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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.

Introduction

The origin of the eukaryotic cell is regarded as one of the major evolutionary 
innovations in the history of life on our planet. Yet, the emergence of the 
complex and compartmentalized nature of eukaryotic cells represents a 



major conundrum in modern biology1,2,3. Most recent insights support 
symbiogenic scenarios of eukaryotic evolution3,4—that the emergence of the 
first eukaryotic cell was triggered by a merger between an archaeal host 
cell5,6,7,8,9 and an alphaproteobacterial (mitochondrial) endosymbiont10. 
Whereas the alphaproteobacterial provenance of mitochondria is 
overwhelming, the identity and nature of the archaeal host cell have 
remained elusive until recently. The identification and genomic 
characterization of Lokiarchaeota, a clade of archaea found in deep marine 
sediments, has provided several crucial insights into the archaeal origin of 
eukaryotes11. First, phylogenomic analyses of carefully selected genomic 
data sets placed Lokiarchaeota as the most closely related group to 
eukaryotes, providing further compelling evidence for the two-domain tree of
life12, in which eukaryotes branch from within the archaeal domain. 
Furthermore, a careful analysis of genome content of the composite 
Lokiarchaeum genome revealed that it encodes a multitude of genes that 
were previously regarded specific to eukaryotes11. These so-called eukaryotic
signature proteins13 included several cytoskeletal components (actin 
homologues and gelsolin-domain proteins), ESCRT complex proteins 
(including ESCRT-I, -II and -III components), and a wide variety of small 
GTPases11, including Gtr/Rag family GTPase orthologues14,15—proteins that in 
eukaryotes are involved in various regulatory processes including 
cytoskeleton remodelling, signal transduction, nucleocytoplasmic transport 
and vesicular trafficking. The discovery of Lokiarchaeota has reignited 
debates about the nature of the archaeal host cell from which eukaryotes 
emerged. For example, on the basis of analyses of the available lokiarchaeal 
genome data, inferences have been made about its level of cellular 
complexity14,16,17,18,19 its membrane composition20 and its metabolism21,22, 
leading to renewed efforts to explain the origin and early evolution of 
eukaryotes. Though insightful, these deductions are preliminary as they are 
based, so far, on a single genomic data set. Here we describe the 
metagenomic discovery of the Asgard superphylum, which, as well as 
Lokiarchaeota, includes several new uncultivated archaeal lineages that 
reside in a wide variety of environments. We show that these lineages 
comprise novel phylum-level groups that represent the closest archaeal 
relatives of eukaryotes. Detailed analyses of their reconstructed genomes 
provide new insights into the identity and genetic nature of the archaeal 
ancestor of eukaryotes and the primal stages of eukaryogenesis.

Metagenomic discovery of Asgard archaea

To gain insight into the archaea-to-eukaryote transition, we aimed to identify
and characterize novel archaeal lineages related to the recently described 
Lokiarchaeota11, an archaeal clade that was previously shown to be more 
closely related to eukaryotes than any other prokaryotic lineage. We 
sampled aquatic sediments from seven geographically separated sites which
differed markedly with respect to their biological and chemical parameters: 
Loki’s Castle, Yellowstone National Park, Aarhus Bay, an aquifer near 



Colorado River, Radiata Pool, Taketomi Island Vent and the White Oak River 
estuary (Extended Data Fig. 1a, Supplementary Table 1). Total DNA was 
extracted from all samples and sequenced, resulting in a total of 644.88 
gigabase pairs (Gbp) of paired end reads. Sequence assembly generated a 
total of 3.28 Gbp of contiguous sequences (contigs) ≥5 kb (Supplementary 
Table 2). To assess the presence of potential Lokiarchaeota-related lineages, 
contigs containing at least six genes of a conserved 15-ribosomal protein 
(RP15) gene cluster were extracted and subjected to phylogenomic analysis. 
This analysis revealed the presence of numerous archaeal contigs that were 
relatively closely related to the previously described Lokiarchaeota11 and 
Thorarchaeota23 phyla, but we also identified several sequences that were 
only distantly related but still part of the same archaeal clade (Fig. 1a). We 
decided to name this archaeal clade Asgard, after the realm of the gods in 
Norse mythology. Apart from Lokiarchaeota- and Thorarchaeota-related 
lineages, we could define two additional candidate phyla in the Asgard clade,
which we hereafter refer to as Odinarchaeota and Heimdallarchaeota 
(Supplementary Table 3, Supplementary Discussion 1). Whereas contigs from
Odinarchaeota were exclusively identified in hot spring metagenomes 
(Yellowstone National Park and Radiata Pool), contigs from 
Heimdallarchaeota were detected in marine sediments (Loki’s Castle and 
Aarhus Bay; Fig. 1a).



To analyse the genomic content and evolutionary history of these novel 
Asgard lineages, contigs were binned into metagenome-assembled genomes
on the basis of their tetra-nucleotide sequence frequencies and DNA 
sequence coverage patterns across samples (Extended Data Fig. 
1b, Supplementary Discussion 2). We reconstructed near-complete genome 
bins for representatives of each major Asgard clade (Fig. 1a, Extended Data 
Table 1). Analysis of the small subunit rRNA genes identified in these 
genome bins revealed that Asgard archaea are present in sediments of a 
wide variety of anaerobic environments (Extended Data Fig. 1c). In contrast 
to Lokiarchaeota, which are relatively abundant and mostly present in 
marine sediments, relatives of Heimdall-, Odin- and Thorarchaeota seem to 
represent low-abundance community members based on 16S rRNA gene 



surveys (Extended Data Fig. 1c). In accordance with the above-mentioned 
RP15 analyses, Odinarchaeota seem to be almost exclusively present in 
high-temperature habitats (97.5% of all available 16S rRNA gene sequences).
Moreover, we found that the 16S rRNA sequence of the Heimdallarchaeota 
genome bin from Aarhus Bay is closely related to the ancient Archaea group 
(AAG)24.

