
Nature Microbiology | Volume 9 | April 2024 | 964–975 964

nature microbiology

Article https://doi.org/10.1038/s41564-024-01647-4

Expanded phylogeny of extremely halophilic 
archaea shows multiple independent 
adaptations to hypersaline environments

Brittany A. Baker1, Ana Gutiérrez-Preciado    1, Álvaro Rodríguez del Río    2, 
Charley G. P. McCarthy    3,4, Purificación López-García    1, 
Jaime Huerta-Cepas    2, Edward Susko3,5, Andrew J. Roger    3,4, Laura Eme    1  
& David Moreira    1 

Extremely halophilic archaea (Haloarchaea, Nanohaloarchaeota, 
Methanonatronarchaeia and Halarchaeoplasmatales) thrive in saturating 
salt concentrations where they must maintain osmotic equilibrium 
with their environment. The evolutionary history of adaptations 
enabling salt tolerance remains poorly understood, in particular 
because the phylogeny of several lineages is conflicting. Here we 
present a resolved phylogeny of extremely halophilic archaea obtained 
using improved taxon sampling and state-of-the-art phylogenetic 
approaches designed to cope with the strong compositional biases of 
their proteomes. We describe two uncultured lineages, Afararchaeaceae 
and Asbonarchaeaceae, which break the long branches at the base 
of Haloarchaea and Nanohaloarchaeota, respectively. We obtained 
13 metagenome-assembled genomes (MAGs) of these archaea from 
metagenomes of hypersaline aquatic systems of the Danakil Depression 
(Ethiopia). Our phylogenomic analyses including these taxa show that at 
least four independent adaptations to extreme halophily occurred during 
archaeal evolution. Gene-tree/species-tree reconciliation suggests that 
gene duplication and horizontal gene transfer played an important role in 
this process, for example, by spreading key genes (such as those encoding 
potassium transporters) across extremely halophilic lineages.

For decades, all known extremely halophilic archaea (growing at salt 
concentrations >30% w/v) belonged to the Halobacteria1,2 (henceforth 
Haloarchaea). Recently, metagenomics uncovered additional groups, 
whose phylogenetic positions have been unclear (Extended Data Fig. 1): 
(1) Nanohaloarchaeota3–5, tiny symbiotic archaea initially thought to 

be closely related to the Haloarchaea but placed later in the DPANN 
super-group6, suggesting an independent adaptation to extreme 
salinity; (2) Methanonatronarchaeia7, a class of extremely halophilic 
methanogens, initially proposed to be an ‘evolutionary intermediate’ 
between non-halophilic Class II methanogens and Haloarchaea, but 
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and their presence in both anoxic5 and oxic (this work) environments, 
we propose formally naming this family Asbonarchaeaceae, derived 
from ‘asbo’, meaning salt in the Afar language, acknowledging their 
consistent presence in hypersaline systems.

DPANN genomes, like those in the Asbonarchaeaceae, typically 
lack certain genes, leading to an underestimated genome complete-
ness, typically up to ~85%19,28. We thus probably obtained a nearly 
complete asbonarchaeal MAG (DAL-WCL_45_84C1R, 84% complete) 
representing the type species for this family, Asbonarchaeum danak-
ilense gen. nov., sp. nov. (see description below), with a genome size 
of 1.2 Mbp, similar to other DPANNs19 (Supplementary Data 1). Asbon-
archaeaceae lack crucial biosynthetic pathways (lipid, nucleotide and 
amino acid biosynthesis), suggesting that they live symbiotically, rely-
ing on a host like other DPANN groups29–31 (Fig. 1d and Supplementary 
Data 4). They lack a canonical electron transport chain but possess 
all essential subunits of a V/A-type ATP synthase (Fig. 1d)29. We again 
predict that Asbonarchaeaceae employ salt-in osmoregulation with 
multiple K+ transporters (Supplementary Data 4) and a highly acidic 
proteome (Fig. 2a,b). Despite their phylogenetic relationship with 
the Nanosalinaceae, they display a distinct amino acid composition 
(Fig. 2a), confirming their status as an independent family within the 
Nanohaloarchaeota.

Undescribed gene families in Afararchaeaceae and 
Asbonarchaeaceae
We identified previously undescribed gene families using a two-step 
approach. First, we searched for genes in Afararchaeaceae and Asbo-
narchaeaceae genomes with no detectable homologues in sequence 
databases of cultured organisms (RefSeq32, Pfam33 and EggNOG34), 
revealing a large number of potentially unique genes (10–30% of their 
total genes; Extended Data Fig. 2a). Second, we compared these genes 
against a vast collection of 169,529 prokaryotic genomes35, confirm-
ing that only 14% (Asbonarchaeaceae) and 17.1% (Afararchaeaceae) 
have related genes in other uncultured species, highlighting many 
unknown lineage-specific genes (Supplementary Data 4 and 5). Nota-
bly, these genes encode proteins with an acidic pH isoelectric point, 
aligning with adaptation to hypersaline environments36 (Extended 
Data Fig. 2b). A considerable percentage of these proteins contain 
transmembrane domains or signal peptides, probably targeting them 
to the membrane or extracellular space, directly interacting with 
the external high salt concentrations. We analysed their genomic 
context to predict their functions. Approximately 5% (Afararchae-
aceae) and 18% (Asbonarchaeaceae) of them have conserved synteny 
and co-localize with genes with known functions, indicating roles 
related to those of their neighbouring genes (Supplementary Data 5 
and 6). For example, we found a protein in Afararchaeaceae next to 
a mechanosensitive ion channel (Fig. 1e), suggesting a potential role 
in osmotic regulation37.

