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            Abstract
The origin and cellular complexity of eukaryotes represent a major enigma in biology. Current data support scenarios in which an archaeal host cell and an alphaproteobacterial (mitochondrial) endosymbiont merged together, resulting in the first eukaryotic cell. The host cell is related to Lokiarchaeota, an archaeal phylum with many eukaryotic features. The emergence of the structural complexity that characterizes eukaryotic cells remains unclear. Here we describe the ‘Asgard’ superphylum, a group of uncultivated archaea that, as well as Lokiarchaeota, includes Thor-, Odin- and Heimdallarchaeota. Asgard archaea affiliate with eukaryotes in phylogenomic analyses, and their genomes are enriched for proteins formerly considered specific to eukaryotes. Notably, thorarchaeal genomes encode several homologues of eukaryotic membrane-trafficking machinery components, including Sec23/24 and TRAPP domains. Furthermore, we identify thorarchaeal proteins with similar features to eukaryotic coat proteins involved in vesicle biogenesis. Our results expand the known repertoire of ‘eukaryote-specific’ proteins in Archaea, indicating that the archaeal host cell already contained many key components that govern eukaryotic cellular complexity.
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                    Figure 1: Identification and phylogenomics of Asgard archaea.[image: ]


Figure 2: Vesicular trafficking components in Asgard archaea.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sample origin, metagenomics workflow and global distribution of Asgard archaea.
a, World map showing the sampling locations of the current study. Abbreviations of the sites mentioned are as follows: LC, Loki’s Castle; CR, Colorado River aquifer (USA); LCB, Lower Culex Basin (Yellowstone National Park, USA); WOR, White Oak River (USA); AB, Aarhus Bay (Denmark); RP, Radiata Pool (New Zealand); and TIV, Taketomi Island Vent (Japan). The world map was drawn using the Matplotlib Basemap Toolkit (http://matplotlib.org/basemap/). b, Simplified schematic overview of the metagenomics approach that was used to obtain Asgard genomes. Software used during the assembly and binning processes are shown in grey. c, Normalized distribution of major Asgard archaeal groups across various environments based on 16S rRNA gene survey datasets. Numbers on the right side of the bar graph represent total number of identified sequences.


Extended Data Figure 2 Bayesian phylogenetic inference of 48 concatenated marker genes.
The tree was inferred using CAT + GTR model and rooted with Bacteria, showing high support for the phylogenetic affiliation between Asgard archaea and eukaryotes (support value in red). Numbers at branches represent posterior probabilities and scale bar indicates the number of substitutions per site.


Extended Data Figure 3 Asgard genomes encode an expanded GTPase repertoire.
Graph showing small Ras and Arf-type GTPases (containing any of the following domains: IPR006762, IPR024156, IPR006689, IPR006687, IPR001806, IPR003579, IPR020849, IPR003578, IPR021181, IPR031260, IPR002041, IPR019009) per Asgard genomic bin normalized to the total amount of proteins predicted per genome and compared with selected eukaryotic, archaeal and bacterial taxa. Numbers refer to the total amount of GTPases per genome.


Extended Data Figure 4 Phylogenetic analysis of oligosaccharyl-transferase-complex-related proteins.
a, Bayesian inference of STT3-domain proteins (598 aligned amino acid positions) present in all three domains of life. This phylogenetic tree was rooted with bacterial sequences. Numbers at branches refer to Bayesian and non-parametric RAxML bootstrap values, respectively. b, Unrooted maximum likelihood phylogenetic analysis of ribophorin domain proteins (357 aligned amino acid positions) including all prokaryotic homologues identified so far. Numbers at branches show slow, non-parametric maximum-likelihood bootstrap support values. Scale bars indicate the number of substitutions per site.


Extended Data Figure 5 Genomic conservation links ESCRT and ubiquitin modifier systems.
Schematic overview of ubiquitin and ESCRT gene clusters identified in Asgard genomes. Contiguous contigs from Heimdallarchaeote AB_125 are represented with a double line at the end of the contig. E1-like and putative deubiquitinating proteins not belonging to any ubiquitin cluster are not shown.


Extended Data Figure 6 Phylogenetic analyses of selected ESPs.
a, Tubulin protein family maximum-likelihood tree, highlighting Odinarchaeota homologues branching basal to major eukaryotic tubulin families (red clades). Green clade reflects bacterial tubulin genes probably acquired horizontally from eukaryotes. The tree was rooted with thaumarchaeal artubulins. b, Unrooted maximum-likelihood phylogenetic tree of the replicative polymerase B family depicting a Heimdallarchaeote LC_3 sequence and its corresponding protein model (red), branching basal to the eukaryotic Pol-ε (protein model in grey: PDB ID 4M8O of S. cerevisiae). Bootstrap support values of ≥99, ≥90 and ≥50 for major clades are indicated by black, grey and white circles, respectively. Eukaryotic, bacterial and archaeal clades are shaded red, green and purple, respectively. c, PFAM domain topology analysis of family B polymerases, indicating that the heimdallarchaeal homologue lacks the C-terminal DUF1744 domain characteristic of eukaryotic Pol-ε. d, Unrooted maximum-likelihood tree of RPL28e homologues, including eukaryotic RPL28e and MAK16, a RPL28e-like sequence identified in the Heimdallarchaeote LC_3 genome and a metagenomic homologue. Eukaryotic MAK16 proteins (implicated in rRNA maturation) contain an additional C-terminal domain absent in the heimdallarchaeal protein. a, b, d, Scale bars indicate the number of substitutions per site and numbers at branches show slow, non-parametric maximum-likelihood bootstrap support values.


Extended Data Figure 7 Asgard ESPs are enriched for intracellular trafficking and secretion functions.
Overview of functional classification (arCOGs and EggNOG categories) of Asgard proteins assigned to major taxonomic levels. Taxonomic levels are shown in different colours. Note that, in some cases, one protein can be assigned to more than one functional category.


Extended Data Figure 8 Eukaryotic signatures in Asgard archaea.
Schematic representation of a eukaryotic cell in which ESPs that have been identified in Asgard archaea are highlighted, including their phylogenetic distribution pattern. The overall picture indicates that the archaeal ancestor of eukaryotes already contained many key components underlying the emergence of cellular complexity that is characteristic of eukaryotes. DUB, deubiquitinating enzyme; MVB, multi-vesicular body; ER, endoplasmatic reticulum.


Extended Data Table 1 Assembly statistics and quality metrics of reconstructed Asgard genome binsFull size table


Extended Data Table 2 Overview of presence/absence pattern of Asgard ESPsFull size table
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        Editorial Summary
Archaea with eukaryotic tendencies
Although the origin of eukaryotic cells from prokaryotic ancestors remains an enigma, it has become clear that the root of eukaryotes lies among a group of prokaryotes known as archaea. The recent identification of newly described archaea belonging to the Asgard superphylum, including Lokiarchaeota and Thorarchaeota, revealed a group of prokaryotes containing many proteins and genetic sequences that are otherwise found only in eukaryotes. Thijs Ettema and colleagues extend the search for eukaryotic roots by describing further additions to the Asgard superphylum: the Odinarchaeota and Heimdallarchaeota. The new Asgard genomes encode homologues of several components of eukaryotic membrane-trafficking machineries, suggesting that the archaeal ancestor of eukaryotes was well equipped to evolve the complex cellular features that are characteristic of eukaryotic cells.
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