Asgard archaea and eukaryotes share a common ancestry

To carefully determine the phylogenetic position of the novel Asgard lineages
in relation to other Archaea and to eukaryotes, we performed various in-
depth phylogenomic analyses of concatenated rRNA gene and conserved 
marker protein sequence datasets. Resolving the phylogenetic position of 
such deep evolutionary splits in the tree of life is extremely difficult as the 
nature of sequence evolution can potentially invoke a number of 
phylogenetic artefacts25. First of all, it is challenging to select appropriate 
markers since vertically inherited genes shared by evolutionary distantly 
related lineages are generally limited. Furthermore, while a broad sampling 
of representative taxa is important, computational feasibility limits the 
dataset size that can be analysed with current methods. Inclusion of distantly
related taxa is known to cause phylogenetic artefacts (such as long branch 
attraction) and it is therefore important to employ phylogenetic approaches 
that can adequately account for mutational saturation (resulting in loss of 
evolutionary signal) and unequal mutation rates across different sites over 
time and between different taxa (that is, heterotachy and compositional bias,
respectively).

To address these challenges, we based our analyses on a carefully selected 
set of taxa and genetic markers and employed phylogenetic approaches that
capture heterogeneity of the evolutionary process26, as well as data 
treatments (amino acid recoding) designed to deal with mutational 
saturation and model violations (see Methods for details; Supplementary 
Discussion 3). We performed phylogenomic analyses on three different 
concatenated datasets, comprising 16S and 23S rRNA genes, universally 
conserved marker genes, and an extended set of ribosomal (r-) proteins that,
in addition to universal r-proteins, includes r-proteins only shared between 
archaea and eukaryotes. This latter set was used to assess potential 
artefacts resulting from distant outgroup rooting (Supplementary Discussion 
3).

By assessing variations in gene/protein datasets, alignment trimming 
settings, taxon selection, amino acid recoding, removal of biased positions 
and phylogenetic inference methods, we determined a robust phylogenetic 
affiliation between Asgard lineages and eukaryotes (Supplementary Tables 
4 and 5). Throughout all analyses Asgard archaea formed a well-supported 
monophyletic group within archaea that emerged as sister group to the TACK
superphylum and comprised four distinct archaeal clades (Fig. 1b, 
c and Extended Data Fig. 2). We propose a phylum level status for Loki-, 



Thor-, Odin- and Heimdallarchaeota, and superphylum status for Asgard 
(Supplementary Table 3, Supplementary Discussion 1). Importantly, our 
phylogenomic analyses placed eukaryotes inside the Asgard superphylum, 
with high support for the concatenated r-proteins (posterior probability (PP) 
= 1; Fig. 1b), and conserved marker proteins (PP = 0.95; Extended Data Fig. 
2), as well as for the rRNA gene dataset (bootstrap support (BS) = 91; Fig. 
1c). Notably, the majority of the converged (maxdiff < 0.3) Bayesian 
phylogenetic analyses link eukaryotes to Heimdallarchaeota as the closest 
branching clade, albeit with insignificant support values (PP = 0.77 in Fig. 1b;
BS = 28–42 in Fig. 1c; PP = 0.77 in Extended Data Fig. 2; Supplementary 
Table 4, Supplementary Discussion 3). Hence, while the phylogenetic 
affiliation between Asgard archaea and eukaryotes is strong, our analyses 
failed to resolve the exact position of eukaryotes relative to the Asgard 
superphylum (either as a sister group or nested within), or the positions of 
Asgard phyla relative to each other (Supplementary Tables 4–6). Several 
reasons could potentially explain this lack of phylogenetic resolution, but we 
suspect that an improved taxon availability of Asgard lineages could further 
resolve this problem (Supplementary Discussion 3).

Eukaryotic signatures in Asgard genomes

Next, to gain further insight into the emergence of eukaryotic gene content, 
we identified potential eukaryotic signature proteins (ESPs) in the 
reconstructed Asgard genomes. Notably, all Asgard lineages were found to 
be enriched for such ESPs, suggesting that these are widespread across the 
Asgard superphylum (Extended Data Table 2, Supplementary Tables 
7 and 8). ESPs identified in the new Asgard genomes previously identified in 
the composite Lokiarchaeum genome11,14 included an expanded set of 
GTPases (Extended Data Fig. 3, Supplementary Table 8), eukaryotic RLC7 
family proteins (Supplementary Fig. 1), actin homologues (Supplementary 
Fig. 2), gelsolin-domain proteins, components of eukaryotic ESCRT (I, II and 
III) systems including two sub-families of SNF7 proteins (Supplementary Fig. 
3), ubiquitin modifier system components (Supplementary Fig. 4) and 
homologues of eukaryotic protein translocation and glycosylation pathways 
(Extended Data Table 2, Extended Data Fig. 4). Notably, in the genomes of 
Heimdallarchaeote AB_125 and Odinarchaeote LCB_4, genes encoding 
ESCRT and ubiquitin modifier system components are co-organized in the 
same gene cluster (Extended Data Fig. 5). This observation supports the 
proposal that these systems might be involved in ESCRT-mediated protein 
degradation11, a pathway previously only known in eukaryotes27. Yet, the fact
that the ubiquitin modifier system is absent from thorarchaeal genomes 
suggests that these ESCRT proteins could be associated with alternative 
functions, or that these latter archaea have a different mechanism for cargo 
recognition.

