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Supplementary Methods 

1. Identification and analysis of eukaryotic signature proteins (ESPs) 

The ESPs proteins were identified by using HMMER1, diamond-BLAST2 (e-

value <1e−5), and InterproScan3. In the HMMER1 identification, a bit score gathering 

(GA) threshold was used for each Pfam4 family. All identified proteins were verified 

by searching against nr database using BLASTP2. The identification of these ESPs 

that is previously reported to be specific to Hodarchaeales is detailed as follows: 1) ε 

DNA polymerase Pol2. The eukaryotic protein contains three domains: PF03104, 

PF00136, and PF10108. To identify its homologs in eukaryotes, the coexistence of all 

three domains was required. The resulting sequences were manually verified by 

searching against the SwissProt database5. For Asgard archaea, homologs with any 

one of the three domains were considered. All identified sequences were used to infer 

a phylogeny using FastTree26 under the LG + CAT model. These Asgard archaeal 

sequences that harbored the typical two or three domains of the Pol2 subunit and were 

closely related to eukaryotic sequences are considered eukaryotic orthologs. 2) 

Canonical eukaryotic-type elongation factor 2 (EF-2). Homologous sequences of EF-2 

were retrieved by comparison with COG0480 sequences of EF-2 using BLASTP. The 

resulting sequences were aligned with reference sequences of archaeal aEF-2 and 

eukaryotic eEF-2 from a previous study7 using mafft-linsi8. Two conserved motifs in 

canonical EF-2 (HxDxxHRG and SPHKHN) were checked. 3) Proteins for 

diphthamide biosynthesis (Dph1, Dph5, and Dph6). Homologs of Dph1, Dph5, and 

Dph6 were identified using their respective domains: PF01866, IPR004551, and 

PF01902. A search for Swiss-Prot database5 was applied to confirm these homologs. 

4) N-terminal histone tails. Sequences homologous to eukaryotic histones were 

retrieved by searching against histone reference sequences from a previous study9 

using BLASTP2. The resulting sequences were verified by comparison with nr 

database and then aligned with reference sequences using MEGA X10. The N-terminal 

histone tails were manually checked in the alignments. 
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Supplementary results and discussion  

1. Phylogenetic placement of Njordarchaeales and its impact on evolutionary 

history of eukaryotes 

Although the site-exclusion treatments conducted on the S67 dataset indicated 

that the clustering of Njordarchaeales and Korarchaeota was not an artefact stemming 

from rate heterogeneity of the dataset, similar treatment applied to the NM57 dataset 

also strongly support the monophyly of Njordarchaeales and Heimdallarchaeia. In this 

case, we doubted that these Njordarchaeales MAGs were misbinned and may contain 

high levels of contamination which cannot be detected by CheckM11. CheckM11 can 

generate a false sense of bin accuracy, as evidenced by integrating two partial single-

cell genome bins12, 13. We determined the taxonomic profiles of assembled sequences 

of Njordarchaeales MAGs by searching against TACK and Asgard archaeal sequences 

from GTDB (r220) database14 excluding Njordarchaeales-related sequences. Between 

42% and 49% of the genes were classified as TACK archaea, while 19% to 37% were 

assigned to Asgard archaea. Subsequently, we searched the source of these 

Njordarchaeales MAGs and found multiple metagenomes at the sampling locations15-

17. Reads from these metagenomes were mapped to the ten Njordarchaeales 

representative MAGs. Among these, contigs of four MAGs had positive hits. 

However, contigs within each MAG exhibited differential coverage patterns across 

different metagenomic samples (Fig. 2c and d) and were split into two or four 

clusters. The findings suggest that these MAGs may encompass genomic fragments 

derived from two to four distinct microbial populations. The NM57 markers were 

selected based on their conservation in Asgard archaea15, thus they may harbor 

stronger phylogenetic signals that drag Njordarchaeales into Asgard phylum, 

compared to markers of other datasets. Relative to the NM57 marker proteins, 

ribosomal proteins may be more conserved and have fewer events of gene 

duplication, transfer and loss18. Among the 12 marker datasets analyzed, all except for 

the NM57 and NM200 contained varying quantities of ribosomal proteins 

(Supplementary Table 4). Similar to the NM200 tree, phylogenetic analyses of these 
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datasets containing ribosomal proteins support grouping of Njordarchaeales and 

Korarchaeota within the TACK superphylum (Supplementary Fig. 2). Meanwhile, in 

the case of individual MAG, 69-84% of ribosomal proteins were classified into the 

TACK superphylum (Supplementary Fig. 4). The results suggest that main bodies of 

Njordarchaeales genomes may be affiliated with TACK superphylum. When using 

different marker sets to infer phylogeny, the shift of Njordarchaeales between the 

TACK superphylum and Asgard phylum may be attributed to the distribution of these 

markers across the two parts of Njordarchaeales genomes and the intensity of their 

phylogenetic signals.  

    Eme et al15. used the NM57 marker set to build a supermatrix for 175 Asgard 

archaea and 14 eukaryotic taxa. ML tree of the untreated NM57 supermatrix 

supported grouping of eukaryotes with Njordarchaeales. When site-by site 

desaturation method was applied to the supermatrix, it is observed that the support for 

the monophyly of eukaryotes and Njordarchaeales dramatically dropped while 

support for the grouping of eukaryotes with Hodarchaeales never emerged, as the 

fastest-evolving sites were progressively removed. The results indicate that the 

presence of Njordarchaeales strongly influences the position of eukaryotes in Asgard 

archaea. In the dataset, partial Asgard archaeal sequences in Njordarchaeales genomes 

may be artefactually attracted into Asgard phylum by eukaryotes.  

2. Phylogenetic position of eukaryotes in Asgard archaea 

  Using markers with horizontal gene transfer events may result in phylogenetic 

reconstruction artefacts. To enhance the robustness of our phylogenies, we added 93 

representative bacterial genomes (Supplementary Table 3) to our archaeal dataset. For 

the S67, S97, and S150 marker sets, individual-gene trees were inferred to manually 

inspect any instances of inter-domain horizontal gene transfers, which can be accessed 

on Figshare (https://figshare.com/s/6e523322b0b647b91dda). These markers that 

failed to recover archaea and bacteria as reciprocally monophyletic domains were 

removed. By doing so, we obtained 47, 60, and 99 markers (S47, S60, and S99) from 

the S67, S97 and S150 marker sets, respectively (Supplementary Table 4). Based on 

https://figshare.com/s/6e523322b0b647b91dda
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these newly selected markers, we constructed three supermatrices: exS47, exS60, and 

exS99, using 411 Asgard archaea and 14 eukaryotes. ML phylogenomic analyses of 

the three supermatrices under the PMSF approximation of LG + C60 + F + G placed 

eukaryotes as a sister group to Heimdallarchaeia (Supplementary Fig. 9), which is in 

accordance with the tree topologies inferred using the S67 and S97 datasets. We 

noticed that the tree topology inferred from the exS99 dataset closely resembled those 

inferred from site-excluded subsets of the S150 dataset, suggesting that for large 

datasets, either removing markers associated with inter-domain horizontal gene 

transfer events or excluding fast-evolving sites from alignments can effectively 

mitigate the impact of non-phylogenetic signals, such as rate or compositional biases, 

on phylogenetic inference. 

For comparison, the three sets of markers (S47, S60, and S99) were also used to 

infer ML phylogenies from the genomic data used by Eme et al.15 (175 Asgard 

archaea + 14 eukaryotes), under the PMSF approximation of LG + C60 + F + G. The 

resulting supermatrices were named smS47, smS60, and smS99, respectively. These 

analyses supported the Heimdallarchaeia-sister topology (Supplementary Fig. 10). 