A conserved core of archaeal phylogenetic markers
Previous attempts to determine the phylogenetic placement of extreme 
halophiles mainly relied on limited datasets such as single genes3,9 or 
concatenated ribosomal proteins7,10. However, these small datasets 
contain few sites and provide limited phylogenetic information18,38. 
Moreover, ribosomal proteins may have compositional biases that 
differ from the rest of the proteome due to their complex protein–
protein and protein–RNA interactions18,39. To address these issues and 
accurately determine the positions of extreme halophilic archaea, we 
conducted comprehensive phylogenomic analyses using a dataset of 
136 non-ribosomal marker proteins (NM dataset; 39,385 positions) 
highly conserved among archaea18. These proteins serve various func-
tions (Supplementary Data 7), reducing potential biases linked to 
co-evolution patterns. On the basis of individual phylogenetic trees, we 
manually curated our NM marker set to exclude possible HGT or hidden 
paralogy (see Methods). In addition, we curated a set of 48 ribosomal 

placed at the base of Methanotecta in more recent studies8–11; and (3) 
Halarchaeoplasmatales12, an order robustly placed within Thermo-
plasmatota. These extremely halophilic archaea have evolved unique 
strategies to cope with osmotic stress: they pump high levels of potas-
sium into their cells13 and maintain acidic proteomes, rich in aspartic 
and glutamic acids and depleted in basic and large hydrophobic amino 
acids14–17. These amino acid usage biases and the higher evolutionary 
rate at the base of halophilic archaea can lead to long-branch attrac-
tion (LBA) and other phylogenetic reconstruction artefacts, resulting 
in conflicting evolutionary relationships9,18,19. Thus, how many times 
these adaptations evolved remains enigmatic. Here we introduce 
two previously undescribed families of extreme halophiles, Afarar-
chaeaceae and Asbonarchaeaceae. With sophisticated methods and 
broader taxonomic sampling, we establish a comprehensive phylogeny 
of halophilic archaea. Our updated scenario highlights at least four 
independent adaptations to hypersaline environments and emphasizes 
the adaptive role of horizontal gene transfer (HGT) between different 
halophilic groups.

Results
Two previously undescribed groups of halophilic archaea
The Danakil Depression (Afar region, Ethiopia) contains hyper-
saline lakes hosting extremely halophilic archaea20,21. Among the 
metagenome-assembled genomes (MAGs) reconstructed from these 
lakes, we identified 13 belonging to two lineages of extreme halophiles 
phylogenetically distant from already known groups, plus one addi-
tional MAG placed deep in the Haloarchaea (Fig. 1a,c and Supplemen-
tary Data 1).

The first group, a family-level lineage named Afararchaeaceae 
(after Ethiopia’s Afar region), was represented by four moderately 
GC-rich (53–60%) MAGs with average nucleotide identity (ANI) val-
ues between 72 and 74% between them (Supplementary Data 2 and 
Fig. 1a,b). Afararchaeaceae branched with maximal support as a sister 
lineage to the group UBA12382 (or ‘hikarchaea’10)+Haloarchaea (Fig. 1a 
and Supplementary Fig. 2). Initially described as intermediates between 
non-halophilic methanogens and Haloarchaea10, this result suggests 
that hikarchaea adapted secondarily to low salinity from an extremely 
halophilic ancestor.

The most complete afararchaeal MAG (DAL-WCL_na_97C3R), for-
mally named Afararchaeum irisae gen. nov., sp. nov. (see description 
below), had a size of ~1.9 Mbp (Supplementary Data 1). KEGG anno-
tation22 indicates that Afararchaeaceae are probably heterotrophic 
aerobes that utilize branched-chain amino acids as a carbon source, 
similar to many known Haloarchaea23 (Fig. 1b and Supplementary Data 
3). They are likely mobile, possessing all genes for the archaeal flagel-
lum (archaellum)24 and a chemotaxis operon. In addition, afararchaeal 
MAGs encode a single type-II sensory rhodopsin for phototaxis25 but 
lack bacteriorhodopsin genes, suggesting that these archaea do not 
use light as an additional energy source like many Haloarchaea26. As 
expected, Afararchaeaceae probably employ a salt-in osmoregulation 
involving multiple K+ transporters (eight Trk-like and two Kef-like), 
mechanosensitive ion channels (MscS and MscL) and Na+/Ca2+ exchang-
ers (Supplementary Data 2). Consequently, they also exhibit a highly 
acidic proteome (Fig. 2a,b).

The second group comprises nine MAGs (46–64% GC content) with 
ANI values between 74 and 79% between them (Supplementary Data 
2 and Fig. 1c,d). They branched as a sister group to the DPANN family 
Nanosalinaceae (Fig. 1c and Supplementary Fig. 3) and are related to 
MAGs that were previously classified as ‘Nanoanaerosalinaceae’ and 
‘Nanohalalkaliarchaeaceae’5 (Supplementary Fig. 4). However, these 
two families have been merged within the family ‘JALIDP01’ in the 
Genome Taxonomy Database (GTDB)27. Our MAGs provide substantial 
coverage of this family, with three related to the former ‘Nanoanaero-
salinaceae’ and six to the single MAG representing the ‘Nanohalalkaliar-
chaeaceae’5 (Supplementary Fig. 4). Given this taxonomic uncertainty 
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proteins (RP dataset, 6,792 positions) to compare their phylogenetic 
signal with that of the NM dataset.

Testing the influence of taxon sampling
Extreme halophilic archaea often display long branches, poten-
tially yielding artefactual placements due to LBA40,41. To address 
this, we employed different datasets and approaches. In addition  

to the full dataset (Fig. 3a, and Extended Data Figs. 3 and 4), we 
used smaller taxon samplings, focusing on specific archaeal groups 
such as Euryarchaeota only (including Afararchaeaceae) and 
Euryarchaeota+Nanohaloarchaeota (Supplementary Figs. 5–8 and  
Data 8). The corresponding phylogenies revealed congruent place-
ments for all extreme halophiles except Methanonatronarchaeia. 
NM-based maximum likelihood (ML) trees grouped them with 
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Fig. 1 | Phylogenetic position and metabolic potential of the families 
Afararchaeaceae and Asbonarchaeaceae. a, Maximum likelihood phylogenetic 
tree of 35 Euryarchaeota, including four Afararchaeaceae MAGs (highlighted 
in green), based on the concatenation of 122 single-copy proteins obtained 
from the GTDB. The tree was inferred via IQ-TREE with the LG + C60 + F + Γ4 
model of sequence evolution. The statistical support for branches, with filled 
circles representing values equal to or larger than 99% support, corresponds 
to 1,000 ultrafast bootstrap replicates. The scale bar indicates the expected 
average number of substitutions per site. All taxonomic ranks shown are based 
on the GTDB r207 family-level classification. See Supplementary Fig. 2 for the 
uncollapsed tree. b, Non-exhaustive metabolic scheme based on the predicted  
gene content of the most complete afararchaeal MAG (DAL-WCL_na_97C3R).  
A detailed table of the predicted gene content can be found in Supplementary  
Table 3. c, Maximum likelihood phylogenetic tree of 24 DPANN archaea,  
including nine Asbonarchaeaceae MAGs (highlighted in wine), based on  