We identified several new eukaryotic signatures in Asgard lineages that were
not previously detected in the composite Lokiarchaeum genome. These 
newly identified ESPs comprise a functionally diverse set of proteins that 



generally display a punctuated distribution across Asgard archaea. 
Remarkably, we identified a bona fide tubulin orthologue in members of the 
Odinarchaeota (Extended Data Fig. 6a) that is more closely related to 
eukaryotic tubulins than those previously reported in Thaumarchaeota 
(artubulins)28. This finding, together with the identification of conserved 
‘lokiactins’ (Supplementary Fig. 2), gelsolin- and profilin-domain proteins and
homologues of subunit 4 of the ARP2/3 complex in different lineages 
(Extended Data Table 2, Supplementary Table 7, Supplementary Discussion 
4), indicates that Asgard archaea contain sophisticated cytoskeletal 
machineries, with orthologues of key cytoskeletal components in eukaryotes.
In addition, the newly identified ESPs include proteins with information 
processing functions, such as the putative homologues of the ε DNA 
polymerase subunit (Extended Data Fig. 6b, c) and of ribosomal protein 
L28e/Mak16 (Extended Data Fig. 6d), both of which were identified in the 
genome of Heimdallarchaeote LC_3. While the ε-like DNA polymerase of 
Heimdallarchaeote LC_3 represents the closest homologue of eukaryotic ε 
DNA polymerases found so far and contains one of two characteristic C-
terminal zinc-fingers, it lacks a domain of unknown function (PF08490) that is
present in all eukaryotic ε DNA polymerases (Extended Data Fig. 6c) and 
may be derived from an additional inactivated PolB29 (Supplementary 
Discussion 4). This suggests that this domain was recruited later in 
eukaryotic evolution, perhaps after the acquisition of the mitochondrial 
endosymbiont.

Furthermore, some ESPs previously found in TACK archaea (which are 
related to Asgard) but absent from the Lokiarchaeum genome, were 
identified in some Asgard lineages (Fig. 1d), including homologues of the G 
subunit of the RNA polymerase (Rpb8) in Odinarchaeota and 
Heimdallarchaeote LC_3, of topoisomerase IB in Thorarchaeota and of a 
fused RNA polymerase A in Heimdallarchaeote LC_3 (but see Supplementary 
Discussion 4, Supplementary Fig. 5a, b).

Identification of membrane-trafficking components

Generally, many of the Asgard ESPs were functionally assigned to 
intracellular trafficking and secretion (Extended Data Fig. 7, Supplementary 
Discussion 4). A close inspection of these ESPs revealed that Thorarchaeota 
genomes uniquely encode several homologues of eukaryotic proteins 
involved in membrane-trafficking processes. We found that each 
thorarchaeal genome encoded proteins belonging to two orthologous protein
families with domain signatures of the eukaryotic TRAPP complex. In 
eukaryotes, TRAPP complexes represent multi-subunit vesicle-tethering 
factors that are involved in various trafficking activities, including 
endoplasmic reticulum to Golgi and trans-Golgi transport30. The genes 
encoding thorarchaeal TRAPP domain proteins are part of a gene cluster that
also encodes a protein with a more distantly related V4R domain, which is 
present in both archaeal and bacterial genomes (Fig. 2a). Phylogenetic 
analyses of the thorarchaeal TRAPP domain proteins revealed that they form 



a monophyletic group with eukaryotic TRAPPC3 (Bet3 family), TRAPPC5 and 
TRAPPC6 family proteins. This indicates that the thorarchaeal homologues 
are more closely related to eukaryotic TRAPP proteins than any of the V4R 
domain proteins previously detected in prokaryotes, including those of 
Lokiarchaeum and Ignicoccus hospitalis (Fig. 2b)14,31. These findings, which 
are also supported by protein structure prediction analyses (Fig. 
2a, Supplementary Table 9), underline the archaeal ancestry of eukaryotic 
TRAPP family proteins C3, C5 and C631.

In addition, thorarchaeal genomes encode homologues of eukaryotic 
Sec23/24 family proteins, which are essential components of COPII, a protein
complex responsible for vesicle-mediated ER-to-Golgi transport of protein 
cargo32. Protein domain and structure prediction analysis of these 
thorarchaeal Sec23/24 homologues indicate that they contain the zinc-finger,
trunk and β-sandwich domains of eukaryotic Sec23/24 family proteins, but 
lack the C-terminal helical and gelsolin domains (Fig. 2c). The basal position 
of the thorarchaeal Sec23/24 homologues relative to their eukaryotic 
counterparts in phylogenetic analyses suggests an archaeal ancestry of the 
eukaryotic proteins (Fig. 2d). During eukaryotic COPII-mediated vesicle 
biogenesis, Sec23 and Sec24 function as GTPase-activating protein (GAP) 
and cargo acceptor, respectively, while these functions are mediated by 
longin domain proteins in other vesicle coats33.



The present identification of Sec23/24 domain proteins in all our 
thorarchaeal genome bins, in addition to the presence of longin domain 
proteins in Lokiarchaeota11,14 as well as in Heimdall- and Odinarchaeota 
(Extended Data Table 2, Fig. 1d) prompted us to search for potential 
coatomer proteins. Eukaryotic coatomers are characteristically composed of 
N-terminal β-propeller folds followed by a C-terminal α-solenoid fold. While 
proteins containing either β-propeller or α-solenoid folds are widespread 
among prokaryotes34, including all Asgard lineages (Supplementary Table 
10 and 11), proteins containing both folds are extremely rare outside the 
eukaryotic domain35. Notably, all three thorarchaeal genomes contain gene 
clusters that encode a WD40-repeat protein with a predicted β-propeller fold,
an adjacent protein with a predicted α-solenoid domain (armadillo (ARM)-
repeat protein), in addition to one or more small GTPases (Fig. 2e). Structure 
predictions of the concatenated thorarchaeal WD40- and ARM-repeat 



proteins revealed that these resemble eukaryotic COP α and β subunits (with
97% of the residues modelled at >90% confidence in Thorarchaeote 
AB_25; Supplementary Table 9). According to a recent study, α-solenoid-fold 
proteins can be comprised of tetratricopeptide repeats (TPR)36. We also 
identified thorarchaeal gene clusters in which genes encoding a TPR-domain 
protein and a WD40-repeat protein were located adjacently (Fig. 2f). Notably,
the TPR-domain protein shows a significant domain hit to the COP ε subunit, 
and, upon concatenation, structural homology to the COP α subunit was 
observed (with 87% of the residues modelled at >90% confidence in 
Thoarchaeote AB_25; Fig. 2f and Supplementary Table 9). Other WD40-
domain proteins detected in Asgard lineages do not seem to be located 
adjacent to putative α-solenoid-fold proteins (Supplementary Tables 
10 and 11).

