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questioned as it could be due to a long-branch attraction (LBA) artifact, a well-described phylogenetic artifact that could be caused by their shared fast evolutionary rates [START_REF] Feng | The Evolutionary Origins of Extreme Halophilic Archaeal Lineages[END_REF][START_REF] Petitjean | Extending the Conserved Phylogenetic Core of Archaea Disentangles the Evolution of the Third Domain of Life[END_REF][START_REF] Dombrowski | Genomic diversity, lifestyles and evolutionary origins of DPANN archaea[END_REF] .

Moderately halophilic methanogens have been known for a long time [START_REF] Oren | Diversity of halophilic microorganisms: Environments, phylogeny, physiology, and applications[END_REF] , but true extremely halophilic ones, the Methanonatronarchaeia, have only been recently characterized [START_REF] Sorokin | Discovery of extremely halophilic, methyl-reducing euryarchaea provides insights into the evolutionary origin of methanogenesis[END_REF] . Being placed as a sister group to the Haloarchaea, they were proposed to be an "evolutionary intermediate" between them and Class II methanogens [START_REF] Sorokin | Discovery of extremely halophilic, methyl-reducing euryarchaea provides insights into the evolutionary origin of methanogenesis[END_REF] . However, more recent studies favored a much deeper position within the Euryarchaeota, at the base of the superclass Methanotecta [START_REF] Aouad | Evolutionary placement of Methanonatronarchaeia[END_REF][START_REF] Feng | The Evolutionary Origins of Extreme Halophilic Archaeal Lineages[END_REF][START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF][START_REF] Sorokin | Reply to 'Evolutionary placement of Methanonatronarchaeia[END_REF] (Extended Data Fig. 1). Alternatively, the robust placement of hikarchaea (family 'UBA12382' in the latest release (r214) of the Genome Taxonomy Database GTDB [START_REF] Rinke | A standardized archaeal taxonomy for the Genome Taxonomy Database[END_REF] ), a lineage of non-halophilic deep-ocean archaea originally named Marine Group IV [START_REF] López-García | A novel haloarchaeal-related lineage is widely distributed in deep oceanic regions[END_REF] , as sister-group to the Haloarchaea supported a relatively recent adaptation to halophily in the latter [START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF] (Extended Data Fig. 1).

All extremely halophilic archaea have experienced radical physiological and genomic changes to deal with the high environmental osmotic stress. They pump high concentrations (up to ~4M) of potassium into their cells [START_REF] Oren | Microbial life at high salt concentrations: phylogenetic and metabolic diversity[END_REF] and prevent protein aggregation that would be caused by this high intracellular ionic concentration thanks to their much more acidic proteome than that of non-halophilic archaea. Specifically, haloarchaeal proteomes exhibit a massive enrichment in acidic amino acids (aspartic (D) and glutamic (E) acid) and a depletion in basic and large hydrophobic amino acids (such as isoleucine (I) and lysine (K)) [START_REF] Fukuchi | Unique Amino Acid Composition of Proteins in Halophilic Bacteria[END_REF][START_REF] Lanyi | Salt-dependent properties of proteins from extremely halophilic bacteria[END_REF][START_REF] Madern | Halophilic adaptation of enzymes[END_REF][START_REF] Tadeo | Structural Basis for the Aminoacid Composition of Proteins from Halophilic Archea[END_REF] . How and how many times these adaptations occurred are still unresolved questions because of the uncertain phylogenetic position of the different halophilic archaeal lineages. This difficulty in confidently resolving their phylogeny mostly stems from the combined presence of halophile-specific amino acid biases, which are poorly modeled during standard phylogenetic reconstructions, and the long branches shown by several extremely halophilic archaeal lineages. Altogether, this severely limits our comprehension of the evolutionary trajectories of these organisms to adapt to their extreme habitats.

Here, we identify and describe two new families of extremely halophilic archaea, the Afararchaeaceae and Asboarchaeaceae, which break the long branches at the base of Haloarchaea and Nanohaloarchaeota, respectively. With this enhanced taxon sampling and improved phylogenetic methods, we obtained a fully resolved phylogeny of all halophilic archaea. We propose an updated evolutionary scenario that involves at least four independent adaptations to hypersaline environments and an important role of horizontal gene transfer (HGT) between the various groups of halophilic archaea.