the concatenation of 99 single-copy proteins obtained from the GTDB.  
The tree was inferred by IQ-TREE with the LG + C60 + F + Γ4 model of sequence 
evolution. The statistical support for branches corresponds to 1,000 ultrafast 
bootstrap replicates. The scale bar indicates the expected average number  
of substitutions per site. All taxonomic ranks are based on the GTDB r207  
family-level classification. See Supplementary Fig. 3 for the uncollapsed tree.  
d, Non-exhaustive metabolic scheme based on the predicted gene content  
of the most complete asbonarcharchaeal MAG (DAL-WCL_45_84C1R). A detailed 
table of the predicted gene content can be found in Supplementary Table 4.  
e, Gene maps showing a previously undescribed gene family (orange) linked  
to a conserved mechanosensitive ion channel (mscS2) in the afararchaeal MAGs. 
speB, agmatinase; eif5a, eukaryotic initiation factor 5A; dacZ, di-adenylate 
cyclase; arsC, arsenate reductase; cca, tRNA nucleotidyltransferase; tmk, 
thymidylate kinase.
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Methanotecta (that is, Haloarchaea, ‘hikarchaea’, Class II methano-
gens, Methanopagales, ANME-1, Synthrophoarchaeales and Archae-
oglobales) or with the Afararchaeaceae+’hikarchaea’+Haloarchaea 
(AHH) clade, while RP-based ML trees placed them as sisters to the 
AHH clade. The two topologies were significantly different based 
on an approximately unbiased (AU) test42 since the NM topology 
was rejected on the basis of the RP alignment (P value = 0.0000431) 
and the RP topology was rejected on the basis of the NM alignment  
(P value = 0.0000165). Bayesian analyses, with four Markov chain  

Monte Carlo (MCMC) chains each and applying the complex CAT + GTR 
model, showed similar conflicting placements (Supplementary  
Figs. 9–12), highlighting how different taxon samplings, models and 
phylogenetic frameworks can showcase conflicting signals in phylo-
genetic analyses of Methanonatronarchaeia. These results underscore 
the challenges in placing extreme halophiles accurately, most probably 
because of their unique compositional biases linked to their ‘salt-in’ 
osmoregulation strategy14–17, which are not properly accounted for by 
standard substitution models43.
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Fig. 2 | Protein amino acid compositional biases in extremely halophilic 
archaeal lineages. a, PCA plot of 192 archaeal proteomes based on amino acid 
frequencies. The red ellipse indicates the clustering of extreme halophiles 
(coloured diamonds), including the families Afararchaeaceae (green colour) 
and Asbonarchaeaceae (wine colour). b, Isoelectric point (pI) distribution of 
192 archaeal proteomes. Non-halophilic archaea (grey lines) display a bimodal 
distribution of pI values, while extreme halophiles (coloured lines) exhibit a 
single spike at pI ~4, indicating a highly acidic proteome. c,d, Binomial tests for 
the (c) NM and (d) RP datasets, they compare the proportions of all 20 amino 
acids between extreme halophiles and non-halophiles. Z-scores were calculated 

relative to extreme halophiles, with |Z| > 1.96 indicating significant enrichment 
of a given amino acid in extreme halophile sequences (‘Over-represented’), 
|Z| < −1.96 indicating significant depletion of a given amino acid in extreme 
halophile sequences (‘Under-represented’), and some amino acids showing 
no significant bias (‘NS’). e,f, D + E/I + K site-by-site bias (defined as the ratio 
[D + E/I + K for extreme halophiles]/[D + E/I + K for non-halophiles]) for the 
2,000 most biased sites of the (e) NM dataset (39,385 amino acid positions) 
and (f) RP dataset (6,792 amino acid positions). Inset pie charts depict the 
proportion of amino acids with a ratio greater than or equal to 1 (dark blue) 
versus less than 1 (grey).
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Addressing the effect of compositional biases
Model misspecification induced by compositional bias is a known 
source of phylogenetic error. To reduce potential LBA artefacts affect-
ing extreme halophiles, previous studies either recoded data into four 
character states10,44 or removed the fastest-evolving sites8,10,44. How-
ever, the latter method resulted in the loss of up to 50% of alignment 
sites, which is problematic for small datasets such as the RP-based 
ones11. Therefore, we explored two alternative approaches to address 
halophile-specific compositional biases while preserving substantial 
phylogenetic information.

First, we identified amino acids significantly over or under- 
represented in extreme halophiles compared with non-halophiles in 
the 192-taxa NM and RP datasets. D + E and I + K were the most over 
and under-represented amino acids, respectively (Fig. 2c,d). We then 
applied a variation of the GFmix model43 to cope with these specific 
compositional biases. GFmix is a site-heterogeneous mixture model 
that adjusts amino acid frequencies for each class of the mixture model 
in a branch-specific manner to accommodate shifts in amino acid 
composition over the branch. Amino acids were categorized into three 
groups: those that increased, decreased or remained unchanged in 
frequency on the branch. We used the LG + C60 + F + Γ4 model with 
GFmix (GFmix-DE/IK model), where [D + E]/[I + K] compositional ratio 
varied over branches. Despite improvements in likelihood values under 
this model, the RP and NM datasets remained incongruent regarding 
the position of Methanonatronarchaeia (Supplementary Fig. 13). We 
also explored a GFmix variant with larger groups of significantly over 
and under-represented amino acids (Fig. 2c,d). Although it further 

improved the likelihood, the relative preferences of topologies for each 
dataset remained unchanged (Supplementary Fig. 13).

Our second approach involved the gradual removal of highly com-
positionally biased alignment sites. We calculated the D + E/I + K ratio 
for halophilic versus non-halophilic lineages, ranked the sites accord-
ingly and then progressively removed the most biased sites. For the 
192-taxa NM dataset, the position of Methanonatronarchaeia remained 
unchanged until 80% of sites were removed, after which they branched 
as the sister group of the AHH clade with weak support (Fig. 3b). By 
contrast, for the 192-taxa RP dataset, Methanonatronarchaeia shifted 
to a fully supported sister position to Methanotecta with only 5% of the 
most biased sites removed (Fig. 3c). This is congruent with the observa-
tion that the RP dataset has a higher proportion of sites with biased D + 
E/I + K ratios compared to the NM dataset (4% versus 0.4% of positions 
with a ratio ≥1, respectively) (Fig. 2e,f and Extended Data Fig. 5).