The discovery of the basic building blocks of eukaryotic coatomers, archaeal 
Sec23/24 and TRAPP C3/C5/C6 homologues in addition to the previous 
detection of longin- and gelsolin-domain proteins as well as a plethora of 
small GTPases in Asgard lineages11,14,15, brings a new perspective on the 
origin and early evolution of eukaryotic membrane-trafficking machineries. 
First of all, we demonstrate that several fundamental building blocks for the 
evolution of a primordial vesicular machinery derive from the archaeal 
ancestor of eukaryotes rather than from the mitochondrial 
endosymbiont34 (Supplementary Discussion 4). Our findings indicate that the 
origin of the eukaryotic trafficking machinery predates the mitochondrial 
origin.

Furthermore, our study provides support to the protocoatomer 
hypothesis35,37, which posits that all major eukaryotic membrane deforming 
complexes evolved from an ancestral proto-coatomer domain architecture 
comprising β-propeller and α-solenoid folds38. Support for this hypothesis is 
based on structural homology of subunits of the COP complexes, clathrin 
adaptor proteins (AP1–5), nuclear pore complex (Sec13/31), intraflagellar 
transport complex and several less-studied trafficking complexes, such as 
TSET, SEA and HOPS/CORVET35. The presence of β-propeller/α-solenoid gene 
clusters in archaea basal to eukaryotes suggests an archaeal provenance of 
this architecture.

Based on these findings, the last common ancestor of Asgard archaea and 
eukaryotes could have had the ability to assemble primordial coatomer (Fig. 
2g) and ‘proto-TRAPP’ complexes, the latter comprising TRAPPC3/5/6 
subunits, longin domain proteins and cognate small GTPases. These early 
trafficking complexes subsequently evolved by gene fusion (for example, of 
β-propellers and α-solenoids) and duplication events in the early stages of 
eukaryogenesis39.

Discussion and future perspective

In this study, we employed a metagenomics approach to reveal the 
existence of uncultivated archaeal lineages that are distantly related to the 



recently described Lokiarchaeota. We have shown that these lineages form a
candidate superphylum, designated Asgard archaea, that affiliates robustly 
with eukaryotes in phylogenetic analyses, and that reconstructed Asgard 
genomes encode an enriched repertoire of eukaryotic signature proteins. 
Apart from reinforcing the validity of the two-domain topology of the tree of 
life and symbiogenic scenarios17, the findings reported here provide several 
new insights into the process of eukaryogenesis. Asgard archaea encode 
many key components underlying the emergence of eukaryotic cellular 
complexity, including homologues of eukaryotic proteins involved in 
cytoskeletal functions and vesicle formation and trafficking (Extended Data 
Fig. 8). In addition, Asgard genomes seemingly encode a large amount of 
proteins that are most similar to bacterial proteins, which may explain some 
of the bacterial genes present in eukaryotic genomes40,41,42. Altogether, this 
indicates that the genetic repertoire of the archaeal ancestor of eukaryotes 
was more complex than anticipated previously43.

Yet what do these findings tell us about the level of cellular complexity of the
Asgard lineages, and, by inference, of the last archaeo-eukaryotic common 
ancestor (LAECA)? As the phylogenetic and comparative analyses presented 
here do not allow us to pinpoint the molecular functions of these ESPs, 
experimental verification is needed to assess whether these proteins are 
functionally equivalent to their presumed eukaryotic counterparts. LAECA, 
however, lived around 2 billion years ago, in a world that was very different 
from what we observe today, and cell biological research on Asgard archaea 
might therefore hold limited relevance for inferring cellular characteristics of 
LAECA. Assuming that all ESPs currently identified in various Asgard lineages
were present in LAECA and functionally equivalent to their eukaryotic 
homologues, how ‘eukaryotic’ was this ancestor in terms of its cellular 
complexity? In the prokaryotic world, the ability to form both extracellular 
and intracellular membrane structures and/or compartments is by no means 
exceptional. Many bacterial lineages are known to sustain internal 
membrane structures (for example, thylakoids in cyanobacteria, 
magnetosomes in magnetotactic bacteria, power-generating membranes in 
various nitrifying and methylotrophic bacteria, membrane structures of 
unknown function in Planctomycetes; reviewed in ref. 44). Notably, the 
crenarchaeon Ignicoccus hospitalis has the ability to form ‘intermembrane’ 
vesicles that are thought to mediate transport between its unusual inner and
outer membranes45. Moreover, the presence of two membranes has recently 
also been confirmed in other archaeal lineages (reviewed in ref. 46). As such,
and given the observed sets of ESPs in Asgard genomes, it seems therefore 
possible that members of the Asgard archaea (and LAECA) have (had) the 
ability to bend membranes and to form and transport internal vesicles, albeit
at a much more primitive level than observed in modern eukaryotes.