Results and Discussion

Characterization of two new groups of extremely halophilic archaea. The Danakil Depression (Afar region, Ethiopia) contains several hypersaline lakes largely dominated by extremely halophilic archaea (Belilla et al., 2019, 2021). Among the metagenomeassembled genomes (MAGs) reconstructed from these lakes [START_REF] Gutiérrez-Preciado | Extremely acidic proteomes and diversification of archaea convergently adapted to increasingly chaotropic brines[END_REF] , we identified 13 belonging to two new lineages of extreme halophiles (Fig. 1a,c and Supplementary Table 1), plus one additional MAG (DAL-9Gt_70_90C3R) placed as the deepest-branching member of the Haloarchaea in a phylogenomic tree of Archaea (Fig. 1a and Supplementary Table 1). The first group -a novel family-level lineage that we have named Afararchaeaceae, for the Afar region in Ethiopia -was represented by four moderately GC-rich (53-60%) MAGs with average nucleotide identity (ANI) values between 72 and 74% among them. Afararchaeaceae were placed with maximal statistical support as a new sister lineage to the group UBA12382 (or 'hikarchaea' 10 )+Haloarchaea (Fig. 1a). This position breaks the long branch between Methanomicrobiales (methanogenic Euryarchaeota) and hikarchaea+Haloarchaea, suggesting a secondary adaptation of hikarchaea to low salinity from an extremely halophilic ancestor. The most complete afararchaeal MAG (DAL-WCL_na_97C3R), which we propose the name Afararchaeum irisae gen. nov., sp. nov. (see species description below), had a genome size of ~1.9 Mbp (Supplementary Table 1). KEGG annotation [START_REF] Kanehisa | KEGG as a reference resource for gene and protein annotation[END_REF] of A. irisae indicates that the afararchaeal genomes likely encode aerobic heterotrophic metabolic pathways. These organisms are likely to utilize branched-chain amino acids as a carbon source, similar to many known Haloarchaea [START_REF] Falb | Metabolism of halophilic archaea[END_REF] (Fig. 1b, Supplementary Data 1). The Afararchaeaceae appear to be mobile, possessing all genes for the archaeal flagellum (archaellum) [START_REF] Albers | The archaellum: how Archaea swim[END_REF] and an operon involved in chemotaxis. Additionally, all four afararchaeal MAGs encode a single type-II sensory (SRII) rhodopsin, a membrane protein able to generate a phototaxis signal [START_REF] Sasaki | Signal Transfer in Haloarchaeal Sensory Rhodopsin-Transducer Complexes †[END_REF] . However, we did not identify any bacteriorhodopsin genes in these MAGs, suggesting that these archaea do not use light as an extra energy source as many Haloarchaea do [START_REF] Dassarma | Genomic perspective on the photobiology of Halobacterium species NRC-1, a phototrophic, phototactic, and UV-tolerant haloarchaeon[END_REF] .

As expected, the Afararchaeaceae most likely employ a salt-in osmoregulation strategy involving multiple K + transporters (eight Trk-like and two Kef-like), mechanosensitive ion channels (MscS and MscL), and Na + /Ca 2+ exchangers (Supplementary Data 1). They consequently also exhibit a highly acidic proteome (Fig. 2a,b).

The second group was represented by nine MAGs with variable GC content (46-64%) with ANI values between 74 and 79% among them. They branch in the DPANN superphylum as a sister group to the family Nanosalinaceae within the Nanohaloarchaeota (Fig. 1c). They are related to MAGs from hypersaline anoxic sediments that were previously classified by Zhao et al. as the new families 'Nanoanaerosalinaceae' and 'Nanohalalkaliarchaeaceae' 5 (Supplementary Fig. 3). However, according to the GTDB [START_REF] Rinke | A standardized archaeal taxonomy for the Genome Taxonomy Database[END_REF] classification criteria, these two families have been merged within a single one, which has been informally named 'JALIDP01'. Our MAGs offer a good coverage of this family, three of them being related to the former 'Nanoanaerosalinaceae' and six to the single MAG representing the 'Nanohalalkaliarchaeaceae' 5 (Supplementary Fig. 3). Given the taxonomic uncertainty on this group and that, contrary to the assumption of an anaerobic lifestyle [START_REF] Zhao | Comparative Genomic Insights into the Evolution of Halobacteria-Associated "Candidatus Nanohaloarchaeota[END_REF] , it can also be found in oxic environments as in our case, we propose to formally name the new family Asboarchaeaceae, for 'asbo' meaning salt in the Afar language, which acknowledges that these organisms have always been found in hypersaline systems.