Furthermore, we investigated the influence of rate heterogeneity on the placement of 

eukaryotes by progressively reducing fastest-evolving sites of these alignments and 

inferring ML phylogenies. For the smS47 dataset, the support for Heimdallarchaeia-

sister was unstable during the removal of fast-evolving sites, with significant support 

emerging only after excluding 20% of the fastest-evolving sites. No support for 

Hodarchaeales-sister was observed (Supplementary Fig. 11a). For the smS60 and 

smS99 datasets, the support for Heimdallarchaeia-sister remained robust until 50% 

and 80% of sites were excluded, respectively (Supplementary Fig. 11b and c). The 

results suggest that larger datasets retain more phylogenetic information for resolving 

the placement of eukaryotes.  

Similarly, the site-exclusion method was applied to the exS47, exS60, and exS99 

supermatrices (Supplementary Fig. 12). We observed that in the exS47 and exS60 

supermatrices, the loss of phylogenetic signals supporting the Heimdallarchaeia-sister 
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relationship occurred at a significantly slower rate following the removal of the 

fastest-evolving sites, compared to the corresponding supermatrices constructed using 

Eme et al.'s data. More importantly, as showed in Fig. 3c, when the NM57 marker set 

selected by Eme et al. was used to construct a supermatrix for our expanded Asgard 

archaeal sampling, phylogenomic analyses of subsets of this supermatrix strongly 

supported the Heimdallarchaeia-sister topology after the exclusion of fast-evolving 

sites. These results indicate that our expanded Asgard archaeal sampling helps to 

disentangle true phylogenetic signals from noise and potential artefacts. 

The different patterns observed during the removal of fast-evolving sites between 

the NM57 dataset, which lacks ribosomal protein markers, and the datasets containing 

ribosomal protein markers likely suggest that datasets generated using functional 

proteins as markers may contain a higher level of rate heterogeneity across sites. It 

remains unclear whether this is related to ribosomal proteins being more 

evolutionarily conserved than functional proteins18. However, identifying more 

vertically inherited markers to mitigate the challenges in phylogenetic tree 

construction caused by long branches, such as those of eukaryotes, remains an 

important task for the future.  

3. Distribution of eukaryotic signature proteins (ESPs) in the expanded genomic 

diversity of Asard archaea  

Eme et al15. reported that some ESPs such as the ε DNA polymerase catalytic 

subunit (Pol2), eukaryotic-type EF2, proteins for the diphthamide biosynthesis, RNA 

polymerase subunit RPB8 and amino-terminal histone tails are specific to 

Hodarchaeales or Njordarchaeales, and argued that the presence of these ESPs in 

Hodarchaeales may support close relationship between Hodarchaeales and 

eukaryotes. Nevertheless, we examined the distribution of these ESPs in the expanded 

sampling of Asgard archaea and found that they were present in multiple clades of 

Asgard archaea including Asgard lineages outside or inside Heimdallarchaeia 

(Supplementary Fig. 13, Supplementary Table 9). For example, we identified 

homologs of eukaryotic ε DNA polymerase Pol2 in 13 Asgard clades by using 
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HMMER19 with a GA bit score cutoff and inferring a phylogeny. Phylogenetic 

analysis revealed that the Pol2 sequences of eukaryotes formed a distinct cluster with 

those of Jordarchaeia, Wenzhongarchaeales, and Hodarchaeales (designated as Cluster 

1). In addition, two other clusters (Cluster 2 and 3), closely related to Cluster 1, 

contain sequences from multiple Asgard lineages (excluding Hodarchaeales), all of 

which harbored the typical two or three domains of the Pol2 subunit (Supplementary 

Fig. 14).  

Eme et al. argued that the simultaneous presence of dhp genes for the 

diphthamide biosynthesis and canonical eukaryotic EF-2 gene is unique to 

Hodarchaeales MAGs. Using BLASTP2 and HMMER19 in combination with 

sequence alignment, we also identified genes encoding canonical EF-27 in addition to 

dhp genes in members of Baldrarchaeia, Jordarchaeia, and Asgardarchaeia 

(Supplementary Fig. 15). A comparison with archaeal and eukaryotic histone 

sequences from a previous study9, using BLASTP, revealed that N-terminal histone 

tails are also present in histones from members of Heimdallarchaeaceae, 

Helarchaeales, Lokiarchaeales, and Thorarchaeia (Supplementary Fig. 16). Finally, for 

the RNA polymerase subunit RPB8, using the GA bit score cutoff for the 

PF16992/PF03870 domain of the protein, no hits were retrieved from members of 

Hodarchaeales or other lineages of Heimdallarchaeia. However, it could be identified 

in members of Baldrarchaeia, Helarchaeales, Jordarchaeia, Odinarchaeia, and 

Sifarchaeia (Supplementary Fig. 13).  

4. Implications for the discovery of the Njordarchaeales chimerism 

   Reconstructing genomes from environmental metagenome is a key technique for 

uncovering the mysteries of unculturable microorganisms on earth. However, the 

chimeric nature of the Njordarchaeales genomes that we discovered serves as a 

cautionary reminder for the genome reconstruction, highlighting that these assembled 

genomes may not always be entirely accurate. Without thorough inspection, newly 

generated genomes can lead to misinterpretations of microbial evolution and 

ecological functions. To mitigate this, we recommend that for newly discovered 
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microbial lineages, multiple reliable marker datasets should be employed to analyze 

their evolutionary relationships with other microorganisms. If the evolutionary 

positions of these lineages appear unstable in the tree of life, state-of-the-art 

classification tools should be used to determine the taxonomic profiles of their 

contigs. Furthermore, sequences of these new lineages should be retrieved from 

different metagenomic samples to analyze their sequence features. Genomes that 

exhibit distinct sequence characteristics across different metagenomes should be 

approached with caution.  
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Supplementary Figures 

Supplementary Figure 1. Sampling locations and quality of metagenome-assembled 

genomes. (a) The map illustrates the sampling locations of sediment cores and 

detailed information of sampling was provided in the plot on the right; (b) The scatter 

plot showing the quality of 11,878 genomes recovered from 40 sediment samples. The 

completeness and contamination of these genomes were determined by CheckM; (c) 

Quality of 223 Asgard genomes generated in this study. The median completeness and 

contamination values are 85.67% and 3.74%, respectively, indicating that these 

genomes are nearly complete. The map presented in panel a was generated using the 

leaflet package in R.  
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Supplementary Figure 2. Phylogenomic analysis of 12 frequently used archaeal 

marker sets. The maximum likelihood trees were constructed using IQ-TREE with the 

LG+C60+F+G+PMSF model, based on a dataset comprising 579 archaeal taxa (411 

Asgard archaea, 51 DPANN archaea, 47 Euryarchaea, and 70 representatives of 

TACK archaea). Bootstrap support values ≥ 95% are represented by black dots. The 

marker sets used include RP5520, 21 (55 proteins, 6,295 sites), DaCunha_35uni22 (35 
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proteins, 7,790 sites), Zare_48uni21 (48 proteins, 9,840 sites), Spang_udin56ar23 (56 

proteins, 12,608 sites), Spang_udin28ar23 (28 proteins, 7,579 sites), TomNEE_21uni24 

(21 proteins, 6,084 sites), Liu_20925 (209 proteins, 35,422 sites), RP1526 (15 proteins, 

2,174 sites), PV427 (37 proteins, 6,346 sites), NM20028 (200 proteins, 47,475 sites) 

and NM5715 (57 proteins, 13,973 sites). Eury, Euryarchaeota; Kor, Korarchaeia; 