We examined the ribosomal proteins with the most biased sites 
(for example, L1, L12e, S6 and S15) and found that they were located 
on the outer surface of the ribosomal complex, in close interaction 
with the K+-rich cytoplasm (Supplementary Fig. 14 and Video 1). To 
confirm the impact of the D + E/I + K bias on the RP-based phylogeny, 
we inferred an ML tree using a concatenation of the 18 most biased 
ribosomal proteins, which resulted in all extremely halophilic groups 
clustering with 100% support (Supplementary Fig. 15). We also recon-
structed Bayesian phylogenies with 20% of the most biased alignment 
sites removed for both the 104-NM and 104-RP datasets. Contrary to 
trees constructed with the untreated datasets (see above), all MCMC 
chains for both datasets supported the deeper-branching position 
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Fig. 3 | Maximum likelihood phylogeny of archaea, including the 
Afararchaeaceae and Asbonarchaeaceae. a, Phylogenetic tree based on  
the concatenation of 136 conserved markers (NM dataset) across 192 taxa 
(39,385 sites) via IQ-TREE under the LG + C60 + F + Γ4 model. Statistical support 
indicated on the branches corresponds to 1,000 ultrafast bootstrap replicates. 
The scale bar indicates the number of substitutions per site. Colours indicate the 
currently known groups of extremely halophilic archaea. The taxonomic level 
(p, phyla; c, class) and the size of collapsed clades are indicated in parentheses; 

see Extended Data Fig. 3 for the uncollapsed tree. b,c, Impact of the progressive 
removal (in steps of 10%) of the most compositionally biased sites from the 
(b) 192-NM (39,385 amino acid positions) and (c) 192-RP (6,792 amino acid 
positions) datasets. Lines show the statistical support values for the position of 
each of the halophilic clades of interest. These support values were estimated 
using the ultrafast bootstrap approximation from the ML tree reconstruction 
(LG + C60 + F + Γ4 model) for each site-removal step.
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of Methanonatronarchaeia sister to Methanotecta (Supplementary 
Figs. 16 and 17).

A recent study suggested that, given their slow evolutionary rate 
and their belonging to a single complex, ATP synthase subunits A and 
B are less susceptible to phylogenetic artefacts9. A phylogeny based on 
the concatenation of both subunits supported the Nanohaloarchaeota 
sister to Haloarchaea9,45. However, when we removed 15% of the highest 
D + E/I + K ratio sites from this dataset, Nanohaloarchaeota branched 

deeper (Extended Data Fig. 6), indicating that a few highly biased sites 
artificially drove their position close to Haloarchaea.

In conclusion, our phylogenomic analyses, especially those 
mitigating the strong convergent compositional bias shared by the 
halophilic lineages, robustly support at least four independent adapta-
tions to extreme halophily in archaea: in the AHH clade, Methanona-
tronarchaeia, Halarchaeoplasmatales and Nanosalinaceae+Asbona
rchaeaceae.
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Gene content evolution in archaeal extreme halophiles
We used the amalgamated likelihood estimation (ALE) method to 
examine gene content evolution in the 192-taxa dataset. By reconcil-
ing individual gene trees with the species tree (Fig. 3a), we estimated 
gene duplications, transfers, originations, losses and copy numbers 
at all ancestral nodes. This approach included Methanonatronar-
chaeia, previously excluded from similar analyses due to their unre-
solved phylogenetic position10. Gene transfer and loss appear to be 
the primary drivers of gene content evolution in archaea, including 
halophilic groups (Fig. 4, Extended Data Fig. 7 and Supplementary 
Fig. 18). Haloarchaea, with some of the largest genome sizes among 
archaea46, also experienced significant gene originations and dupli-
cations during their early evolution. This expansion involved genes 
encoding key inorganic ion transporters (Trk and Kef-type K+ trans-
porters, Mg2+ transporters, SSF Na+/solute symporters, NhaP-type 
K+/H+ antiporters, Ca+/Na+ and Na+/H+ antiporters) crucial for 
osmotic regulation (Supplementary Figs. 19–26 and Extended Data 
Fig. 8a), and molecular chaperones such as GrpE (Supplementary 
Fig. 27), which prevents protein aggregation during response to 
hyperosmotic stress47. Amino acid transporters, vital for species of 
these groups thriving on amino acids23, also exhibited duplications 
(Extended Data Fig. 7). Presence probabilities estimated by ALE at 
key halophilic ancestors are reported for each of these proteins in 
Supplementary Data 9.

Halarchaeoplasmatales also had numerous gene duplications, 
spanning metabolism and informational processes such as transcrip-
tion, DNA replication and repair (Extended Data Fig. 7). In Nanosali-
naceae and Asbonarchaeaceae, gene transfer was dominant but less 
pronounced due to constraints in these small-sized archaea to maintain 
compact genomes48. By contrast, the ‘hikarchaea’ displayed extensive 
gene loss, which supports the hypothesis that these marine archaea 
evolved from extremely halophilic ancestors (the Hik-Haloarchaea 
ancestor with 1,323 inferred protein-coding genes, Fig. 4) and adapted 
to nutrient-poor deep-sea environments through gene loss, typical of 
many streamlined marine prokaryotes49,50. Nevertheless, this adap-
tation also included duplications of specific genes linked to energy 
production, conversion, and carbohydrate and amino acid transport 
and metabolism (Extended Data Fig. 7). Notably, we observed multiple 
copies of aerobic-type carbon monoxide dehydrogenase, found in 
other microorganisms adapted to the same nutrient-poor environ-
ments51 (Supplementary Fig. 28).

Massive HGT from bacteria has probably played an important role 
in the evolution of Haloarchaea, although its extent and timing are 
still debated52–55. Several transfers happened before the split between 
Afararchaeaceae and Haloarchaea, facilitating the adaptation of their 
common ancestor to extreme halophily. For instance, the choline 
dehydrogenase BetA, involved in the synthesis of the osmoprotectant 
glycine-betaine56, was acquired through HGT (Extended Data Fig. 8b). 
Notably, this gene is absent in hickarchaea, reinforcing the idea of 
gene loss during their secondary adaptation to low-salt environments. 
Another example is a BCCT family transporter involved in osmoprotect-
ant uptake, such as glycine betaine56, which Methanonatronarchaeia 
acquired from bacteria (Supplementary Fig. 29).

HGT between Haloarchaea and other halophilic archaea has also 
played a role in their convergent adaptations to extreme salinity. Exam-
ples include the chaperone GrpE and various multicopy transporters 
such as K+ (Trk- and Kef-type) and Mg2+ transporters, and K+/H+, Ca2+/
Na+ and Na+/H+ antiporters. In addition, other inorganic molecule 
transporters have been transferred among halophilic archaeal groups, 
such as SNF-family Na+-dependent transporters, ZupT and FieF-type 
metal transporters, sulfur transporters, Na+/H+ antiporters and Na+/
phosphate symporters (Supplementary Figs. 30–36).

