descendants  of
Halobacteria and Nanosalinia may  adapt  to  extremely  saline  environments
together, and  their  coevolution  with  their  environments  highlights  the  diffi-
culty of adapting to extreme salinity.

 Limitations  of  phylogenomic- and  deep  learning-based  evolutionary
studies. The  VAE-PCA  evolutionary  landscape  yields  a  representation  that
can  be  viewed as  reflecting  the  relative  divergence  of  genomes based  on  a
conserved  gene  set,  whereas  the  phylogenomic  tree  is  reconstructed  from
the concatenated multiple sequence alignment of the same set of conserved
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genes. Both methods face the same challenge: which set of conserved genes
should  be  selected  to  better  describe  the  evolutionary  relationships  among
genomes? Additionally,  is it  reasonable to describe the evolutionary relation-
ships among genomes solely based on protein sequences? More essentially
for deep learning-based evolutionary studies, how can protein sequences be
represented  with  meaningful  embeddings?  In  the  preliminary  work  of  this
study, the evolutionary landscapes for 37 conserved genes were constructed
using  the  ESM  language  model,15,16 but these  landscapes  could  not  effec-
tively distinguish proteins of different phylogenomic origins. The ESM model
extracts the embeddings of each amino acid in a protein sequence,  and the
protein  sequence  is  represented  by  averaging  the  embeddings  of  amino
acids,15 which  does  not  provide  a  good  global  representation  of  the  protein
sequence.17 The  VAE  model  has  been  proven  to  describe  the  evolution  of
genes  relatively  well;  however,  it  uses  one-hot  encoding  for  amino  acids,
treating  different  kinds  of  amino acids  as  completely  independent  entities.17

Therefore,  this  may  not  be  the  best  way  to  represent  amino  acids.  Using
amino  acid  embeddings  obtained  from  language  models  such  as  ESM  to

encode the amino acids in multiple sequence alignments, instead of one-hot
encoding,  and  then  applying  the  VAE  model  for  dimensionality  reduction  to
construct  the  evolutionary  landscapes  of  genes  may  be  a  more  meaningful
approach. This could aid future protein evolutionary studies and provide more
reliable estimates  of  the  evolutionary  degrees  of  protein  sequences.  More-
over,  how can the evolution of a set of  conserved genes better describe the
evolution  of  the  whole  genome?  With  the  emergence  of  language  models
trained  on  the  whole-genome-scale  DNA  sequence,  such  as  Evo2,147

researchers  may  directly  infer  the  evolutionary  relationships  among
genomes. These are still challenges worth exploring and addressing in future
evolutionary  studies.  Finally,  we  reiterate  that  this  study  is  intended  as  a
methodological proof-of-concept rather than a definitive phylogenomic revi-
sion. The VAE-PCA landscape is a heuristic exploratory tool; although it reca-
pitulates  and expands broad phylogenomic patterns,  its  evolutionary  scores
should not be interpreted as absolute divergence times or branch lengths.

If a gene is present and vertically inherited across most archaeal lineages,
it may be inferred as potentially part of the LACA proteome. Similarly, if most
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Figure 7.  Coevolutionary history of Halobacteria and Nanosalinia (A) The coevolutionary history of Halobacteria and Nanosalinia is proposed based on their predicted optimum
physiological  conditions and the environmental  contexts where their  MAGs were sampled.  The ancestor  of Nanosalinia probably  lived independently  in  seawater,  and “?  or  ×”
indicates  that  extant  archaea  analogous  to  the  ancestor  of Halobacteria (non-halophilic  and  anaerobic)  may  remain  undiscovered  or  may  not  exist  (orange).  The  exclusive
exosymbiosis between Halobacteria and Nanosalinia is consistent with the hypothesis that their ancestors may have acquired tolerance to oxygen and a certain level of salinity,
before engaging in ectosymbiosis in environments similar to where JAHENU01 and JAHENH01 were sampled from (green). Eventually, their descendants together have adapted
to  hypersalinity  environments  (blue),  and Nanosalinia diversified  into  different  ecological  niches  of  hypersalinity  environments  (blue),  and  one  genus  (UBA12328)  may  have
returned to marine (yellow). (B) The species tree of 1855 archaea based on 37 conserved genes focuses on Nanosalinia and some Halobacteria along with their predicted physio-
logical conditions. In the first column, blue indicates that the archaea are predicted to tolerate hypersalinity environments,  and in the second column, green indicates that the
archaea are predicted to tolerate oxygen, and gray indicates inconsistent results from Aerobicity and Aerobot. (C) The proportions of predicted halophilic proteins in the above-
mentioned groups in arc1855 are shown in the box plot.
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genes in a metabolic pathway are present in the LACA proteome, it is plausi-
ble  that  LACA  may  have  possessed  that  metabolic  pathway.  Given  that
archaea  are  believed  to  have  originated  at  least  four  billion  years  ago,4-6

homologous proteins between distantly related archaeal lineages may exhibit
significant  sequence  divergence,  potentially  falling  below  the  detection
threshold  of  sequence  alignment  methods.148 This  poses  a  challenge  to  the
study  of  the  LACA  proteome.  Fortunately,  the  accuracy  of  protein  structure
prediction  models  such  as  AlphaFold  is  continually  improving,148-150 and
structural  alignment  and  search  tools  such  as  USalign  and  FoldSeek  are
becoming  increasingly  sophisticated.59,151 The  emergence  of  these  deep
learning-based tools may be able to meet this challenge.