The central question with regard to eukaryogenesis entails, however, why a 
particular Asgard lineage evolved the far higher level of cellular complexity 
characteristic of eukaryotes, whereas other prokaryotic lineages did not. The 



genomic repertoire of Asgard archaea suggests that mitochondria were 
acquired after the invention of several fundamental building blocks for the 
evolution of complex eukaryotic features. While these findings may suggest 
the ability of simple phagocytic capabilities in the archaeal host17,47,48,49, the 
exact time point and mechanism of symbiont acquisition require further 
investigation2. Nevertheless, in line with many symbiogenic hypotheses3,4, 
we believe that the driving force behind the increase in complexity seen in 
eukaryotic cells has been the acquisition of the mitochondrial endosymbiont. 
The uncoupling of energy production from the host cell’s external membrane
to the mitochondrial inner membrane as well as the increase of energy 
availability allowed the increase in cell size and volume50, and evolution of 
more complex and energy-demanding cellular structures, including 
sophisticated endomembrane systems, the nucleus and fully-fledged 
endocytic and phagocytic machineries. The emergence of such capabilities 
was an essential step in the evolution of eukaryotes.

Future exploration of novel branches in the tree of life, including novel 
members of the Asgard, as well as deep-branching eukaryotes, and the 
detailed characterization of their metabolic repertoires and cell-biological 
features, will undoubtedly provide new fundamental insights into the process
of eukaryogenesis, and ultimately reveal how eukaryotic cells evolved their 
complex and compartmentalized nature.

Methods

No statistical methods were used to predetermine sample size.

Sample acquisition

Metagenomic samples were obtained from the following locations: AB 
(Aarhus Bay, Denmark), LC (Loki’s Castle hydrothermal vent field)51, LCB 
(Lower Culex Basin, Yellowstone National Park, USA)52, RP (Radiata Pool, 
Ngatamariki, New Zealand), WOR (White Oak River estuary, USA)23, CR 
(aquifer near Colorado River, USA)53, and TIV (Taketomi Island shallow 
submarine hydrothermal field, Japan)54. Four sediment samples from AB were
retrieved from gravity cores at station M5 and at depths (0.25, 0.75, 1.25 
and 1.75 m below sea floor). Subsamples were taken from the original core 
samples using sterile, cut-off 5-ml syringes less than 4 h after retrieval and 
stored at −80 °C until further processing. Sediment from TIV was taken by a 
push corer with scuba diving. The sediment cores were sectioned every 5 
cm, and stored at −80 °C and −25 °C. The GPS coordinates of the locations 
from which samples were obtained are: AB (56° 06′ 12′′ N, 10° 27′ 28.2′′ E), 
LC (73° 45′ 47.4′′ N, 8° 27′ 50.4′′ E), RP (38° 31′ 48.0′′ S, 176° 10′ 12.0′′ E), 
LCB (44° 34′ 23.0′′ N, 110° 47′ 40.5′′ W), WOR (34° 44′ 35.5′′ N, 77° 07′ 26.1′′ 
W), CR (39° 31′ 44.69′′ N, 107° 46′ 19.71′′ W), and TIV (24° 20′ 54.0′′ N, 124° 
06′ 06.0′′ E).

DNA extraction and sequencing



Detailed descriptions of DNA extraction, metagenomic library preparation, 
and sequencing for LC, LCB, WOR and CR samples have been provided as 
part of previous studies23,51,52,53. DNA from TIV sediment sample 617-1-3 was 
extracted from approximately 10 g of sediment material using Power Max 
Soil DNA isolation kit (MoBio Labs) following manufacturer’s instructions. The
extracted DNA in 5 ml of water was purified using the Aurora system (Boreal 
Genomics) to remove potential inhibitors. DNA from RP hot spring sample 
P1.0019 was extracted from approximately 10 g of sediment material using 
FastDNA 50 ml spin kit for soil (MP Biomedicals) spiked with 400 μl of PolyA 
(10 ng μl−1; Sigma-Aldrich). The DNA eluted in 5 ml of water was further 
cleaned using the Aurora system. DNA concentrations at various stages of 
extraction and library construction were measured with ND-3300 fluorescent 
Nanodrop instrument (Thermo Scientific). DNA from AB samples was 
extracted using two methods: a protocol established by Lever et 
al.55 abbreviated as MM, and by PowerMax Soil DNA Isolation Kit (MoBio Labs;
abbreviated as PM) to enable differential coverage binning further 
downstream. DNA was extracted from approximately 5 g of sediment 
materials for each of the samples, resulting in eight different DNA 
extractions for metagenomic sequencing: MM1/PM1, MM2/PM2, MM3/PM3, 
and MM4/PM4.

Metagenomic sequencing libraries for AB, RP, and TIV samples were 
prepared from 50 ng, 50 ng, and 1 ng of purified DNA, respectively. Nextera 
DNA library preparation kit was used for AB and RP samples and Nextera XT 
DNA library preparation kit was used for the TIV sample. Metagenomic 
sequence data for AB, TIV, and RP samples was generated with Illumina 
HiSeq 2000 and HiSeq 2500 instruments at Uppsala SNP&SEQ Technology 
Platform. The amount of total raw sequence data generated for the 
metagenomes was: AB (8 samples, 211 Gbp, 2 × 150 or 2 × 250 bp), TIV (1 
sample, 49 Gb, 2 × 250 bp), and RP (1 sample, 33 Gb, 2 × 150 bp). Additional 
sequences for LC sample were generated from the same MDA-treated library
from the previous study51 resulting in a total of 232 Gb of combined 
sequence data from five separate sequencing runs.

Abundance and distribution of the Asgard members

Silva and NCBI nucleotide databases were searched by BLASTN for positive 
hits to the Asgard members (E value cut-off of 1 × 10−5) and accession 
numbers of hits were retrieved to identify their sources of isolation. A custom
Python script was used to tabulate the results and to calculate their 
abundance and distribution.