Due to the streamlined nature of their genomes, certain typically conserved genes are absent in DPANN, leading to an underestimation of genome completeness when evaluating based on the presence of such genes. As a result, DPANN genomes generally have a maximum estimated completeness of around 85% [START_REF] Dombrowski | Genomic diversity, lifestyles and evolutionary origins of DPANN archaea[END_REF] . In this context, we likely have at least one complete (84% according to CheckM 28 ) asboarchaeal MAG (DAL-WCL_45_84C1R) (Supplementary Table 1). We propose it to represent the type species for this family under the name Asboarchaeum danakilensis gen. nov., sp. nov. (see species description below). Its genome size of ~1.2 Mbp is consistent with the small genomes found in other DPANN lineages [START_REF] Dombrowski | Genomic diversity, lifestyles and evolutionary origins of DPANN archaea[END_REF] . Similarly to them [START_REF] Castelle | Biosynthetic capacity, metabolic variety and unusual biology in the CPR and DPANN radiations[END_REF][START_REF] Hamm | Unexpected host dependency of Antarctic Nanohaloarchaeota[END_REF][START_REF] Cono | Symbiosis between nanohaloarchaeon and haloarchaeon is based on utilization of different polysaccharides[END_REF] , Asboarchaeaceae lack many major biosynthetic pathways thought to be required for autonomous growth (e.g., lipid, nucleotide, and amino acid biosynthesis) (Fig. 1d and Supplementary Data 2), suggesting they live a symbiotic lifestyle that requires a host for survival. The Asboarchaeaceae lack a canonical electron transport chain, but they do possess all major subunits of a V/A-type ATP synthase (Fig. 1d), as previously observed [START_REF] Castelle | Biosynthetic capacity, metabolic variety and unusual biology in the CPR and DPANN radiations[END_REF] . We again predict that Asboarchaeaceae utilize a salt-in osmoprotective strategy pertaining to the identification of multiple K + transporters (Supplementary Data 2) and their highly acidic proteome (Fig. 3a,b). Despite their relatively close phylogenetic relationship with the family Nanosalinaceae, they display a distinct amino acid composition (Fig. 3a), further supporting that they constitute a new group within the Nanohaloarchaeota. 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").

Detection of novel gene families in Afararchaeaceae and Asboarchaeaceae.

Functional annotation of the genes of divergent species, such as the DPANN archaea, can be difficult. We, therefore, applied a two-step procedure to characterize potential novel genes in the Afararchaeaceae and Asboarchaeaceae. First, we searched for genes present in their genomes but with no detectable homologs in sequence databases of cultured organisms (RefSeq 32 , Pfam [START_REF] Mistry | Pfam: The protein families database in 2021[END_REF] , and EggNOG 34 ). Both lineages were rich in potentially novel gene families (10 to 30% of their total gene set; Extended Data Fig. 3a).

Second, we mapped these against a collection of 169,529 prokaryotic genomes, which also included a large representation of non-cultured species [START_REF] Del Río | Functional and evolutionary significance of unknown genes from uncultivated taxa[END_REF] . We confirmed that only 14% of the novel families from asboarchaea and 17.1% from afararchaea have detectable homologs in other uncultured prokaryotic species, indicating that both groups encode many unknown lineage-specific genes (Supplementary Data 3 and 4). Interestingly, the isoelectric point calculated for the proteins encoded by these novel genes was clearly shifted towards acidic pH values (Extended Data Fig. 3b), consistent with adaptation to hypersaline environments [START_REF] Cabello-Yeves | Marine-freshwater prokaryotic transitions require extensive changes in the predicted proteome[END_REF] . 38% and 24% of the novel proteins of Afararchaeaceae and Asboarchaeaceae have predicted transmembrane domains, respectively, while 9% and 7% have detectable signal peptides. These proteins are most likely targeted to the membrane or extracellular space and interact directly with the hypersaline environment.

To gain insight into the function of the novel genes, we investigated their genomic context.

We found that 5% in Afararchaeaceae (Supplementary Data 3) and 18% in Asboarchaeaceae (Supplementary Data 4) are tightly coupled with specific genes of known function (i.e., next to the same gene of known function in >90% of the genomes) and thus probably perform functions related to that of their neighbors [START_REF] Del Río | Functional and evolutionary significance of unknown genes from uncultivated taxa[END_REF] . One interesting example in Afararchaeaceae is a novel protein found next to a mechanosensitive ion channel (Fig. 1e). In both prokaryotes and eukaryotes, mechanosensitive ion channels provide protection against hypo-osmotic shock [START_REF] Rasmussen | How do mechanosensitive channels sense membrane tension?[END_REF] , suggesting this novel gene could be involved in the osmotic regulation of afararchaea.