Njord, Njordarchaeales; Wukong, Wukongarchaeia; Hod, Hodarchaeales; Gerd, 

Gerdarchaeales; Heim, Heimdallarchaeaceae; Kari, Kariarchaeaceae; Baldr, 

Baldrarchaeia; Asgard, Asgardarchaeia; Sif, Sifarchaeia; Jord, Jordarchaeia; Odin, 

Odinarchaeia; Yangjian, Yangjianarchaeales; Thor, Thorarcheaia; Hermod, 

Hermodarhcaeia; Hela, Helarchaeales; Loki, Lokiarchaeales. 
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Supplementary Figure 3. Taxonomic profiles of contigs/scaffolds in the 

Njordarchaeales genomes. The percentage of the length of contigs/scaffolds assigned 

to Thermoproteota or Asgardarchaeota based on sequence length for each of the 10 

Njordarchaeales representatives was determined using the (a) CAT and (b) MMseq2. 
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Supplementary Figure 4. Percentage of ribosomal proteins assigned to 

Thermoproteota (TACK superphylum) or Asgardarchaeota, based on the count for 

each of the 10 Njordarchaeales representatives. 
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Supplementary Figure 5. The maximum likelihood phylogenomic analysis of 

multiple datasets, showing the placement of eukaryotes. (a) ES67 dataset (67 

concatenated proteins, 593 taxa, 11,596 sites). (b) tES67 dataset (67 concatenated 

proteins, 475 taxa, 12,720 sites). (c) AsES67 dataset (67 concatenated proteins, 425 

taxa, 13,348 sites). The trees were inferred using IQ-TREE under the 

LG+C60+F+G+PMSF model. Bootstrap support values ≥ 95% are represented by 

black dots. The scale bar denotes the average expected number of substitutions per 

site. 
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Supplementary Figure 6. Bayesian phylogenetic tree of the tES67 and AsES67 

datasets, showing the position of eukaryotes. (a) tES67 dataset (12,720 sites, 475 taxa, 

2 chains, 50000 generations). (b) AsES67 dataset (13,348 sites, 425 taxa, 2 chains, 

35000 generations). Bayesian inferences were performed using PhyloBayes (v1.9) 

MPI with the CAT +GTR after the alignments were recoded into four categories using 

the SR4 scheme. PP, posterior probability support. 
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Supplementary Figure 7. Bayesian phylogenetic tree of the S97 and S150 datasets. 

(a) S97 dataset (12,720 sites, 425 taxa, 2 chains, 20000 generations). (b) S150 dataset

(32,277 sites, 425 taxa, 2 chains, 20000 generations). Bayesian inferences were

performed using PhyloBayes (v1.9) MPI with the CAT + GTR, based on 411 Asgard

archaeal taxa and 14 eukaryotic taxa. Prior to analysis, the alignments were recoded

into four categories using the SR4 scheme.
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Supplementary Figure 8. Phylogenetic analyses of the NM57 dataset based on 411 

Asgard archaeal taxa and 14 eukaryotic taxa. (a) The maximum likelihood 

phylogenomic analysis based on the NM57 dataset (15,444 sites, 57 concatenated 

proteins, 425 taxa). The trees were inferred using IQ-TREE under the LG + C60 + F + 

G + PMSF model. Bootstrap support values ≥ 95% are represented by black dots. The 

scale bar denotes the average expected number of substitutions per site; (b) Bayesian 
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phylogenetic tree of the NM57 dataset (15,444 sites, 425 taxa, 2 chains, 20000 

generations). Bayesian inferences were performed using PhyloBayes (v1.9) MPI with 

the CAT + GTR after the alignments were recoded into four categories using the SR4 

scheme. PP, posterior probability support. 
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Supplementary Figure 9. The maximum likelihood phylogenomic analysis of the 

exS47, exS60 and exS99 datasets. (a) exS47 dataset (47 concatenated proteins, 425 

taxa, 9291 sties), (b) exS60 dataset (60 concatenated proteins, 425 taxa, 11932 sties), 

(c) exS99 dataset (99 concatenated proteins, 425 taxa, 20547 sties). The trees were

inferred using IQ-TREE under the LG+C60+F+G+PMSF model. Bootstrap support

values ≥ 95% are represented by black dots. The scale bar denotes the average

expected number of substitutions per site.
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Supplementary Figure 10. The maximum likelihood phylogenomic analysis of the 

smS47, smS60 and smS99 datasets. (a) smS47 (47 concatenated proteins, 174 taxa, 

9300 sties), (b) smS60 dataset (60 concatenated proteins, 174 taxa, 11910 sties), (c) 

smS99 dataset (99 concatenated proteins, 174 taxa, 20594 sties). The trees were 

inferred using IQ-TREE under the LG+C60+F+G+PMSF model. Bootstrap support 

values ≥ 95% are represented by black dots. The scale bar denotes the average 

expected number of substitutions per site. 

Asgardarchaeia GBS01

Baldrarchaeia (3)

Odinarchaeum (3)

Jordarchaeia (7)

Thorarchaeia (40)

Hermodarchaeia (10)

Lokiarchaeales (49)

Helarchaeales (10)

Sifarchaeia (4)

Wukongarchaeales (2)

Hodarchaeales (11)

Kariarchaeales (5)

Heimdallarchaeaceaee (6)

Gerdarchaeales (9)

Eukarya (14)

0.3 Boostraps >= 95

Lokiarchaeia

Asgardarchaeia (1)

Thorarchaeia (40)

Hermodarchaeia (10)

Lokiarchaeales (49)

Helarchaeales (10)

Sifarchaeia (4)

Wukongarchaeales (2)

Hodarchaeales (11)

Kariarchaeales (5)

Heimdallarchaeaceaee (6)

Gerdarchaeales (9)

Eukarya (14)

Odinarchaeum (3)

Jordarchaeia (7)

Baldrarchaeia (3)

0.3
Boostraps >= 95

Lokiarchaeia

Asgardarchaeia (1)

Thorarchaeia (40)

Hermodarchaeia (10)

Wukongarchaeales (2)

Hodarchaeales (11)

Kariarchaeales (5)

Heimdallarchaeaceaee (6)

Gerdarchaeales (9)

Eukarya (14)

Lokiarchaeales (49)

Helarchaeales (10)

Odinarchaeum (3)

Jordarchaeia (7)

Sifarchaeia (4)

Baldrarchaeia (3)

0.3
Boostraps >= 95

Lokiarchaeia

a. smS47 b. smS60

c. smS99



25 

Supplementary Figure 11. Evolution of ultrafast bootstrap support for the 

monophyly of either eukaryotes and Heimdallarchaeia (EHeim, red line) or the 

monophyly of eukaryotes and Hodarchaeales (EHod, blue line). The bootstrap values 

were obtained from the phylogenies inferred from the smS47 dataset (a), smS60 

dataset (b), and smS99 dataset (c), as the fastest-evolving sites were progressively 

removed. The trees were inferred using IQ-TREE under the LG + C60 + F + G + 

PMSF model. 