HGT of organic molecule transporters is also observed, such as a 
transporter of Krebs cycle intermediates shared by Haloarchaea and 
Asbonarchaeaceae (Supplementary Fig. 37). We also identified genes 

of bacterial origin encoding various transporters subsequently trans-
ferred between different halophilic archaeal groups. These include 
genes encoding an AmiS/UreI urea transporter transferred between 
Haloarchaea and Nanohaloarchaea, and a TauE/SafE sulfite exporter 
transferred between Haloarchaea and Methanonatronarchaeia (Sup-
plementary Figs. 38 and 39), consistent with previous reports of inter-
domain HGT followed by intradomain HGT57.

Discussion
Our study yields a robust archaeal phylogeny, including two pre-
viously unknown halophilic lineages, Asbonarchaeaceae (closely 
related to Nanosalinaceae within the DPANN) and Afararchaeaceae 
(closely related to the Haloarchaea + ‘hikarchaea’ group). The position 
of Afararchaeaceae challenges the previous notion of ‘hikarchaea’ 
being intermediates between methanogens and haloarchaea10, as 
they instead adapted secondarily to low salinity from extremely halo-
philic ancestors. Our phylogenomic analyses also position Metha-
nonatronarchaeia as sister to Methanotecta, not as intermediates 
between Class II methanogens and haloarchaea7. Thus, we identify 
four independent adaptations to extreme halophily in archaea: in 
Haloarchaea+Afararchaeaceae, Methanonatronarchaeia, Halar-
chaeoplasmatales and Nanosalinaceae+Asbonarchaeaceae. All these 
adaptations involve a salt-in strategy with convergent independent 
extensive proteome acidifications. In addition, HGT played a crucial 
role in spreading key genes, such as those encoding ion transport-
ers, among these halophilic lineages. This prompts the question of 
whether the initial adaptations to extreme halophily occurred as a 
singular event in one group, spreading through HGT to the other 
groups, and which lineage of extreme halophiles emerged first. 
Answering these intriguing questions will require further investi-
gation of adaptive genes and their distribution in known and still 
undescribed halophilic archaea.

Taxonomic descriptions
Taxon names have been described under the SeqCode58 as follows:

Afararchaeum gen. nov. Etymology. archaeum (N.L. neut. n.): an 
archaeon; Afararchaeum (N.L. neut. n.): an archaeon from the Afar 
region. Type species. Afararchaeum irisae.

Afararchaeum irisae sp. nov. Etymology. irisae (N.L. gen. n): named 
after the Iris Foundation (France), which supports the study and pres-
ervation of endangered ecosystems including those in the Afar region. 
The designated type MAG is DAL-WCL_na_97C3R.

Diagnosis. This archaeon lives in oxic hypersaline waters. 
It encodes genes for aerobic respiration and probably uses amino 
acids for organoheterotrophic growth. Its genome is ~1.9 Mbp  
(GC content: 55%). It is known from environmental sequencing only.

Afararchaeaceae fam. nov. Etymology. Afararchaeum (N.L. neut. n.):  
a genus name; -aceae, ending to denote a family; Afararchaeaceae  
(N.L. fem. pl. n.): the Afararchaeum family.

Asbonarchaeum gen. nov. Etymology. Asbo (Afar language): salt; 
archaeum (N.L. neut. n.): an archaeon; Asbonarchaeum (N.L. neut. n.): 
a salt archaeon. Type species. Asbonarchaeum danakilense.

Asbonarchaeum danakilense sp. nov. Etymology. danakilense (N.L. 
neut. adj.): pertaining to the Danakil Depression. The designated type 
MAG is DAL-WCL_45_84C1R.

Diagnosis. This halophilic archaeon lives in oxic hypersaline 
waters of the Danakil Depression. It has a ~1.2 Mb streamlined genome 
(GC content: 61%). It lacks most biosynthetic pathways, most probably 
growing as a symbiont of an unknown host. It is known from environ-
mental sequencing only.
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Asbonarchaeaceae fam. nov. Etymology. Asbonarchaeum (N.L. neut. 
n.): a genus name; -aceae, ending to denote a family; Asbonarchaeaceae 
(N.L. fem. pl. n.): the Asbonarchaeum family.

Chewarchaeum gen. nov. Etymology. Chew (Amharic language): salt; 
archaeum (N.L. neut. n.): an archaeon; Chewarchaeum (N.L. neut. n.): a 
salt archaeon. Type species: Chewarchaeum aethiopicum.

Chewarchaeum aethiopicum sp. nov. Etymology. aethiopicum  
(L. neut. adj): Ethiopian. The designated type MAG is DAL-9Gt_70_90C3R.

Diagnosis. This halophilic archaeon lives in oxic hypersaline 
waters of the Danakil Depression. It encodes genes for aerobic respi-
ration and probably uses amino acids for organoheterotrophic growth. 
Its genome is ~2.9 Mb (GC content: 61%). It is known from environmental 
sequencing only.

Chewarchaeaceae fam. nov. Etymology. Chewarchaeum (N.L. neut. 
n.): a genus name; -aceae, ending to denote a family; Chewarchaeaceae 
(N.L. fem. pl. n.): the Chewarchaeum family.

Methods
Selection of metagenome-assembled genomes
We searched for MAGs related to known groups of extremely halo-
philic archaea in the Danakil Depression datasets20,21. For this, we 
included 61 Danakil MAGs in a preliminary phylogenetic tree con-
taining 488 representatives of archaeal diversity and constructed a 
phylogenetic tree using 49 concatenated ribosomal proteins with 
IQ-TREE (v.2.0.3)59 (Supplementary Fig. 40). The tree was built using the 
LG + C20 + F + Γ4 model of sequence evolution and support at branches 
was estimated from 1,000 ultrafast bootstrap replicates. From this 
analysis, we selected 14 high-quality MAGs (>50% completeness, ≤5% 
redundancy) representing potential divergent groups of extremely 
halophilic archaea based on their position compared to other known 
halophilic archaea. These 14 MAGs were taxonomically classified using 
GTDB-Tk27 (v.2.3.0, r207; 1 April 2022) and assigned to families within 
three GTDB orders: 4 MAGs were assigned to a previously undescribed 
family belonging to the order ‘JAHENH01’, which we have named Afara-
rchaeaceae; 9 MAGs were assigned to another previously undescribed 
family belonging to the order Nanosalinales, which we have named 
Asbonarchaeaceae; and 1 MAG belonged to a third family in the order 
Halobacteriales, which we have named Chewarchaeaceae (see taxo-
nomic description above for more details). The pairwise ANI values for 
the 4 Afararchaeaceae MAGs (Supplementary Fig. 1a) and 9 Asbonar-
chaeaceae MAGs (Supplementary Fig. 1c) were calculated using FastANI 
(v.1.34)60. The pairwise average amino acid identity (AAI) values for the 
4 Afararchaeaceae MAGs (Supplementary Fig. 1c) and 9 Asbonarchae-
aceae MAGs (Supplementary Fig. 1d) were calculated using an online 
calculator61. This AAI calculator estimates the AAI using the reciprocal 
best hits (two-way AAI) between two genomic datasets of proteins.