Identification of a conserved core of archaeal phylogenetic markers. Previous investigations of the phylogenetic placement of extreme halophiles were predominantly based on single proteins [START_REF] Narasingarao | De novo metagenomic assembly reveals abundant novel major lineage of Archaea in hypersaline microbial communities[END_REF][START_REF] Feng | The Evolutionary Origins of Extreme Halophilic Archaeal Lineages[END_REF] or on sets of concatenated ribosomal proteins [START_REF] Sorokin | Discovery of extremely halophilic, methyl-reducing euryarchaea provides insights into the evolutionary origin of methanogenesis[END_REF][START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF] . However, these are small datasets that contain a restricted number of sites and provide limited phylogenetic information [START_REF] Petitjean | Extending the Conserved Phylogenetic Core of Archaea Disentangles the Evolution of the Third Domain of Life[END_REF][START_REF] Petitjean | Rooting the Domain Archaea by Phylogenomic Analysis Supports the Foundation of the New Kingdom Proteoarchaeota[END_REF] . In addition, ribosomal proteins, due to their multiple tight interactions (with ribosomal, messenger, and transfer RNAs, and with other ribosomal proteins), can exhibit compositional biases different from the rest of the proteome, which can be amplified when they are concatenated together [START_REF] Petitjean | Extending the Conserved Phylogenetic Core of Archaea Disentangles the Evolution of the Third Domain of Life[END_REF][START_REF] Eme | Inference and reconstruction of the heimdallarchaeial ancestry of eukaryotes[END_REF] . To overcome these potential biases and to robustly pinpoint the phylogenetic positions of extremely halophilic archaea, we performed in-depth phylogenomic analyses of a dataset of 136 new marker proteins (NM dataset; 39,385 amino acid positions) highly conserved among archaea [START_REF] Petitjean | Extending the Conserved Phylogenetic Core of Archaea Disentangles the Evolution of the Third Domain of Life[END_REF] . Proteins in this dataset display a wide diversity of functions (Supplementary Data 5), which can help minimize phylogenetic artifacts rising from biases linked to co-evolution patterns. We manually curated each individual protein phylogeny to ensure the NM dataset contained no evidence of HGT or hidden paralogy (see Methods). Additionally, we curated a set of 48 ribosomal proteins (RP dataset, 6,792 amino acid positions) to compare their phylogenetic signal with that of the NM dataset.

Testing the influence of taxon sampling. Some extremely halophilic archaea display long branches in phylogenetic trees (Extended Data Fig. 2) such that their phylogeny might be affected by LBA artifacts [START_REF] Bergsten | A review of long-branch attraction[END_REF][START_REF] Susko | Long Branch Attraction Biases in Phylogenetics[END_REF] . To investigate this possibility, we analyzed two additional datasets in addition to the full dataset of 192 taxa representing the four major archaeal supergroups (DPANN, TACK (Thermoproteota according to GTDB), Asgardarchaeota, and Euryarchaeota) (Fig. 3a, Extended Data Fig. 2): (1) a dataset focusing on Euryarchaeota, including the newly discovered Afararchaeaceae (87 taxa: 87-NM and 87-RP for new markers and ribosomal proteins, respectively) (Supplementary Figs. 4 and5, Supplementary Data 6), and (2) a dataset consisting of the 87 Euryarchaeota plus 17 Nanohaloarchaeota (8 Nanosalinaceae + 9 Asboarchaeaceae) (104 taxa: 104-NM and 104-RP; Supplementary Figs. 6 and7, Supplementary Data 6).

The positions of all the clades of extremely halophilic archaea -except Methanonatronarchaeia -were congruent across maximum likelihood (ML) phylogenies reconstructed from these various taxon samplings and marker sets. By contrast, we observed two different yet highly supported placements of Methanonatronarchaeia (Supplementary Figs. 4567). All NM-based ML trees (87-NM, 104-NM, and 192-NM) and the 104-RP dataset placed them sister to the Methanotecta (i.e., Haloarchaea, 'hikarchaea', Class II methanogens, Methanopagales, ANME-1, Synthrophoarchaeales, and Archaeoglobales) (Extended Data Fig. 2, Supplementary Figs. 4, 6 and7) whereas two RP-based ML trees (87-RP and 192-RP) placed them sister to the Afararchaeaceae+'hikarchaea'+Haloarchaea (the 'AHH-clade'; Supplementary Fig. 5 and Extended Data Fig. 4). These results suggested a clear influence of taxon sampling on the position of the Methanonatronarchaeia inferred from the RP dataset.

To further investigate the effect of taxon sampling but also of the sequence evolution model, we ran phylogenetic analyses of the 87 and 104 taxa sets for both NM and RP markers in a Bayesian framework (with four Markov Chain Monte Carlo (MCMC) chains for each analysis) to use the more complex, but time-consuming, CAT+GTR model. Again, conflicting placements of Methanonatronarchaeia were observed. The chains inferred from the NM datasets (Supplementary Figs. These analyses again showed that the phylogenetic placement of extreme halophiles, especially the Methanonatronarchaeia, is sensitive to taxon sampling, model selection, and phylogenetic framework. The strong compositional biases linked to the 'salt-in' osmotic strategy of extremely halophilic archaea can be the reason that makes it difficult to accurately place them in phylogenies using standard substitution models [START_REF] Muñoz-Gómez | Site-and-branch-heterogeneous analyses of an expanded dataset favour mitochondria as sister to known Alphaproteobacteria[END_REF] . These support values were estimated using the ultrafast bootstrap approximation from the ML tree reconstruction (LG+C60+F+G4 model) for each site-removal step.