0

200

400

600

800

1000

0 10 20 30 40 50 60 70 80 90

Fast Site Removal (category)

U
lt

ra
fa

s
t 

b
o

o
ts

tr
a

p
 s

u
p

p
o

rt
 

Topology

EHeim

EHod

0

200

400

600

800

1000

0 10 20 30 40 50 60 70 80 90

Fast Site Removal (category)

U
lt

ra
fa

s
t 

b
o

o
ts

tr
a

p
 s

u
p

p
o

rt

Topology

EHeim

EHod

0

200

400

600

800

1000

0 10 20 30 40 50 60 70 80 90

Fast Site Removal (category)

U
lt

ra
fa

s
t 

b
o

o
ts

tr
a

p
 s

u
p

p
o

rt

Topology

EHeim

EHod

a. smS47

b. smS60

c. smS99



26 

Supplementary Figure 12. Site-exclusion treatments of the exS47 (a), exS60 (b), and 

exS99 (c) datasets. The evolution of ultrafast bootstrap support for the monophyly of 

either eukaryotes and Heimdallarchaeia (EHeim, red line) or the monophyly of 

eukaryotes and Hodarchaeales (EHod, blue line) was tracked as the fastest-evolving 

sites were progressively removed. The trees were inferred using IQ-TREE under the 

LG + C60 + F + G + PMSF model. 
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Supplementary Figure 13. Eukaryotic signature proteins (ESPs) in the expanded 

Asgard archaea. Red dots indicate that ESP homologues were detected in at least half 

of genomes of the lineage while blue dots indicate that ESP homologues were 

detected in fewer than half of the genomes of the lineage. 
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Supplementary Figure 14. Maximum likelihood tree of ε DNA polymerase Pol2, 

inferred using FastTree2 under LG+CAT model. The scale bar denotes the average 

expected number of substitutions per site. 

PF00136

PF00136

Eukarya

PF00136
PF00136+PF03104

PF00136
PF00136+PF03104

PF03104

Asgardarchaeia

Baldrarchaeia

Hodarchaeales

Wukongarchaeia

Lokiarchaeales

Helarchaeales

Yangjiangarchaeales

Hermodarchaeia

Thorarchaeia

Sifarchaeia

Gerdarchaeales

Kariarchaeaceae

Heimdasllarchaeaceae

Jordarchaeia

Njordarchaeales

Odinarchaeia

cluster I

cluster II

cluster III

EHXOQNTWOVDI0
00Z1
1110

00B0
00.00
00300

03000
0800
3
0@15
5.6
.24
155 1.2111 

0  3334
0JA

TTTH
MDDM

LM
1ZD
Z2
W1
M32Z
M.MMQ
S
3
3..
.
.
0
1
M
22
3
2
1
3
.
96
9310
33
81@10
@
1@
@@1
01
1@
1
03
11
7
0
0
62
5598
00
64
87
.3
28
421
1
1
57. 
29 
 
579111
 
8
5    
3
0
 0
1611
1

Lo
L

L
LLk
o

o
oo
i
k

k
ka
i
k
i
iri
a

a
aca
r

r
rrh
c

ccc
h
ahhh
a
eaaai

e

eeae
i

iii
a

aaYa
 

 
 
1TA
W
b
85iB
O
n 
H0R6
R

4400
 

C
5 3
1 
5
 G
1G
 

 GC
G

GCCA
C
CA A 0 

A
A0
 
01
 
0
1029
2
69189

8989
8
30545
9659
6
67074
38854
553@5

5@@J@
@JJAJ

AAGAHDTQTZM
W
M132

YSM

F

.0M.2

0

1
.19

1
359

0
53
0

@@
0
@54

0
86
8
92
4
2
.
01
1
  
 
1
1
5

Heimdasllarchaeaceae CR1378 bin 8 GCA 019057375@DXJ

ltans@CUG92135.1

a
EE
EE
 

EE
uuuu
G

uu
kE
k
kk
a

kk
au
a
aa
l

a
r
a
r
r
d
rkyrr
y
yy
i
a
y

E
y
a
ea
aara
 
r

a
 

u

y
i
D
AA
Ca

k

a
AA
i
rr
 

a

 
h
r
c
ra

s
a

r

Gt
a
o

a
b
u

b

y

y
b
n
u
b

l

ii

a

o
i
i
i

p

d
d
dl

 

d
s
d
l
h

o
r
o

B

ta
oo

u
pp
u
er

o

p
s

p
l
r
dss
i

d

 
si

a

s
iiui

c

o

ssi
a
r

s
r

s

i
  

 

m t
i

 t 

a

s

t
t

p 
th
hh

a

hh
d
@s
aae
i
al
u

al
tsiill

X

i

s
a
i
aa
c
aa

P

n
o
n
@
@
n

 

n
i
aa
0
d
aa
X
X0

@@
e
@

P
P
@

5
u  NN

7

N
0
0

N

m
PP
0
0
0

PP 
 

8
@
 

5
5
 0
1
1

8

0
8
7
0
X7
8

7

0
2
1

12
P
5

01

5
4
33
 
.

23
1
46
0

1

282
0
73
2305

4
.2
9
7.
.
1
5
.2
26

1
1
6

1
71.
1

.

.
1
1

1

Eukary

DZ1B.158@14819 2

Jordarchaeia B36 G16 GCA 029856875@JAHKKT010000107.1 4

DZ1B.158@44802 1

AsgardarcAhsgaeairad aBr1c6h aGei1a  GBC1A6  0G013 6G6C2A8 30503@6Q62M8Y3V50@10Q0M0Y21V90.110 300357.1 2

Kariarchaeaceae KTGheim3B GCA 026702845@JADCLS010000004.1 207

HH3eSr.m11o5da@r1c7ha40ei1a  
 
5

 20W
352O

D
HH
HZ

e2
e
D
HD

2
rrMZ
eZ
mm
M
.
r
21
1
.
oo

m
S
2
9d
d

M.
o

7
3
.
aa
1
d

1
r
3

r
4@
a

cc
1

@

8
r

hh1
7c
@
a
2
1
a

h@
e
7e
76
a

ii
9

3
9a4
a

e

 
 
1
 

i
2

3
2
a

YH
2

4

26
 9

T0
8
H SR HBe2r mGoCdA  6082 9G8C5A6 3021565@5J0A3H85Q@WJVA0B10X0G0T0001101.010 046328.1 1
22S

H

e
2e
2
H

r

e
r
QM
M
er

m
m.
r
.
M
m
1
1oo
m1
3
d

o

d6
oBd
5
3aa
.d

r
r
a
3@
@c

a
c
r
0rc

h
h1
3

c8

a

h

a2
0

h

e

a

e @
6

a
3
i
i
e

5aa
e8i
9
  
ia
3

Y1

a 

H
4 F

T
0
H8

 

T

2
 

0

01
1
S
4

2 
 

9
 
6

0
0
S
H

 

 

0
3
 

H

G
e

5H
2

r

e
 
 

C

e

r

m

G
G
r

A

m

o
m

 

C
Co

0
d

Ao
A

 

d

1

 
 
d
8

 

6

0
0
 

6

0
8

81
1

 

8

4

06
 6

G
 

0

8
8G

C
G3
3C

A

9C
9

 

A

3
8
A
0

 

6
0
 

0

1
05
15

6
1

6

5

@
@

6

5

5

J5
J5

0
5A
A0

4
0E

3E

2
4

8

O

5

O

2

5

U

@

T

5

@

H

J

O

@

J

0

A

0

J

A1
1

B

A

0
0

B

X

B0
0X

G

X

0
0

G

S

0
0G

T

0

0

0

S

0

1

2
00

10
81.

.01
10

0

 
 

0

01
20

0

0
7

0

5

1

6

9

0.

2.

1 

1 

4

12

DZ2M.269@

185@JAEOSV010000023.1 
0
7
000119.1 2

H
HH
H

409 84

DZ1M.411@396 11

Loki
L
a
o
r
k
c
i
h
ar
a
c
e
h
ia
ae

A
ia
B

 
R
Lo

0
k
5
i
 
 
G
b3

C
2
A
 
 
G
0
C
29

A
8
 0
5
0
6
5
1
2
4
2
5
3
@
1
J
2
A
5H
@D

Q

D
NZZ

J
W
2B
2

D

M
K

S

Q
H.