Metagenome assembly and binning

Preprocessing of raw Illumina sequences to remove adaptor sequences and 
poor-quality regions was carried out using a combination of the following 
tools: Trimmomatic56, Scythe (https://github.com/vsbuffalo/scythe), and 
Sickle (https://github.com/najoshi/sickle). Detailed parameters used with the 
trimming tools are described in the Supplementary Methods. Metagenomic 



sequences were assembled with either IDBA-UD57 (AB, CR, RP, TIV, WOR, and
LCB) or Ray Meta58 (LC) assemblers. With the exception of AB samples, all 
the metagenomes were assembled individually. For the AB samples, MM1 
and PM1 metagenomes were co-assembled and PM3 was assembled 
separately.

Binning of the metagenomic assemblies was done with a combination of the 
following methods and tools: emergent self-organizing maps (ESOM)59, 
CONCOCT60, PhymmBL61, ABAWACA62, and multi-metagenome63. Details on 
the assembly and binning of Thorarchaeotes WOR_45 and WOR_83 have 
been described previously23. All bins were subjected to careful individual 
contamination removal and quality assessment procedures as described in 
the Supplementary Methods. In brief, Thorarchaeote AB_25 genome bin was 
extracted from the MM1/PM1 co-assembly by first using CONCOCT and by 
further manually cleaning the initial bin using mmgenome tool63. 
Heimdallarchaeote AB_125 genome bin from PM3 was identified through two 
rounds of ESOM binning, setting the minimum nucleotide fragment length to 
10 kb in the first round and 5 kb in the second round and also further 
manually cleaned using mmgenome tool. Odinarchaeote LCB_4 genome bin 
was first extracted from YNP metagenome by ESOM binning and 
subsequently read pairs mapped to the contigs assigned to the bin were 
reassembled using SPAdes64 (version 3.5.0). The metagenomic contigs from 
CR sample were initially binned using the ABAWACA tool62 and contigs that 
could not be assigned to any cluster assigned by ABAWACA were binned 
using ESOM. Lokiarchaeote CR_4 came from a cluster binned using ESOM. 
Heimdallarchaeota LC_2 and LC_3 were extracted from the LC sample using 
both PhymmBL and ESOM binning, by taking the intersection of contigs 
identified by these two independent methods. Further cleaning was 
performed using coverage information from the unamplified metagenome. 
The three marine Korarchaeotes were extracted from the TIV metagenome 
using ESOM binning (see Supplementary Methods for details). Completeness,
contamination, and strain heterogeneity of all the genome bins were 
assessed using CheckM65 and micomplete51 tools.

Annotation of genome bins

Coding sequences were identified using Prodigal66 using ‘-p single’ option for 
Odinarchaeote LCB_4, ‘-m -p meta’ for Lokiarchaeote CR_4, or ‘-p meta’ 
option for all other genomic bins. Genes of Thorarchaeotes WOR_45 and 
WOR_82 bins were predicted using the JGI IMG/MER system23,67. Ribosomal 
RNA-coding regions (16S, 23S, 5S) and transfer RNA-coding regions were 
predicted with Barrnap (https://github.com/tseemann/barrnap) and 
tRNAscan-SE68, respectively. All proteomes were queried against nr (using 
NCBI database as of February 2015) and protein domains were determined 
using InterProScan69 with default parameters and RPS-BLAST against the 
NCBI CDD database70. Furthermore, all proteins were assigned to existing 
arCOGs71 (archaeal cluster of orthologous groups), while new arCOGs were 
generated as described previously51. Potential ESPs were identified by 



determining all Asgard proteins that retrieved hits to eukaryote-specific IPR 
domains (see Extended Data Table 2, Supplementary Tables 7 and 8). 
Several of these ESPs, were further investigated using PFAM72, SMART73 and 
Hmmpred74 for remote homology detection, the protein structure prediction 
tool Phyre275 for homology modelling and through phylogenetic analyses 
(see single gene phylogenies in Supplementary Information). Predicted 
models were viewed and analysed further using Chimera76 (Supplementary 
Tables 9 and 10).

Comparison of full length 16S sequences

16S identities were calculated using needle (-gapopen 10 -gapexend 0.5) for 
each pair of full-length 16S sequences (Heimdallarchaeote AB_125, 
Heimdallarchaeote LC_3, Odinarchaote LCB_4, Odinarchaote RP_19, 
Lokiarchaeote CR_4, Lokiarchaeum and Thorarchaeote WOR_83). In the case 
of Thorarchaeote WOR_83, long unaligned regions were excluded from the 
calculation (positions 815–1,558 and 1,746–1,799 removed).

Phylogenomic analysis using concatenated ribosomal proteins to assess the 
diversity of Asgard in metagenomes

A custom pipeline written in Python was used to identify r-protein-containing 
contigs in all the metagenomes analysed in this study. Briefly, the pipeline 
uses PSI-BLAST to search for a set of 15 syntenic r-proteins that occur on a 
single contig given a minimum cutoff of 6 proteins. The set of r-proteins (L2, 
L3, L4, L5, L6P, L14, L15, L18, L22, L24, S3, S8, S10, S17, and S19) was 
chosen according to Castelle et al.53. All identified r-proteins were then 
aligned individually, trimmed with trimAl and concatenated. RAxML77 (version
8.1.17) with fast bootstrapping was used to infer maximum likelihood 
phylogenies, using the PROTCATLG model of protein evolution.

Identification of taxonomic marker genes

Taxonomic marker genes used for concatenated phylogenetic analyses were 
identified as described previously51,78. Single-gene RAxML phylogenies were 
performed for all those markers to assess contamination and suitability for 
inclusion in concatenated data set. This yielded a final data set of 48 single-
copy marker genes. The full list of marker genes selected for phylogenomic 
analyses is shown in Supplementary Table 9 and includes 31 universal 
ribosomal proteins (r-proteins). Additional 25 r-proteins shared between 
Archaea and Eukarya and universally present among Archaea were identified
through arCOGs based on Yutin et al.79 to generate a ribosomal protein data 
set (Supplementary Table 13). Asgard proteins that were classified into 
ribosomal arCOGs were aligned and end-trimmed to create HMM profiles. 
Bins were translated into six reading frames and HMMsearch was performed 
using Asgard-specific ribosomal profiles to retrieve missing ribosomal 
proteins from Asgard proteomes. Eukaryotic copies of the r-proteins were 
identified by PSI-BLAST with an E value threshold of 1 × 10−6. Single gene 



RAxML phylogenies were performed to verify the selection of the eukaryotic 
copies.