Addressing the effect of compositional biases. Model misspecification induced by compositional bias is a known source of tree reconstruction artifacts. To mitigate this, we aimed to identify significantly differently represented amino acids in halophiles versus non-halophiles in the 192 taxa NM and RP datasets and calculate, for each amino acid, the Z-score from a binomial test of two proportions (see Methods). D+E and I+K were the most under and over-represented in extreme halophiles, respectively (Fig. 2e,f). To limit potential LBA artifacts on the phylogeny of extreme halophiles, previous studies have focused on either recoding data from 20 to 4 character states [START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF][START_REF] Aouad | Extreme halophilic archaea derive from two distinct methanogen Class II lineages[END_REF] or removing the fastestevolving sites from the sequence alignments [START_REF] Aouad | Evolutionary placement of Methanonatronarchaeia[END_REF][START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF][START_REF] Aouad | Extreme halophilic archaea derive from two distinct methanogen Class II lineages[END_REF] . However, the latter required removing up to 50% of the alignment sites before a change in the tree topologies was observed, particularly for the Methanonatronarchaeia [START_REF] Aouad | Evolutionary placement of Methanonatronarchaeia[END_REF][START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF] . This significantly reduces the amount of phylogenetic signal left, which is problematic for small datasets such as the RP-based ones [START_REF] Sorokin | Reply to 'Evolutionary placement of Methanonatronarchaeia[END_REF] . Therefore, we tested two alternative approaches to alleviate the halophile-specific compositional biases while maintaining a high amount of phylogenetic information.

First, we implemented the GFmix modeling framework [START_REF] Muñoz-Gómez | Site-and-branch-heterogeneous analyses of an expanded dataset favour mitochondria as sister to known Alphaproteobacteria[END_REF] to the specific compositional biases of halophilic archaea. GFmix is a site-heterogeneous mixture model that adjusts amino acid frequencies in each class of the mixture model in a branch-specific manner to accommodate overall shifts in amino acid composition over the branch. To accomplish this, amino acids are categorized into three groups: those that increase in frequency on the branch (i.e., become over-represented in descendant taxa), decrease (i.e., become under-represented), and remain unchanged (i.e., 'other').

We 6). We also tested a GFmix variant with larger groups of over-and under-represented amino acids based on all of the statistically significant (|Z|>1.96) over-represented and under-represented amino acids from the binomial test of the NM dataset (see Fig. 2e). Although this yielded an even better fit (Extended Data Fig. 6), the relative preferences of topologies for each dataset did not change.

We, therefore, applied a second strategy based on the progressive removal of the most compositionally biased alignment sites. We calculated the site-by-site D+E/I+K ratio for the halophilic lineages and divided it by the same ratio for the non-halophilic lineages (Extended Data Fig. 5). We then ranked the alignment sites from the highest to the lowest ratio (Fig. 2c,d) and then removed sites in 10% increments for the 192 taxa NM and RP datasets (Fig. 3b,c). For the 192-NM dataset, the position of Methanonatronarchaeia remained consistent with the topology inferred from the full dataset up until 80% of sites were removed; they then branched with low support (bootstrap <80%) as sister group of the AHH-clade (Fig. 3b). By contrast, for the 192-RP dataset, Methanonatronarchaeia shifted to a sister position to Methanotecta after removing only 5% of the most biased alignment sites (Fig. 3c). This suggested that, while the NM dataset does contain sites with biased D+E/I+K ratio between halophiles and non-halophiles (Fig. 2c), the impact of these sites (only 0.4% of 39,385 amino acid positions with a ratio ≥1) has less of an influence when compared to the ten times more numerous highly biased sites in the RP dataset (4% of 6,792 amino acid positions with a ratio ≥1; Fig. 2d).

We examined the ribosomal proteins containing the most biased sites and found that nearly all of these sites were located in proteins exposed on the external surface of the ribosomal complex (e.g., L1, L12e, S6, and S15; Supplementary Fig. 12). These proteins, therefore, are in close interaction with the K + -rich cytoplasm. To confirm further the impact of the D+E/I+K bias on the RP-based phylogeny, we inferred a ML tree using a concatenation of the 18 most biased ribosomal proteins. We observed all extremely halophilic groups clustering with 100% ultrafast bootstrap support (Supplementary Fig. 13). We also inferred Bayesian phylogenies (CAT+GTR model; four MCMC chains) based on the 104-NM and 104-RP datasets with 20% of the most biased alignment sites removed. Contrary to the trees reconstructed with the untreated datasets (see above), all chains for both datasets yielded a topology with full support for the deeper-branching position of Methanonatronarchaeia sister to Methanotecta (Supplementary Figs. 14 and15).