ZH
0

.3
0

1
M1
3

34
10

9

1
MB

408

.
0

.
B
0

1

@

9

0.
7

0
7
2

0
10

2
0@

7

@

00
@

6

9
1

3
1
2.

1
.5
2

16
18
24

  
 7
11

11
2

 49
02
8

1
  

75
421

@@DZDZ2M.348
10

6704060 41 12
o
L
L
k
o
o
ika
k
i
r
i
a
c
a
r
r
h
c
c
a
h
h
ea
a
ie
e
a
i
 
i
a
a
9
 
R
6
A
3R
B
 c4
R
c
4
 
0
 
6
6
G2
 
 
G
CGA

C
C
 A0
A
 1
 
0
90
2
01
9
95
87
0
58
5
6
7615

9
5
9@5J@AJHALHWLP

1W0
MK1

.200
2
01
3
0000
@

00
1
10
000
7
.21
65 .

5
11
7
1 
 
22
2L

archaeia LW40 87 GCA 019058 5@JAHQWL010000028.1 5Loki
L
L
o
o
k
k
i
i
a
a
r
r
c
c
h
h

aaeeiiaa 
 b
P

i
F
n
L
1
7
2 
5 
G
G
C
C
A 
A
0
 0
1
2
9
2
8
8964

3
69
6
55
5
25
@
5@
J
@J
A
JA
H
AG
P
LX
Z
HN
E
V
0QL
100
011

0
00
0
00
0
00
0
00
1
03
957

.713. .1
3
1  

322

0.3

Boostraps >= 0.95



29 

Supplementary Figure 15. Multiple sequence alignment of translation elongation 

factor 2 (EF2) from Asgard archaea and eukaryotes. The black boxes indicate highly 

conserved sequence motifs (HxDxxHRG and SPHKHN) in the two loops of bona fide 

canonical EF2. Asgard/Baldr, Asgardarchaeia/Baldrarchaeia; Jord, Jordarchaeia; Hod, 

Hodarchaeales.  

988 998 1008 1018 1028 1038 1048 1058 1068 1078 1088 1098 1108 1118 1128 1138

NP_001952-Homo-Eukarya-EF-2/1-858

XP_006454257-Agaricus-Eukarya-EF-2/1-842

KZP28976-Fibularhizoctonia-EUkarya-EF-2/1-842

OJT15956.1-Trametes_Eukarya-EF-2/1-927

Asgardarchaeia_B16_G1_GCA_003662835@QMYV01000362.1_1/1-1041

Baldrarchaeia_MAG_128_GCA_019056775@DXJU01000227.1_3/1-734

LC30_LC30_GCA_019058495@JAHPYV010000252.1_1/1-610

Jordarchaeia_JZ_GCA_018383855@JAHAWQ010000017.1_9/1-616

Jordarchaeia_QC4_GCA_018383835@JAHAWR010000050.1_4/1-617

DZ1B.129@10855_16/1-811

DZ1B.236@1413_24/1-811

DZ1B.293@5380_17/1-810

DZ1B.294@3708_25/1-811

DZ1M.117@560_55/1-811

DZ1M.13@35657_3/1-816

DZ1M.159@12899_17/1-811

DZ1M.253@280_80/1-811

DZ1M.310@16527_8/1-816

DZ1S.273@126_100/1-816

DZ2M.341@149_59/1-811

DZ3S.51@1846_35/1-811

H2S.178@10956_4/1-842

H3B.183@2484_5/1-812

Hodarchaeales_B3_Heim_GCA_003144275@NJBF01000013.1_19/1-811

Hodarchaeales_bin272_GCA_020348965@CP070760.1_2496/1-811

Hodarchaeales_bin6_GCA_020353515@CP070695.1_1343/1-811

Hodarchaeales_FT_012_GCA_016839505@JAEOUC010000497.1_9/1-811

Hodarchaeales_FT_5_011_GCA_016839515@JAEOUE010000209.1_74/1-811

Hodarchaeales_LC_3_GCA_001940645@MDVS01000006.1_12/1-828

Hodarchaeales_MAG_8_GCA_019057635@DXJL01000056.1_80/1-811

Hodarchaeales_N1B_bin6.179_GCA_016839295@JAEOUP010000001.1_105/1-811

Hodarchaeales_S146_22_GCA_015520535@WAPZ01000570.1_4/1-810

Hodarchaeales_YT_005_GCA_016840305@JAEOSP010000644.1_10/1-811

Hodarchaeales_YT_011_GCA_016840265@JAEOSQ010000061.1_2/1-577

Hodarchaeales_YT_019_GCA_016840285@JAEOSR010000153.1_24/1-811

Hodarchaeales_YT1_021_GCA_016840035@JAEOTC010000038.1_133/1-811

Hodarchaeales_YT1_039_GCA_016840025@JAEOTF010000134.1_14/1-822

Hodarchaeales_YT2_004_GCA_016839815@JAEOTM010000113.1_34/1-811

Hodarchaeales_YT2_065_GCA_016839785@JAEOTQ010000114.1_49/1-811

Hodarchaeales_YT5_056_GCA_016839625@JAEOTY010000313.1_12/1-530

QM1B.228@2111_19/1-810

QM1B.312@22031_12/1-811

QM1M.408@53349_3/1-824

TM1M.79@529_76/1-811

TM2S.58@906_60/1-811

S DP VVS YRE TVS EE - SNVLC LSKS PNKHNR L YMK ARP FP DGLAE D I DKGE VS ARQEL - KQRAR YL AEKYEWDVAE ARK IWCF - - - GPDG- TGPN I L TD I TKGVQYLNE I KDS VVAGFQWATKEGALCEENMRGVR FDVHDVT LH AD A I HRGGGQI I P TARRCLYAS VL TA

S DP VVP YRE TVK AE - S T I VAL S KSQNKHNRL F AK ALP LDEAVT KG I EDGKVN ARDDF - KAR AR VLADE FGWDVTE ARK IWC F - - - GPDT - TGPNLLVDVTKGVQYLNE I KDSCVAAF QWATKEGVLCEENMRG I R YN I LD VT LH TDA I HRGGGQI I P TMRRCCYAAAL VA

S DP VVGYRE TVK AE - SS I TALSKSQNKHNRL Y I R ALP IDEE LTK A I E VGK I NS RDDV - K I R AR IMADE YGWDVTDARK IWC F - - - GPDT - TGPNLLVDATKGVQYLNE I KDSCVAAF QWATKEGVC AEENMRG I R FN I LD VT LH TDA I HRGGGQI I P VCRRVC YAAML L A

S DP VVGYK E TVK AE - SS I VAL S KSQNKHNRL YAK AQP IDEE LTQA I EKGK VNP RDDY - K I R AR VL ADE FGWDVTDARK IWCF - - - GPDT - TGPNL LVDVTKGVQYLNE I KDSC I AAF QWATKEGVC AEENMRGVR I N I LD VT LH TDA I HRGGGQL I P TCRRVT YAAC LL A

S EP I VVYRES VAKK - S P HS FEGKS PNKHNR F Y I E VEP LP EN I VK AL YSNE I P TNVKKYKNE VVKK LQE LGMDKE VAKGVFG I - - - - - - - - QGLN I I TDVTKG I QYL FETRE L I KE AFDE VMKS GP TADEPCQGL LVR LVD AK LHEDA I HRGPAQV I P AVRNA I YGA I T I S