The  field  of  physiological  condition  prediction  for  organisms  still  faces
technical bottlenecks.152 Deep learning models for predicting the temperature,
salinity, and oxygen tolerance of organisms still need improvement. Addition-
ally, developing models to predict other physiological conditions, such as pH
tolerance,  light  requirements,  heavy  metal  ion  concentration  tolerance,  and
nutrient  needs,  is  worth exploring.152 Although these predictions are compu-
tationally derived and remain to be confirmed by culture-based studies, they
provide  a  useful  framework  for  exploring  how  life  adapts  to  individual  and
combined environmental factors, and could inform the selection and domes-
tication of bioengineering strains based on naturally evolved strategies. In this
study, almost all extremely halophilic archaea are oxygen tolerant, and almost
all hyperthermophilic archaea are oxygen intolerant. Therefore, it is advisable
to  domesticate  oxygen-tolerant organisms  to  adapt  to  hypersaline  environ-
ments and oxygen-intolerant organisms to adapt to extremely high-tempera-
ture  environments.  Because  very  few  thermophilic  archaea  can  tolerate
extreme salinity, adapting to extreme salinity environments with high temper-
atures for  microbes is  very challenging.  However,  selecting a strain such as
JAANXF01 (GCA_018263395) with a pOGT of 47°C and a predicted halophilic
protein proportion of 54% or Methanopyrus (GCA_000007185) with a pOGT of
97°C and a predicted halophilic protein proportion of 33% (Figure 6G), as the
chassis  cell  for  modification  and  domestication  might  yield  an  engineered
strain that can tolerate both hypersalinity and extremely high temperatures.

After  the  evolution  of  key  metabolisms  and  physiological  conditions  of
archaea  and  even  all  other  organisms  are  fully  understood,  a  geological
history model of the coevolution of life and the environment of the Earth will
be  constructed.  This  will  provide  a  more  solid  theoretical  foundation  for
studying the origin and evolution of life and their adaptive strategies to envi-
ronmental changes.

 CONCLUSIONS
In  this  study,  we  present  an  integrative  VAE–PCA/phylogenomics frame-

work  combining  deep  learning-based  evolutionary  landscape  inference  to
investigate patterns of early archaeal evolutionary history, using 1,855 repre-
sentative archaeal genomes from the GTDB R220. The inferred evolutionary
landscape  revealed  distinct  diversification  trajectories  corresponding  to
DPANN,  TACK-Asgard,  and  Euryarchaeota,  offering  a  complementary  data-
driven  perspective  on  their  early  divergence.  Consistent  with  previous
hypotheses,  metabolic  pathway  reconstructions  indicate  that  the  H4MPT
branch  of  the  Wood–Ljungdahl  pathway,  together  with  methyl-reducing
methanogenesis,  likely  emerged  in  the  common  ancestor  of  Euryarchaeota
and  TACK,  and  the  potential  emergence  and  subsequent  duplication  of  the
Mtr  complex  within  Euryarchaeota  identified  in  this  study  may  have
contributed to multiple diversification events in methanogenesis. Additionally,
comprehensive deep learning models were employed to predict environmen-
tal  adaptation  patterns  across  the  archaeal  tree,  identifying  temperature,
oxygen availability, and hypersalinity as major variables associated with niche
specialization.  Our  analyses suggest  that  temperature  may have acted as a
persistent selective pressure throughout archaeal evolution, whereas oxygen
may  have  primarily  influenced  later-branching  lineages,  and  hypersalinity
may  impose  family-specific  constraints.  Collectively,  these  findings  are
consistent  with  a  scenario  among  several  competing  hypotheses  in  which
DPANN forms an  early-diverging  monophyletic  group potentially  associated
with acetate-related metabolism in low-temperature environments, while the
last common ancestor of TACK-Asgard and Euryarchaeota may have been a
methyl-reducing  methanogen  possessing  the  complete  Wood–Ljungdahl
pathway  under  high-temperature  conditions.  Methodologically,  this  work

provides  a  reusable  analytical  framework  that  integrates  deep  learning  with
phylogenomics to  generate  testable  hypotheses;  biologically,  these  infer-
ences provide a foundation for future experimental and phylogenomic testing.
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