A recent study using the ATP synthase subunits A and B for phylogenetic inference concluded that Nanohaloarchaeota placed sister to Haloarchaea within the Euryarchaeota [START_REF] Feng | The Evolutionary Origins of Extreme Halophilic Archaeal Lineages[END_REF] . The authors suggested that these proteins are less susceptible to phylogenetic reconstruction artifacts, such as LBA, due to two reasons: i) their slow evolutionary rate and ii) their belonging to a single complex, which is expected to have a more consistent phylogenetic signal compared to larger protein sets that may reflect different evolutionary histories. Alternatively, this Nanohaloarchaeota+Haloarchaea relationship has been explained as a case of HGT from Haloarchaea to their nanohaloarchaeal symbionts [START_REF] Mahendrarajah | ATP synthase evolution on a cross-braced dated tree of life[END_REF] . However, when we removed 15% of the sites with the highest D+E/I+K ratio from the ATP synthase dataset (150 sites), Nanohaloarchaea moved to a deeper-branching position, no longer sister to Haloarchaea (Extended Data Fig. 7). Again, this suggested that only a few but highly biased alignment sites artificially drove the extreme halophilic archaeal lineages to branch together.

In conclusion, our phylogenetic analyses, especially those mitigating the strong convergent compositional bias shared by the different halophilic lineages, robustly support that adaptation to extreme halophily occurred at least four times independently in archaea: in the AHH-clade, in Methanonatronarchaeia, in Haloplasmatales, and in Nanosalinaceae+Asboarchaeaceae, respectively.

Tree-aware reconstruction of gene content evolution in archaeal extreme

halophiles. To investigate the gene content evolution underlying these adaptations, we applied the amalgamated likelihood estimation (ALE) method [START_REF] Szöllősi | Efficient Exploration of the Space of Reconciled Gene Trees[END_REF] to 17,288 orthologous proteins in the 192 taxa genomic dataset. Using this species tree-gene tree reconciliation approach, we estimated the number of gene duplications, transfers, originations, losses, and copy numbers at all ancestral nodes of the 192-NM phylogenomic tree (Fig. 3a), which we used as the species tree. In contrast with a previous analysis focused only on Methanotecta [START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF] , we analyzed representatives of all major archaeal lineages, including, most importantly to our study, Methanonatronarchaeia, which were excluded from previous analyses because of their unresolved phylogenetic position at that time. We observed that the main processes governing gene content in archaea, including the halophilic groups, are gene transfer and gene loss (Fig. 4 and Extended Data Fig. 8). In the case of Haloarchaea, which figure among the archaea with the largest genome sizes [START_REF] Kellner | Genome size evolution in the Archaea[END_REF] , gene originations, and duplications have also been significant during their early evolution. This is the case for several inorganic ion transporters important for the maintenance of osmotic equilibrium in these organisms, including Trk-and Kef-type K + transporters (Supplementary Figs. 16-19), Mg 2+ transporters (Supplementary Fig. 20), SSF Na + /solute symporters (Supplementary Fig. 21), NhaP-type K + /H + antiporters (Extended Data Fig. 10a), Ca + /Na + and Na + /H + antiporters (Supplementary Figs. 22 and 23, respectively), and also of the molecular chaperone GrpE, which participates in the response to hyperosmotic stress by preventing the aggregation of stress-denatured proteins [START_REF] Brehmer | Influence of GrpE on DnaK-Substrate Interactions[END_REF] (Supplementary Fig. 24). Amino acid transporters also show duplications in this group (Extended Data Fig. 9), which contains many species that thrive on amino acids [START_REF] Falb | Metabolism of halophilic archaea[END_REF] .

Haloplasmatales also exhibit a relatively large number of duplications, not only in genes related to metabolism but also to informational processes such as transcription and DNA replication and repair (Extended Data Fig. 9). In Nanosalinaceae and Asboarchaeaceae, gene transfer was a dominant process, although less so than in the other halophilic groups, most likely because of the strong evolutionary constraints that operate in these nanosized archaea to keep small genome sizes [START_REF] Williams | Integrative modeling of gene and genome evolution roots the archaeal tree of life[END_REF] . The branch leading to the 'hikarchaea'

shows a very different pattern, clearly dominated by gene loss. It supports the hypothesis that these halotolerant archaea evolved secondarily from an extremely halophilic ancestor (the Hik-Haloarchaea ancestor, with 1,416 inferred protein-coding genes, Fig. 4) during their adaptation to marine oligotrophic environments, where many prokaryotic species typically show streamlined genomes [START_REF] Giovannoni | Genome Streamlining in a Cosmopolitan Oceanic Bacterium[END_REF][START_REF] Swan | Prevalent genome streamlining and latitudinal divergence of planktonic bacteria in the surface ocean[END_REF] . Nevertheless, this adaptation was also accompanied by duplications of some specific genes involved in energy production and conversion and carbohydrate and amino acid transport and metabolism, most likely also related to the adaptation to the nutrient-poor deep sea habitat (Extended Data Fig. 9). A notable example is the presence of multiple copies of the aerobic-type carbon monoxide dehydrogenase (Supplementary Fig. 25), an enzyme previously found in other microorganisms adapted to this environment [START_REF] Martin-Cuadrado | Dehydrogenase Genes Found in Metagenomic Fosmid Clones from the Deep Mediterranean Sea[END_REF] .