S P PI VR YRET I KKP - SQ - TFEGKS PNKHNK LY I S VEP LNQETL QLLQKGE I YDGQDW- RQR AK I LREKAGWDTDQARG IWA I - - - - - - D - DNLN I L VD LTKGVQHLRE I KDT I I QAF IWAFEEGP LAREPVRGVKA I L HDA I VHDDPAHRGP AQ I MP ATRHA I YAAF LS A

S KP I V I YRE T I TKNYEGRP I LGKS PNKHNRCW I T I EKL P DE I I QA I KEEK I TDMQNK - DERHQ I LMKQYHWP S DESRNV I AV - - - - - - - - EDTN I L ANKVKGRQYVE E V I EQVKAGFRDAVDDSVL TKEHAYGLK I N I TDLE LHEDP VHRGPAQ I L P MT - - - - - - - - - - -

S P PI VVYRETVTSS -S P - P I L GKS PNKHNR IW I MVEP LNEE T I NL LAEGE I S EYQDR - DERAR I L REKAGWDAHDSRNLWA I - - - - - - D - EHFNV I VDR TRG I QYMREVK DTMI S GI KWACES GP LAEEPMRGVK VVVT DCQLHEDP VHRGP AQ I MPMSRRATWGAF LS A

S P PI VVYRETVS S P- SP -P I LGKS PNKHNR IW I MVEP LS EE T I NL LAEGE I S EYQDR - DERARVL KEKAGWDAHDARNLWA I - - - - - - D - DHFNV I VDR TRG I QYLREVK E T I I S GI KWACEAGP LAEEPMRGVKV I VTDCQLHEDP VHRGPAQ I MP MS RR ATWGAF LS A

S EP I VVF RES VQSE - S YQQSL AKS PNKHNR LWVR AAP MEPE V I K L I EEKR I GQYTDR - REMGQ I L RDE AGWDTKVGRKVWGM- - - GPEE - EDPNFY I DS TKGVQYLRE VKDY I VQGFRWAGKEGPLC AEP FYGVK F LLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S EP I VVF RES VQGE - S YQQSL AKS PNKHNR LWVR AAP MEPTVVK L I EEKR I GQYTDR - REMGQ I L RDE AGWDSKVGRKVWGM- - - GPEE - EDPNFY I DATKGVQYLRE VKDY I VQGFRWAGKEGPLCGEP FYA I K F LLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S QP I VVF RES VGA I - S EMQAL AKS PNKHNR LWVT AEP IEQE V I K L I E TGQ I N AYT DA - KEMGR I LRDH - GWDAQDARKVWGF - - - GPEE - NDPNM I VDVTKGVQYLRE VKDY I TQGFRWASGDGPLCGEP MYGVK YK L HDCKL HEDP AHRGVAQ I MP VARRVC FGAS LL A

S EP I VVF RES VQGE - S YMQSLAKS PNKHNR LWVR ACP LDSGAVK L I ENGN I NQYTDR -KEMAQLLRDQAGWEAK AGRKVWGM- - - GPEE - DDPNFY I DATKGVQYLRE VKDY I I QGFRWAAKEGPLCGEP FYGLQFMLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S EP I VVF RES VKSE - S YMQAL AKS PNKHNR LWVR AAP LESTV I K L I EERR I GQYTDR - KEMGQ I LRDE AGWDAKVGRKVWGM- - - GPEE - DDPNFY I DATKGVQYLRE VKDY I VQGFRWAAKEGPLCGEP FYG I K F LLE DVKL HEDP VHRGAGQTMP VS RRAC FGAVL MA

S TP I VMFRESVAT A - S STTAL AKS PNKHNR LWLTAEPL TS SV I E A I ERGD I HQYTNR - KDMARML REEHGWSKDQARKVWGF - - - GPAE - TDPNMF IDE TKGVQYLRE VRDY I VQGFRWASREGPLCREP FFGVK FSL HDCKL HEDP VHRGVAQ I MP VARRAS FGS FL L A

S EP I VVF RES VQGE - S YQQSL AKS PNKHNR LWVR AAP MEPTVVK L I EEKR I GQYTDR - REMGQ I L RDE AGWDSKAGRKVWGM- - - GPEE - DDPNFY I DATKGVQYLRE VKDY I VQGFRWAGKEGPLCGEP FYA I K F LLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S EP I VVF RES VKGV - S YQQSLAKS PNKHNR LWVR AAP LDPTA I RL I EEGV I HQYSDR - KEMAN I LRDE AGWDSKEGRR VWGM- - - GPEE - DDPNFY I NATKGVQYLRE VKDY I I QGFRWAAKEGPLCGEP FYGVQF LLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S KP I VMFRESVAEE - SS YQAL AKS PNKHNR LWFKAEP LS P SV I KA I E AGE I HQYTDR - KE LS RTLRDEHGWSKDE ARKVWGF - - - GPEE - NDPNL LVDQTKGVQYLRE VREY I I QGFRWAAREGPLCREP FYGVK FSLHDCR LHEDP VHRGVAQVMP VARRAS YGS FL L A

S KP I VMFRESVAAE - S S S QAL AKS PNKHNR LWF TAEP LTPS V I K A I E AGE I HQYTDR -KE LARSLRDEHGWSKDE ARKVWGF - - - GPEE - NDPNLLVDQTKGVQYLRE VREY I I QGFRWAAREGPLCREP FYGVK F AL QDCR LHEDP VHRGVAQVMP VARR AS YGSYL L A

S EP I VVF RES VQSE - S YQQSL AKS PNKHNR LWVR AGP LDAAS I K L I EEGK I HQYTDR - KEMAQ I L RDE AGWE AKAGRKVWGM- - - GPEE - DDPNFY I DATKGVQYLRE VKDY I VQGFRWAAKEGPLCGEP FYG I R FMLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAAL MA

S EP I VVF RES VKSE - S YMQS LAKS PNKHNR LWVR AGP LDEGA I K L I EKGS I NQYTDR - KEMAQ I LRDE AGWDAK AGRKVWGM- - - GPEE - DDPNFY I DATKGVQYLRE VKDY I I QGFRWAAKEGPLCGEP FYGVR FMLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S KP I VMFRESVAEE - SS YQAL AKS PNKHNR LWFKAEP LAPS V I K A I E AGE I HQYTDR -KE LARSLRDEHGWSKDE ARKVWGF - - - GPEE - NDPNVLVDQTKGVQYLRE VREY I I QGFRWAAREGPLCREP FYGVK FSL HDCR LHEDP VHRGVAQVMP VARRAS YGS YLL A

S QP I VVF RES VEGR - S EKPS LAKS PNKHNR LWVT AEP LEEV I I E A I EKHE I TQYS DK - KE VAS MLRD - FGWDKDL AKK LWGM- - - GPEE - TDPNVYVDATKGVQYLRE VKDYC VQGFRWGGKEGPLCGEP FYG I K F LL NDCQLHEDP VHRGMAQ I MP VS RRSTFGAML MA

S EP I VVF RES VAGE - S S HQALAKS PNKHNR LWVR AAP LEKDV I K L I E AGT I HQYTDR -KEMGQ I LRDQAGWDVK VGRKVL GM- - - GPAE - NDPNFY I DS TKGVQYLRE VKDYL I QGFRWAAKEGPLCGEP FFGI K FSLE DVKL HEDP VHRGAGQTMP VS RRAC FGAVL L A