Phylogenomic analyses of concatenated protein datasets

Taxa included in this analysis were selected carefully to yield a 
representative set of Archaea, Bacteria and Eukarya. Each of the 48 single-
copy marker genes (from Eukarya, Bacteria and Archaea) as well as the 55 
ribosomal proteins (from Archaea and Eukarya) were aligned using MAFFT-L-
INS-i80, manually inspected and edited to trim the beginning and end of 
alignments. Further trimming was performed using using BMGE81 using the 
BLOSUM30 matrix or trimAl82 using the ‘gappyout’ option. Final alignments 
for each of the two gene sets were generated by concatenating the 48 
marker genes and the 55 ribosomal proteins, respectively. Bayesian 
inference phylogenies were inferred using PhyloBayes83 MPI 1.5a, using the 
CAT-GTR model. Four chains were run in parallel until topological 
convergence and half of the generations were regarded as burn-in and 
removed to obtain the summaries for all runs (Supplementary Table 
4 and Supplementary Methods). Maximum likelihood phylogenies were 
inferred using IQ-TREE84 with mixture models (see Supplementary 
Methods for details) with ultrafast bootstrapping85, as well as the 
Shimodaira–Hasegawa–like approximate likelihood-ratio test86.

To test robustness of the phylogenies, the two data sets were subjected to 
several treatments and tests. First, influence of the alignment filtering 
treatment was assessed by comparing alignments trimmed with BMGE81 and 
trimAl82, as well as with and without manual end-trimming. In addition, taxon 
removal was used to assess the robustness of the placement of eukaryotes, 
for example, by removing DPANN Archaea and Bacteria in case of the 
universal markers concatenation. Posterior predictive tests were performed 
using PhyloBayes83 (-comp option) to detect violation of the assumption of 
homogenous composition. The test statistic calculates maximum square 
deviation between taxa and the global empirical frequencies and the value 
observed for the data are compared to the posterior distribution giving z-
scores and P values (Supplementary Table 4). Taxa identified as most 
compositionally biased87 were removed (Supplementary Table 
14 and Supplementary Methods for all the numbers and the list of removed 
taxa) and yielded a non-biased dataset that included all of the Asgard 
lineages. Further, eukaryotes were removed to reconstruct the relationships 
within Asgard. Finally, SR4-recoding was used to evaluate potential biases 
coming from model mis-specification and saturation of the phylogenetic 
signal88.

Phylogenomic analysis using concatenated ribosomal RNA genes

Small subunit (SSU) and large subunit (LSU) ribosomal RNA (rRNA) genes 
from representative archaeal clades were aligned together with those from 
Asgard lineages using MAFFT-L-INS-i, trimmed with BMGE and concatenated. 
Heimdallarchaeote LC_2 genome bin lacks the SSU rRNA but has a partial 



LSU rRNA gene and was included in the alignment. Maximum-likelihood 
phylogenetic analyses were performed using RAxML77 v.8.0.22, calculating 
100 non-parametric bootstraps and using the GTRGAMMA model of sequence
evolution and Bayesian inference was carried out with PhyloBayes83 MPI 
(v.1.5a) using CAT-GTR model until convergence was reached between at 
least two independent chains with a ‘maxdiff’ below 0.3. Several lineages 
such as the members of DPANN (Diapherotrites, Parvarchaeota, 
Aenigmarchaeota, Nanoarchaeota, Nanohaloarchaeota, Woesearchaeota, 
and Pacearchaeota) and Methanopyrus kandleri were excluded in the 
analyses shown in Fig. 1c to prevent potential phylogenetic artefacts. 
However, taxon sampling experiments were also constructed with and 
without Bacteria, DPANN members and eukaryotes to check the robustness 
of Asgard clade and the affiliation between Asgard members and eukaryotes.

Phylogenetic analyses of selected eukaryotic signature proteins

Sec23/24 and TRAPP

Eukaryotic Sec23 and Sec24 homologues are composed of several 
characteristic IPR domains (Fig. 2c), including zinc-finger (IPR006895), von 
Willebrand factor (vWF) (IPR002035) and a Sec23/24 β-sandwich 
(IPR012990) domains. Thorarchaeal proteins were identified that contained 
these domains and that displayed similarity to eukaryotic Sec23/24 proteins 
(Supplementary Table 4). No other archaeal or bacterial sequences 
containing both IPR006895 and IPR002035 domains were found. 
Taxonomically representative sets of eukaryotic putative Sec23/24 and 
Sec23/24-like sequences with domain hits to IPR006895, 
IPR006896/IPR002035 and IPR012990, were retrieved from UniProt. 
Furthermore, additional Asgard and metagenomic homologues with domain 
hits to at least IPR006895 and IPR002035 were added to this dataset. Three 
bacterial von Willebrand factor proteins with the IPR002035 domain were 
identified using thorarchaeal sequences as queries against nr (excluding 
eukaryotes) and included as outgroup. Pairwise comparisons of bacterial and
thorarchaeal vWF domain proteins with human Sec23 and Sec24 
homologues, respectively, revealed that only thorarchaeal homologues 
displayed significant similarity to eukaryotic sequences. For instance, 
while E values for the homology between human Sec24 and Sec23 and 
Thorarchaeote AB25 (ThorAB25_11510) were 7 × 10−11 and 4 × 10−4, 
respectively, they were only 0.13 and 4.1 for Chryseobacterium 
(WP_055983045). Therefore, thorarchaeal homologues seemed to be 
intermediate between bacterial homologues and eukaryotic Sec23/24 
domain proteins and the bacterial sequences were used to root this 
phylogeny.