Although the extent and timing remain debated, massive HGT from bacteria appears to have played a significant role in the evolution of Haloarchaea [START_REF] Becker | Phylogenetically Driven Sequencing of Extremely Halophilic Archaea Reveals Strategies for Static and Dynamic Osmo-response[END_REF][START_REF] Groussin | Gene Acquisitions from Bacteria at the Origins of Major Archaeal Clades Are Vastly Overestimated[END_REF][START_REF] Nelson-Sathi | Acquisition of 1,000 eubacterial genes physiologically transformed a methanogen at the origin of Haloarchaea[END_REF][START_REF] Nelson-Sathi | Origins of major archaeal clades correspond to gene acquisitions from bacteria[END_REF] . Several of these transfers predated the separation of Afararchaeaceae and Haloarchaea and were most likely important in the adaptation of an ancestor of both groups to extreme halophily.

One example is the choline dehydrogenase BetA (Extended Data Fig. 10b), which is involved in the biosynthesis of the osmoprotectant glycine-betaine [START_REF] Gadda | Expression, and Purification of Choline Dehydrogenase from the Moderate Halophile Halomonas elongata[END_REF] . Interestingly, this gene is not found in hickarchaea, reinforcing the idea that gene loss accompanied the secondary adaptation of this group to low-salt environments from an extremely halophilic ancestor. Another example is a transporter of the BCCT family involved in the uptake of osmoprotectants like glycine and betaine [START_REF] Gadda | Expression, and Purification of Choline Dehydrogenase from the Moderate Halophile Halomonas elongata[END_REF] , which Methanonatronarchaeia acquired from bacteria (Supplementary Fig. 26). Our tree reconciliation analysis supports that HGT between Haloarchaea and the other groups of halophilic archaea has also been influential in driving their convergent adaptations to extreme halophily. For example, this has been the case for the chaperone GrpE and several multi-copy haloarchaeal transporters cited before, including the K + (Trk-and Kef-type), and Mg 2+ transporters and the K + /H + , Ca 2+ /Na +, and Na + /H + antiporters. In addition to them, other transporters of inorganic molecules have also been transferred among the halophilic archaeal groups, such as SNF-family Na + -dependent transporters (Supplementary Fig. 27), ZupT-and FieF-type metal transporters (Supplementary Figs. 28 and29, respectively), sulfur transporters (Supplementary Fig. 30), Na + /H + antiporters (Supplementary Figs. 31 and32), and Na + /phosphate symporters (Supplementary Fig. 33). HGT of transporters of organic molecules can also be observed, such as a transporter of di-and tricarboxylate Krebs cycle intermediates shared by Haloarchaea and Nanosalinaceae+Asboarcheaceae (Supplementary Fig. 34). In agreement with previous reports of inter-domain HGT followed by intra-domain HGT [START_REF] Deschamps | Pangenome Evidence for Extensive Interdomain Horizontal Transfer Affecting Lineage Core and Shell Genes in Uncultured Planktonic Thaumarchaeota and Euryarchaeota[END_REF] , we detected several genes of bacterial origin encoding other transporters that have been subsequently transferred between different halophilic archaeal groups. They include an AmiS/UreI urea transporter, transferred between

Haloarchaea and Nanohaloarchaea (Supplementary Fig. 35), and a TauE/SafE sulfite exporter, transferred between Haloarchaea and Methanonatronarchaeia (Supplementary Fig. 36). The complete version of this tree with the events for all archaeal nodes and leaves can be found in Extended Data Fig. 8.