S EP I VVF RES VQSE - S YQQSL AKS PNKHNR LWVR AGP LDSGA I K L I EEGR I HQYTDR - KEMAQ I L RDE ANWESKAGRKVWGM- - - GPEE - NDPNFY I DS TKGVQYLRE VKDY I I QGFRWAAGEGPLCGEP MYGTRFMLE DVKL HEDP VHRGAGQVMP VS RRAC FGS MLMA

S EP I VVF RES VQGE - S YQQSL AKS PNKHNR LWVR AGP LDSGA I E L I ENGE I HQYTDR - KEMAQLLRDK AGWEAK AGRKVWGM- - - GPEE - DDPNFF IDATKGVQYLRE VKDY I I QGFRWAAKEGPLCGEP FYGLR FMLE DVKL HEDP VHRGAGQVMP VS RRAC FGAMLMA

S DP I VVF RES VQAA - S YQQSLAKS PNKHNR LWVR AEP LESE V I RL I EKGE I NHYS DR - KEMGR I LSDE AGWDS KLGRKVWAL - - - GPEE - NDPNFYVDYTKGGQYLREVK DY I VQGFRWAGKEGPLCGEP FYG I K FMI EDVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S DP I VVF RES VNSV - S YQQAL AKS PNKHNR LWVR AAP LEPV I I K L I DKGQ I DQYTDR - KEMGQ I LREQAGWDS KEGRK IWGM- - - GPEE - DS P NI YLD ATKG I QYL REVQDY I L QGFRWAAKEGP LCGEP FHG I K FMI EDVKL HEDP VHRGAGQVMP VS RRAC FGAMLMA

S EP I I T FRESCEGT - S P KP ALAKS PNKHNR L F VT AK VL EEG I I DA I ENKM I TP YTDS -KK VAA I L RDEGGWE TQ I S RKLWGMGGAGGAD - DGPNVF VDGTKGVQYLRE VKDY I VQGMRWATS EGP I MGEP MFGVR FD I NDCS LHEDP I HRG I GQMMGVGRNS SFGAL LS A

S EP I VVF RES VAGE - S S HQALAKS PNKHNR LWVR AAP LEKDV I K L I E AGT I HQYTDR -KEMGQ I LRDQAGWDVK VGRKVL GM- - - GPAE - NDPNFY I DS TKGVQYLRE VKDYL I QGFRWAGKEGPLCGEP FFGI K F LLE DVKL HEDP VHRGAGQTMP VS RRAC FGAVL L A

S DP I VVF RES VQAA - S S QQALAKS PNKHNR LW I R AEP LEPAA I K LVEKAE I NQYTDR - KEMGR LLSE FANWDS K I GRKVWAL - - - GPEE - DDPNFYVDYTKGVQYLRE VKDY I VQGFRWAAKEGPLCGEP FYG I K FMI EDVKL HEDP VHRGAGQ I MP VS RRAC FGAMLL A

S KP I VVF RES VKAT - S EYP AL AKS PNKHNR LWF VAEP LEKE V I E AVENGT I NQYTDP -RKMAK I LQE - I GWDRSE ARNVWGF - - - GPTE - QDPS VL VDATKGVQYLRE I KDYT LQGFRWAAKNGPLCGEP I YGVK VK I VDVTLHEDAVHRGANQ I I P TARRAT FGS ML L A

S EP I VVF RES VS EL - S S QQALAKS PNKHNR LWVR AEP MEENV I KL I NNGT I HQYTDR - KEMGQ I L RDQAGWDAKVGRKVLGM- - - GPEE - NDPNFY I DATKGVQYLRE VKDY I LQGFRWAAKEGPLCGEP FYG I K FMLE DVKL HEDP VHRGAGQTMP VS RRAC FGAVL L A

S QP I VVF RES VGAV - S TTQAL AKS PNKHNR LWVT AEP AGSE TVE LL E TGQ I T AYT DS - KEMAR I LRDN - GWDAQEARKVWGF - - - GPEE - NGPNV I VDATKGVQYLRE I KDY I I QGFRWAAGEGPLCGEP MHS VK YK L HDCKL HEDP AHRGVAQVMP VARRVC FGAS LL A

S EP I VVF RES VQGE - S YQQSL AKS PNKHNR LWVR AGP LDSGA I K L I ERGE I HQYTDR - KEMAQ I LRDE AGWEAK AGRKVWGM- - - GPEE - NDPNFY I DATKGVQYLRE VKDY I I QGFRWAAKEGPLCGEP FYGLR FMLE DVKL HEDP VHRGAGQVMP VS RRAC FGAMLMA

S EP I VVF RES VS AE - S TQQAL AKS PNKHNR LWVR AAP LEEDV I K I I E AGT I HQYTDR - KEMGQ I L RDQAGWDAKVGRKVLGM- - - GPAE - NDPNFY I DATKGVQYLRE VKDYL LQGFRWAAREGPLCGEP FYG I K F LLE DVKL HEDP VHRGAGQTMP VS RRAC FGAAL L A

S QP I VVF RES LKGR - S S MQSLAKS PNKHNR LWVVAEPLEP AV I KS I EKGE I HS YTDK - KE VS K I LRS H- GWETA I SRKLWGL - - - GPEDLNGLNL I VDGSKGVQYLREVK DY I VQGFRWGS GEGP LCGEP MYGVK L I VE DVKL HEDP VHRGVAQ I MP VARRAT FGAF LL A

S EP I VVF RESVAAE - S TQQAL AKS PNKHNR LWVR AAP LEKDV I K I I ESGK I HQYTDR -KEMGQ I LRDDAGWDAK VGRKVWGM- - - GPEE - TDPNFY I DATKGVQYLRE VKDYL I QGFRWAGKEGPLCGEP FYG I K F LLE DVKL HEDP VHRGAGQTMP VS RRAC FGAVL L A

S EP I VVF RES VS AE - S TQQAL AKS PNKHNR LWVR AAP LEEDV I K I I E AGT I HQYTDR - KEMGQ I L RDQAGWDAKVGRKVWGM- - - GPAE - SDPNFY I DAS KGVQYLRE VKDYL I QGFRWAGKEGPLCGEP FYG I K F LLE DVKL HEDP VHRGAGQTMP VS RRAC FGAVL L A

S EP I VVF RES VKAE - S YQQAL AKS PNKHNR LWVR AGP LDPAA I K L I EEGR I HQYTDR - KEMAQ I L RDE AGWEGKAGRR VWGM- - - GPEE - DDPNFY I DATKGVQYLRE VKDY I I QGFRWAAKEGPLCGEP FYG I R FMLE DVKL HEDP VHRGAGQTMP VS RRAC FGAVL MA

S QP I VVF RES VGAV - S TMQAL AKS PNKHNR LWVT AEP VR AE TVE LL ESGK I T AYT DS - KEMAR I L RDK - GWDAHEARKVWGF - - - GPEE - NDPN I I VDATKGVQYLRE VKDY I VQGFRWAAGEGPLCGEP MYGVK YK L HDCKL HEDP AHRGVAQ I MP VARRVC FGAS LL A

S EP I VVF RES VKGE - S YMQSLAKS PNKHNR LWVR AGP LDEGA I K L I EKGS I NQYTDR - KEMAQLLRDE AGWEAK AGRKVWGM- - - GPEE - DDPNFY I DATKGVQYLRE VKDY I I QGFRWAAKEGPLCGEP FYGVR FMLE DVKL HEDP VHRGAGQ I MP VS RRAC FGAMLMA

S EP I I T FRESLE G I - S P EP ALAKS PNKHNR L F VT AQP LS QGV I DA I ENKM I TP YS DP -KK VAA I LRD - LGWEKDE AK KVWGM- - - GPGE - DGPNVF VDGTKGVQYLRE VKDY I MQGARWGMGEGP I CGEP MHGVR FNLE DCTL HEDP VHRG I GQ I MGVGRQAC FGAML I A