Metagenome-assembled genome annotation
Coding DNA sequences were predicted with Prodigal (v.2.6.3)62 and 
subjected to Pfam33 and COG63 functional annotations inside the Anvi’o 
v.5 pipeline64. Genes were also annotated with KofamKOALA65 and 
eggNOG-mapper (v.2.1.5)34. Additional manual curation was done for 
the two most complete Afararchaeaceae and Asbonarchaeaceae MAGs 
(DAL-WCL_na_97C3R and DAL-WCL_45_84C1R, respectively). Further 
information on gene annotations and functional predictions can be 
found in Supplementary Data 3 and 4.

Detection of undescribed protein families
We computed family clusters of the proteins predicted for the MAGs 
of the archaeal families Afararchaeaceae and Asbonarchaeaceae  
using Mmseqs2 (v.3.0)66 with relaxed thresholds: minimum percent-
age of amino acids identity of 30%, e-value < 1 × 10−3 and a minimum 

sequence coverage of 50% (--min-seq-id 0.3 -c 0.5 --cov-mode 2 
--cluster-mode 0). To detect families with no homologues in refer-
ence databases, we mapped (1) the protein sequences encoded in 
the MAGs against EggNOG using eggNOG-mapper (v.2)34 (hits with 
an e-value < 1 × 10−3 were considered as significant); (2) the protein 
sequences encoded in the MAGs against PfamA domains using HMMER 
(v.3.3.2)67 (hits with an e-value < 1 × 10−5 were considered as signifi-
cant); (3) the protein sequences encoded in the MAGs against PfamB 
domains using HMMER (v.3.3.2)67 (hits with an e-value < 1 × 10−5 were 
considered as significant); and (4) the coding DNA sequences of the 
MAGs against RefSeq using Diamond BLASTx68 (‘sensitive’ flag, hits 
with an e-value < 1 × 10−3 and query coverage >50% were considered as 
significant). We only considered families as undescribed if they had 
no detectable homologues in these databases. To address the taxo-
nomic breadth of these families, we used Diamond BLASTp (v.2.1.7)68 
(‘sensitive’ flag, hits with an e-value < 1 × 10−3 and query coverage >50% 
were considered as significant) to map the longest sequence of each 
family against the proteins encoded in a collection of 169,484 genomes 
spanning the prokaryotic tree of life and including non-cultured spe-
cies coming from diverse sequencing efforts: the Genomic Catalog 
of Earth’s Microbiomes (GEM)69, the Global Microbial Gene Catalog 
(GMGC)70, the Unified Human Gastrointestinal Genome collection 
(UHGG)71 and the Ocean Microbiomics Database (OMD)72. We then 
expanded each protein family with the hits from these databases. If, 
after expanding, a family incorporated genes with homologues in 
EggNOG, that family was then discarded from the undescribed family 
set. We predicted signal peptides and transmembrane domains on 
the gene families using SignalP (v.6.0)73 and TMHMM (v.2.0)74. Protein 
families were considered as transmembrane or exported if >80% of 
their members had a predicted transmembrane domain or a signal 
peptide, respectively.

Phylogenomic analyses
We collected the proteomes of 192 taxa spanning all major archaeal 
supergroups (including the Afararchaeaceae and Asbonarchaeaceae). 
We reconstructed two phylogenomic datasets consisting of 48 ribo-
somal proteins (RP) and 136 non-ribosomal markers (NM) widely 
distributed in archaea (Supplementary Fig. 41). The 136 NM dataset 
was based on curating a set of 200 markers previously shown to be 
highly conserved across the archaeal domain18. To ensure standard-
ized protein-coding gene predictions, all 192 genomes were first run 
through Prodigal62. Next, sequences similar to the RP and NM proteins 
were identified using BLAST (v.2.10.0)75 with relatively relaxed criteria 
(>20% sequence identity over 30% query length) to retrieve even diver-
gent homologues, such as those found in fast-evolving lineages like 
the DPANN archaea. For each of the 192 taxa, up to 5 of the best BLAST 
hit sequences were kept and included in a single file for phylogenetic 
reconstruction. Preliminary trees inferred with FastTree2 (v.2.1.11)76 
under the LG + Γ model were manually examined to identify the cor-
rect orthologue for each taxon and to detect cases of contamination, 
HGT, or paralogy. These spurious sequences were removed and the 
remaining ones used for reconstruction of a phylogenetic tree. Multiple 
rounds of manual curation were done in this way until all problematic 
sequences were removed. Once curated, each orthologous group 
was aligned with MAFFT L-INS-i (v.7.450)77 and trimmed with BMGE 
(v.1.12)78 (-m BLOSUM30 -b 3 -g 0.2 -h 0.5). We performed a final round 
of verification of the single-gene trees reconstructed using the more 
sophisticated LG + C60 + F + Γ4 model in IQ-TREE (v.2.0.3)59 before 
concatenating the individually trimmed alignments into two super-
matrices (RP and NM). The 192-RP and 192-NM alignments were then 
subsampled to generate two additional alignments consisting of 87 
taxa containing only Euryarchaeota (87-RP and 87-NM) and 104 taxa, 
including the 87 Euryarchaeota plus 8 Nanosalinaceae and 9 Asbon-
archaeaceae (104-RP and 104-NM). These six alignments were then 
used for ML phylogenetic reconstruction under the LG + C60 + F + Γ4 
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sequence evolution model (with 1,000 ultrafast bootstrap replicates) 
using IQ-TREE (v.2.0.3)59. For four of the six alignments (87-RP, 104-RP, 
87-NM and 104-NM), Bayesian phylogenetic reconstructions were also 
run using the CAT + GTR model as implemented in PhyloBayes (v.1.8)79. 
Four MCMC chains were run in parallel for each alignment. Although 
convergence was not reached after 8 months of calculation, a sufficient 
effective sample size was reached (effsize > 300) while using a burn-in 
of 3,000 cycles and sampling every 50 generations after the burn-in.