Sequences with domain hits to the transport protein particle component 
(IPR007194) were downloaded from a taxonomically representative set of 
eukaryotes, including homologues of for the three Bet3-like subfamilies: 
TRAPPC3 (Bet3), TRAPPC5 and TRAPPC6. Prokaryotic proteins containing 



significant hits to IPR007194 (that is, Ignicoccus hospitalis, A8AC56) as well 
as all Asgard proteins with domain hits to IPR007194 were added to this 
dataset. Homologous V4R domain proteins (IPR024096) from Crenarchaeota 
and Asgard members were included as outgroup.

Sequence sets including V4R/TRAPP and vWF/Sec23/24 homologues, were 
aligned using MAFFT-L-INS-i80 version 7 with default parameters. After 
removal of poorly aligned ends, alignments were trimmed using trimAl82 with 
the gappyout option yielding 470 (Sec23/24) and 146 (TRAPP) positions, 
respectively. Subsequently, trimmed alignments were subjected to 
maximum likelihood and Bayesian phylogenetic inferences. RAxML77 v.8.0.22
analyses were run under the GAMMA-LG model (generating ten independent 
trees for optimization) and 100 non-parametric bootstrap replicates were 
generated. PhyloBayes83 MPI 1.5 was run using the CAT-GTR model of protein
evolution. Four chains were run in parallel until the ‘maxdiff’ was below 0.15 
and consensus trees were obtained discarding 20% of the generations as 
burn-in. RAxML bootstrap values were mapped onto the PhyloBayes 
topologies using the sumtrees program, which is part of the DendroPy 
package89.

Tubulins

All tubulin sequences (Interpro accession number IPR000217) were 
downloaded from the UniProt database, resulting in a dataset comprising 
33,296 Eukarya, 22 Bacteria, 9 Archaea, and 4 unclassified sequences. This 
dataset was further separated into alpha, beta, gamma, delta, epsilon, theta,
and cryptic tubulins for Eukarya and reduced to 198 sequences after removal
of near-identical sequences and FtsZ homologues. Odinarchaeal tubulin 
sequences along with the selected homologues were aligned using MAFFT-L-
INS-I80, manually end-trimmed, and further trimmed using trimAl82 with 
gappyout option yielding a final alignment of 446 amino acids. Maximum 
likelihood phylogenetic tree was inferred using RAxML77 v.8.0.22 with the 
GAMMA-LG model of evolution and Bayesian inference phylogenetic trees 
were obtained using PhyloBayes83 MPI (version 1.5).

DNA polymerase B

Bacterial and eukaryotic sequences were selected based on a previously 
published dataset90 and downloaded from NCBI. Archaeal and Asgard 
polymerase B family proteins assigned to arCOG00328 (PolB3), arCOG00329 
(PolB2) and arCOG15272 (PolB1) were added to this dataset after removal of 
partial and redundant sequences. Sequences were aligned with Mafft-
LINSi80 version 7 and ends were trimmed manually before final trimming 
using BMGE81 with the BLOSUM30 matrix. The final alignment (631 positions)
was subjected to maximum likelihood phylogenetic inferences using 
RAxML77 v.8.0.22 with the GAMMA-LG model of evolution, generating ten 
independent trees for optimization and 100 slow and non-parametric 
bootstrap replicates.



Ribosomal protein L28e

A representative set of eukaryotic L28e (PF01778) and MAK16 homologues 
(PF01778 and PF04874) was downloaded from UniProt (Extended Data Fig. 
6d). So far, these protein domains have exclusively been found in 
eukaryotes, with the sole exception of a homologue in Pontibacillus 
halophilus, which was 100% identical to the ribosomal protein L28 
of Chlamydomonas reinhardtii, indicating contamination. Heimdallarchaeota 
LC_3 was the only Asgard representative that encoded a protein with a 
ribosomal L28e/Mak16 domain (PF01778) but lacking the second N-terminal 
PF domain characteristic of eukaryotic MAK16 homologues (PF04874). A 
protein blast against the NCBI database (September 2015) revealed one 
homologous metagenomic sequence, that was also included in our analysis. 
All sequences were aligned using Mafft-LINSi80 version 7, ends were trimmed 
manually and final trimming was performed trimAl82 with the gappyout 
option. The final alignment comprised 122 amino acid positions spanning the
first protein domain shared between r-protein L28 and MAK16. Maximum 
likelihood phylogenetic analyses were performed using RAxML77 v.8.0.22 with
the GAMMA-LG model, generating ten independent trees for optimization and
100 slow and non-parametric bootstrap replicates.

Data availability

The genome bins described in this study have been deposited at DDBJ/EMBL/
GenBank under the BioProject ID PRJNA319486 and WGS accessions 
MDVT00000000 (archaeon Odin LCB_4), MEHG00000000 (Candidatus 
Thorarchaeota archaeon AB_25), MEHH00000000 (archaeon Heimdall 
AB_125), MDVS00000000 (archaeon Heimdall LC_3) and MDVR00000000 
(archaeon Heimdall LC_2). The versions described in this paper are versions 
MDVT01000000, MEHG01000000, MEHH01000000, MDVS01000000 and 
MDVR01000000, respectively. The Lokiarchaeote CR_4 bin has been 
deposited under the BioProject ID PRJNA288027 with WGS accession 
MBAA00000000 and the version described in this paper is MBAA01000000. 
The Thorarchaeote bins SMTZ1-83 and SMTZ1-45 are available under 
BioProject ID PRJNA270657 and WGS accession numbers LRSK00000000 and 
LRSL00000000.

Accessions

PRIMARY ACCESSIONS

BioProject

PRJNA270657

PRJNA288027
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