S DP I VVF RES VQSE - S YMQAL AKS PNKHNR LWVR AAP LDSKV I RL I ENKT I GQYTDR - RDMGR I LRDE AGWDS K I GRKVWGM- - - GPEE - DS P NF Y I DS TKGVQYL REVK DY I VQGFRWAAKEGP LCGEP FYG I QFMLE DVKL HEDP VHRGAGQVMP VS RRAC FGAMLMA

S DP I VVF RES VQAE - S YMQAL AKS PNKHNR LWVR AAP LDPK I I K L I ENKT I GQYTDR - RDMGR I LRDE AGWDS K I GRKVWGM- - - GPEE - DS P NF YLDS TKGVQYL REVK DY I VQGFRWAAKEGP LCGEP FYGVQFMLE DVKL HEDP VHRGAGQVMP VS RRAC FGAMLL A
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Supplementary Figure 16. Multiple sequence alignment of histones from different 

archaeal species and human histone H4. The term ‘refs with N tail’ refers to reference 

sequences containing an N-terminal tail of similar length to that of eukaryotic 

histones, while ‘refs without N tail’ refers to archaeal histones that lack an N-terminal 

tail. The histone sequences with an N-terminal tail can be found in Hel, Loki, Thor, 

Heimdall, and Hod of Asgard archaea. Hel, Helarchaeales; Loki, Lokiarchaeales; 

Thor, Thorarchaeia; Heimdall, Heimdallarchaeaceae; Hod, Hodarchaeales. 
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Supplementary Figure 17. Evolutionary history of the Asgard archaea and timing 

relatedness with major geological events. The phylogenetic tree was constructed using 

97 concatenated marker proteins with IQ-TREE under the LG+C60+F+G+PMSF 

model and dated using MCMCTree. Two DPANN archaea genomes were used as the 

outgroup. Different color schemes represent archaeal phylum or superphylum: 

DPANN (gray), Euryarchaea (blue), TACK (green), and Asgard archaea (purple). 

Calibration nodes are highlighted in colors to represent different types of constraints:  

archaeal root constraint set at 4.29-3.80 Ga, the chitin age constraint with a minimum 

of 1.58 Ga, the oxygen age constraint with a maximum of 2.32 Ga, and the horizontal 

gene transfer constraint from Viridiplantae to Thaumarchaeota set at 1.49-0.75 Ga 

(Supplementary Table 5). The divergence ages of major nodes are numbered 1 to 20 

and labeled with the posterior 95% confidence intervals (CIs), represented by the 

flanking horizontal blue bars. The bottom panel shows changes of atmospheric 

oxygen levels on Earth over time29.  
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Supplementary Figure 18. Ancestral reconstruction tree. This tree presents genome 

sizes along with the numbers of gene loss, duplication, and transfer events, inferred 

using gene-tree species-tree reconciliation method on the S47 dataset for 342 archaeal 

taxa. The detailed data for the figure is provided in Supplementary Table 8.  
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Supplementary Figure 19. Distribution of genes associated with Wood-Ljungdahl 

pathway (WLP) in Asgard archaea. (a) The distribution of genes related to WLP 

across 411 Asgard archaeal genomes, with the color of the first row representing 

different clades. Light-blue stripes indicate the presence of genes in a genome. Genes 

present in cultured archaeal strains are highlighted by a red box. (b) The distribution 

of genes related to WLP in five genomes from the cluster containing two cultured 

Asgard strains (B-35 and MK-D1, labelled in red), as shown in phylogenetic tree. 

Detailed gene names and distribution frequencies are provided in Supplementary table 

7. THMPT, tetrahydromethanopterin methyl branch of archaeal WLP; THF,

tetrahydrofolate methyl branch of bacterial; Loki_C, cultured Asgard strains;

TACK_C, six cultured TACK archaea; Eury_C, five cultured Euryarchaea.
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Supplementary Figure 20. Map of metabolic pathways of key ancestral nodes within 

the Asgard archaea. The red circle denotes the last common ancestor of Asgard 

archaea. The green square signifies the last common ancestor of Lokiarchaeia and 

Heimdallarchaeia. The blue hexagon represents the Lokiarchaeia ancestor. The brown 

triangle marks the Heimdallarchaeia ancestor. The missing genes are indicated by 

unfilled symbols. Detailed information for genes involved in various metabolic 

pathways is provided in Supplementary Table 6. EMP, Embden-Meyerhof-Parnas; 

ED, Entner-Doudoroff; OPPP, oxidative pentose phosphate pathway; NOPPP, 

nonoxidative pentose phosphate pathway; RuMP, ribulose monophosphate pathway; 

sp-ED, semi-phosphorylative Entner-Doudoroff pathway; np-ED, Non-

phosphorylative Entner-Doudoroff pathway; TCA cycle, citrate cycle; WLP, Wood-

Ljungdahl pathway. 
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Supplementary Figure 21. Distribution of some interesting genes across 411 Asgard 

archaea. (a) Genes related to acetate metabolism and those encoding Energy-

converting hydrogenase (Ech). (b) Genes encoding respiratory chain complexes, The 

color in the first row represents different clades. Light-blue stripes indicate the 

presence of genes in a genome. Genes present in cultured archaeal strains are 

highlighted by a red box. Detailed gene names and distribution frequencies are 

provided in Supplementary table 7. Loki_C, cultured Asgard strains; TACK_C, six 

cultured TACK archaea; Eury_C, five cultured Euryarchaea. II, Succinate 

dehydrogenase; III, Cytochrome c reductase iron-sulfur subunit; IV_bd, Cytochrome 

bd ubiquinol oxidase complex; IV_o, Cytochrome o ubiquinol oxidase; V, Archaeal-

type ATP synthase.  
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Legends for Supplementary Tables. 

Supplementary Table 1. Sampling information. 

Supplementary Table 2. Information of Asgard archaeal metagenome-assembled 

genomes (MAGs), proposed taxonomy. 

Supplementary Table 3. Information of reference genomes used for phylogenetic 

trees in this study. Taxon classification is derived from GTDB r207 or NCBI 

taxonomy. 

Supplementary Table 4. The marker sets used in this study. 

Supplementary Table 5. The genomes and calibration nodes used for 

phylogenetic divergence time estimation. 

Supplementary Table 6. Reconciliation frequency of genes in key Asgard 

ancestors inferred by ALE. The value that is greater than or equal to 0.1 is highlighted 

in green, indicating the presence of the gene at that node. 

Supplementary Table 7. Main metabolic pathways in Asgard archaea and their 

corresponding gene frequencies. A gene present in multiple copies within a genome is 

counted only once. The number following each Asgard lineage represents the number 

of genomes. 

Supplementary Table 8. Results of amalgamated likelihood estimation (ALE) 

analyses. Events of loss, transfer, origination, duplication as well as presence/absence 

(copies) were counted if they had a raw reconciliation frequency of at least 0.1.  

Supplementary Table 9. Distribution of Eukaryotic signature proteins (ESP) in 

Asgard lineages. The value of '0' indicates that the ESP is not encoded in the clade; 

'0.5' indicates that no more than 50% of the genomes in the clade encode the ESP; '1' 

indicates that more than 50% of the genomes in the clade encode the ESP. See 

supplementary dataset for original protein sequences in Figshare 

(https://figshare.com/s/6e523322b0b647b91dda). 

https://figshare.com/s/6e523322b0b647b91dda
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