Amino acid composition analysis
We used an in-house Python v.3.10.5 script (https://github.com/
bbaker567/phylogenetics) to estimate the frequency of each amino 
acid in our selection of 192 archaeal taxa for the whole predicted 
proteomes, as well as for the RP and NM datasets. These frequencies 
were analysed using principal component analysis (PCA) with ggplot2 
(v.3.4.2)80.

In addition, for each amino acid, the compositional bias between 
halophiles and non-halophiles was measured for the RP and NM data-
sets with the Z-score from a binomial test of two proportions:

Z = p1 − p2

√p0(1 − p0) ( 1
n1
+ 1

n2
)

p1 = X1
n1 ,p2 =

X2
n2 ,p0 = X1 + X2

n1 + n2

where X1 and X2 are the total numbers of that amino acid, and n1 
and n2 are the total numbers of all 20 amino acids across halophiles 
and non-halophiles, respectively. Calculating Z-scores in this way 
assumes that the proportions of an amino acid across halophiles and 
non-halophiles are approximately normal, with the null hypothesis 
that p1 = p2. |Z| > 1.96 indicates rejection of the null hypothesis at a 
significance level of P < 0.05. Amino acids with |Z| >1.96 were considered 
significantly enriched in halophiles relative to non-halophiles, whereas 
amino acids with |Z| < −1.96 were considered significantly depleted in 
halophiles relative to non-halophiles. Amino acids were divided into 
‘Over-represented’ (|Z| > 1.96), ‘Under-represented’ (|Z| < −1.96) and 
‘Not significant’ (|Z| not statistically significant).

We also implemented the GFmix-DE/IK model by transforming the 
b parameter of the GFmix model43 (originally designed to represent the 
ratio of GARP/FYMINK amino acids across all descendant taxa at each 
branch in a tree) to accommodate amino acid groupings other than 
GARP/FYMINK, in our case those identified to be biased in extreme halo-
philes. We then calculated the likelihood of different tree topologies 
under these variants of the GFmix model with LG + C60 + F + Γ4 (ref. 43). 
Branch length and alpha shape parameters for each tree tested were 
estimated using IQ-TREE (v.2.0.3)59 and then fed into GFmix, specifying 
the custom enriched and depleted amino acid bins for halophiles versus 
non-halophiles. We used this approach to calculate the likelihood of 
four different tree topologies: (1) Nanosalinaceae+Asbonarchaeaceae 
within DPANN and Methanonatronarchaeia sister to the AHH clade; (2) 
Nanosalinaceae+Asbonarchaeaceae within DPANN and Methanonatro-
narchaeia deep within Euryarchaeota; (3) monophyly of the AHH clade, 
Methanonatronarchaeia and Nanosalinaceae+Asbonarchaeaceae, with 
Methanonatronarchaeia as the deepest branch and (4) monophyly of 
the AHH clade, Methanonatronarchaeia and Nanosalinaceae+Asbon
archaeaceae, with Nanosalinaceae+Asbonarchaeaceae as the deepest 
branch (Supplementary Fig. 13).

Progressive removal of compositionally biased sites
To remove the most compositionally biased sites from the sequence 
alignments, we split them in two on the basis of whether the taxa were 
classified as extreme halophiles or non-halophiles. We then calculated 
the ratio of D + E divided by I + K for each alignment site for both the 

halophiles and non-halophiles sub-alignments. We then divided the 
D + E/I + K ratio for each halophile sub-alignment site by the corre-
sponding ratio in the non-halophile sub-alignment. When the denomi-
nator of one of the ratios was equal to zero, we substituted ‘0’ for ‘0.1’ 
to still consider the alignment position. Alignment sites were then 
ranked from the highest to the lowest ratio, using the highest ratio 
as a proxy for the most biased alignment site. Next, we progressively 
removed alignment sites in increments of 10% and up to 90%. We also 
generated alignments by removing only 1% and 5% of the most biased 
sites. This resulted in 11 alignments for both the RP and NM datasets. 
These 11 alignments were then used for ML phylogenetic reconstruction 
under the LG + C60 + F + Γ4 model (with 1,000 ultrafast bootstraps).

In the case of ribosomal proteins, we mapped the acidic amino acid 
positions on the large ribosomal subunit structures of the extremely 
halophilic haloarchaeon Haloarcula marismortui (PDB81 accession 
number 1S72 (ref. 82)) and the non-halophilic methanogen Metha-
nothermobacter thermautotrophicus (PDB81 accession number 4ADX  
ref. 83). We located these positions on their respective structures  
using ChimeraX (v.1.7)84, which was also used to produce a video  
showing them (Supplementary Video 1).

Orthologous groups and single-gene trees
Orthologous groups (OGs) were identified for all the proteins of the 
species included in the 192 taxa dataset using OrthoFinder (v.2.5.1)85 
with Diamond BLAST v.2.1.7 (--ultra-sensitive, --query-cover 50% and 
--id 30%) and an inflation parameter of 1.1. This resulted in 17,827 OGs, 
which were aligned using MAFFT v.7.450 --auto77 with default settings 
and trimmed using trimAl (v.1.2)86 (-automated1 -resoverlap 0.75 
-seqoverlap 75). To avoid poorly resolved single-gene trees due to little 
phylogenetic information, we removed OGs that presented a trimmed 
alignment length of less than 60 amino acids. This resulted in 17,288 
OGs, which were used to reconstruct individual trees with IQ-TREE 
(v.2.0.3)59. For computational time reasons, the trees of the 200 OGs 
containing the largest number of sequences were inferred under the 
LG + C20 + F + Γ4 model of sequence evolution, while the remaining 
phylogenies were run under LG + C60 + F + Γ4. Statistical support at 
branches was estimated using 1,000 ultrafast bootstrap replicates. 
Finally, for OGs containing only two or three sequences, ‘bootstrap’ 
samples were artificially generated for subsequent analysis in ALE 
(v.0.4)87, corresponding to the single possible unrooted tree topology.

Gene tree-aware ancestral gene content reconstruction
The 17,288 single-gene trees were reconciled with the species tree 
inferred from the 192-NM dataset using the ALEml_undated algorithm 
of the ALE suite (v.0.4)87. ALE infers, for each gene family, duplications, 
losses, transfers and originations events along a species tree87. The raw 
relative reconciliation frequencies outputted by ALE were summed for 
all events. These relative frequency values support an evolutionary 
event occurring at a given node by incorporating the uncertainty of the 
reconstructed individual gene tree, as represented by the bootstrap 
replicates. A few gene families were manually selected on the basis of 
their patterns of presence/absence and/or HGTs in halophilic groups. 
The presence probability for the various nodes of interest for each of 
these gene families mentioned in the text can be found in Supplemen-
tary Data 9. ALE also predicts the ancestral copy number for each node 
in the species tree. Phylogenetic trees were visualized using Figtree 
v.1.4.4 (http://tree.bio.ed.ac.uk/software/figtree), iTOL (v.6.8)88 and 
the ETE3 Toolkit (v.3.1.2)89.

To detect possible genes of bacterial origin in halophilic archaea, 
we carried out BLAST (v.2.10.0)75 searches of the proteins considered 
by ALE as ‘originations’ in these archaea against the RefSeq32 database. 
Proteins with similar sequences in bacteria were aligned using MAFFT 
v.7.450 --auto77 with default settings and trimmed using trimAl (v.1.2)86 
(-automated1). Maximum likelihood trees were then reconstructed 
with IQ-TREE (v.2.0.3)59 under the LG + C60 + F + Γ4 model of sequence 
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evolution. Statistical support at branches was estimated using 1,000 
ultrafast bootstrap replicates. Phylogenetic trees were visualized using 
Figtree v.1.4.4 (http://tree.bio.ed.ac.uk/software/figtree).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The MAGs reported in this study have been deposited in GenBank 
under BioProject number PRJNA901412. All raw data underlying phy-
logenomic analyses (raw and processed alignments and corresponding 
phylogenetic trees) and all predicted proteomes have been deposited 
in Figshare (https://figshare.com/s/353259800b42a4e190eb). Addi-
tional data were obtained from public databases, including GTDB 
(https://gtdb.ecogenomic.org/), Pfam (http://pfam.xfam.org/), COG 
(https://www.ncbi.nlm.nih.gov/research/cog), RefSeq (https://www.
ncbi.nlm.nih.gov/refseq/), eggNOG (http://eggnog5.embl.de/#/app/
home), the Genomic Catalog of Earth’s Microbiomes (https://genome.
jgi.doe.gov/portal/GEMs/GEMs.home.html), the Global Microbial 
Gene Catalog (https://gmgc.embl.de/), the Unified Human Gastro-
intestinal Genome collection (http://ftp.ebi.ac.uk/pub/databases/
metagenomics/mgnify_genomes/), the Ocean Microbiomics Database  
(https://microbiomics.io/ocean/) and PDB (https://www.rcsb.org/).

Code availability
Custom code used for data analysis is available on GitHub at https://
github.com/bbaker567/phylogenetics.
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Extended Data Fig. 1 | Schematic tree showing the phylogenetic position 
of extremely halophilic archaeal groups (colored branches) proposed in 
previous articles. Branches that have been found at different places in the  

tree of archaea are indicated with dashed lines (Narasingarao et al. 20123,  
Rinke et al. 20136, Sorokin et al. 20177, Aouad et al. 201844, Aouad et al. 20198, 
Martĳn et al. 202010).
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Extended Data Fig. 2 | Number and isoelectric point of novel gene families 
identified in the Asbonarchaeaceae and Afararchaeaceae MAGs. (a) The 
average number of novel genes in the nine asbonarchaeal and four afarachaeal 
MAGs described in this study. Data are represented as boxplots where the middle 
line is the median, the lower and upper hinges correspond to the first and third 
quartiles, the upper whisker extends from the hinge to the largest value no 

further than 1.5 × IQR from the hinge (where IQR is the interquartile range) and 
the lower whisker extends from the hinge to the smallest value at most 1.5 × IQR of 
the hinge, while data beyond the end of the whiskers are outlying points that are 
plotted individually. (b) The isoelectric point of these novel proteins (solid lines) 
compared to the average isoelectric point of the whole proteomes (dashed lines).
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Extended Data Fig. 4 | Maximum likelihood phylogeny of 192 archaea based on the RP dataset. The ML tree was inferred with the LG + C60 + F + Γ4 model of 
sequence evolution with 1,000 ultrafast bootstraps as implemented via IQ-TREE. The scale bar indicates the expected average number of substitutions per site. 
Extremely halophilic archaea are indicated in color.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Halophilic-specific amino acid compositional 
biases along the phylogeny of 192 archaeal taxa. (a) The ratio of [D + E/I + K] 
amino acids of 192 archaeal taxa was calculated along the untreated NM and 
RP alignments (39,385 and 6,792 amino acid positions, respectively). (b) 10% 
of the most biased sites (that is, those with the highest ratio) were removed 

from the NM and RP alignments. Distinct halophilic clades are indicated 
in color, including the Nanosalinaceae (sand), Asbonarchaeaceae (wine), 
Halarchaeoplasmatales (cyan), Methanonatronarchaeia (rose), Afarachaeaceae 
(green), and Haloarchaea (indigo). The scale bar indicates the expected average 
number of substitutions per site.
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Extended Data Fig. 6 | Impact of compositional bias on the phylogeny of 
archaeal ATP synthase. Maximum likelihood phylogenetic trees based on the 
concatenation of ATP synthase subunits A and B (a) before and (b) after removal 
of 15% of sites with the highest D + E/I + K ratio. Notice the shift in the position of 
the Nanosalinaceae+Asbonarchaeaceae group. The trees were reconstructed 

using the LG + C60 + F + Γ4 model of sequence evolution. Numbers at branches 
indicate 1,000 ultrafast bootstrap support values. Only values > 70% are 
indicated. The scale bar indicates the expected average number of substitutions 
per site. (c) D + E/I + K ratio for all sites in the ATP synthase subunits A and B 
dataset ordered from highest to lowest values.
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Extended Data Fig. 7 | Heat map of the number of gene duplications, 
transfers, originations, and losses in various archaeal halophilic lineages 
according to their COG classification. The counts were obtained using the 
amalgamated likelihood estimation (ALE) tree reconciliation method on the 

set of 17,288 orthologous genes present in the 192-taxa genomic dataset for 
several nodes within the (a) Euryarchaeota and the (b) DPANN archaea (see 
Methods). Node numbers correspond to the nodes in the complete tree shown in 
Supplementary Fig. 18.
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Extended Data Fig. 8 | Maximum likelihood trees showing cases of horizontal 
gene transfer involving archaeal halophilic lineages. (a) NhaP-type Na + /
H+ and K + /H+ antiporters. (b) choline dehydrogenase BetA. The trees were 

constructed with the LG + C60 + F + Γ4 model of sequence evolution. Dashed 
branches have been shortened to half of their actual length. The scale bar 
indicates the expected average number of substitutions per site.
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