Conclusions

Living under salt-saturating conditions is challenging and requires coping with strong osmotic stress and maintaining the hydration state of cellular macromolecules against all odds [START_REF] Oren | Microbial life at high salt concentrations: phylogenetic and metabolic diversity[END_REF] . For a long time, only one group of archaea, which generally excel in their adaptations to life-limiting conditions, was known to thrive in hypersaline systems, the Halobacteria or Haloarchea 1 . Haloarchaea are thought to have evolved from mildly halophilic methanogens acquiring many genes by HGT [START_REF] Nelson-Sathi | Acquisition of 1,000 eubacterial genes physiologically transformed a methanogen at the origin of Haloarchaea[END_REF] and developing a 'salt-in' adaptive strategy that implies pumping huge amounts of K + into the cytoplasm and keeping molecular surfaces negatively charged [START_REF] Siglioccolo | Structural adaptation of extreme halophilic proteins through decrease of conserved hydrophobic contact surface[END_REF] . In the case of proteins, this is achieved by including acidic amino acids, such that massive changes in the proteome of haloarchaea took place during evolution to adapt to extreme halophily. However, although they dominate hypersaline systems, haloarchaea are not alone, and other groups of halophilic archaea, including Nanohaloarchaeota, Methanonatronoarchaeia and Haloplasmatales, and even some bacteria (Salinibacteraceae), can cope with these extreme conditions [START_REF] Oren | Diversity of halophilic microorganisms: Environments, phylogeny, physiology, and applications[END_REF][START_REF] Oren | Molecular ecology of extremely halophilic Archaea and Bacteria[END_REF] . Did the adaptation to extreme halophily in archaea evolve only once or several times (and if so, how many)? To answer, a resolved phylogenetic tree including these archaea is needed, but this task has been largely hampered by the excessively biased nature of their acidic proteome with, in particular, Nanohaloarchaeota and Methanonatronarcheia displaying incongruent positions across previous studies [START_REF] Narasingarao | De novo metagenomic assembly reveals abundant novel major lineage of Archaea in hypersaline microbial communities[END_REF][START_REF] Sorokin | Discovery of extremely halophilic, methyl-reducing euryarchaea provides insights into the evolutionary origin of methanogenesis[END_REF][START_REF] Aouad | Evolutionary placement of Methanonatronarchaeia[END_REF][START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF][START_REF] Petitjean | Extending the Conserved Phylogenetic Core of Archaea Disentangles the Evolution of the Third Domain of Life[END_REF][START_REF] Sorokin | Reply to 'Evolutionary placement of Methanonatronarchaeia[END_REF][START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF][START_REF] Aouad | Extreme halophilic archaea derive from two distinct methanogen Class II lineages[END_REF] . Here, we have achieved this task by improving the taxon sampling and using different approaches to cope with compositional biases, including the application of a specific model of sequence evolution and the removal of the most biased positions from phylogenomic analyses. This was possible by incorporating two newly discovered archaeal lineages from geothermally influenced hypersaline settings [START_REF] Gutiérrez-Preciado | Extremely acidic proteomes and diversification of archaea convergently adapted to increasingly chaotropic brines[END_REF] , Asboarchaeaceae, and Afararchaeaceae, that strategically and robustly branch sister to, respectively, Nanosalinaceae (Nanohaloarchaeota), within the DPANN, and the Haloarchaea plus their sister group, the marine Group IV [START_REF] López-García | A novel haloarchaeal-related lineage is widely distributed in deep oceanic regions[END_REF] or 'hikarchaea' 10 (GTDB family UBA12382 [START_REF] Rinke | A standardized archaeal taxonomy for the Genome Taxonomy Database[END_REF] ). Accordingly, 'hikarchaea' do not represent an intermediate between methanogenic archaea and haloarchaea as previously thought 10 but secondarily adapted to low salinity from an extremely halophilic ancestor. In addition, our phylogenomic analyses robustly place Methanonatronarchaeia in a deep-branching position sister to the Methanotecta. This suggests that contrary to the initial proposal 6 , Methanonatronarchaeia are not evolutionary intermediates between Class II methanogens and haloarchaea.

Based on our resolved archaeal tree, we conclude four-independent adaptations to extreme halophily in archaea: in Haloarchaea+Afararchaeia, in Methanonatronarchaeia, in Haloplasmatales, and in Nanosalinaceae+Asboarchaeaceae. A salt-in strategy was adopted in the four cases, with extensive concomitant acidification of the proteomes.

While convergent evolution independently led to the massive adaptation of the proteome to high intracellular K + levels, HGT seems to have also played an important role in this process by spreading key genes (such as ion transporters) among the various halophilic lineages. This opens the question of whether the key initial adaptation(s) to extreme halophily evolved only once and spread by HGT and which lineage of extreme halophiles evolved first. Identifying and studying the distribution and phylogeny of such adaptive genes in known and potentially novel halophilic archaea and determining the directionality of HGT involving those genes should help unravel the evolutionary history of this fascinating adaptation to salty extremes.

Candidatus "Afararchaeum irisae" (gen. nov., sp. nov. Candidatus "Chewarchaeum aethiopicum" (gen. nov., sp. nov). "Chew" means "salt" in the Amharic language spoken as the official language of Ethiopia, where this organism has been found. This halophilic archaeon lives in oxic hypersaline waters of the Danakil Depression. It encodes genes for aerobic respiration and likely uses amino acids for organoheterotrophic growth. Its genome is around 2.9 Mb with a relatively high GC sequences encoded in the MAGs against EggNOG using eggNOG-mapper v2 [START_REF] Cantalapiedra | eggNOG-mapper v2: Functional Annotation, Orthology Assignments, and Domain Prediction at the Metagenomic Scale[END_REF] (hits with an e-value <1e-3 were considered as significant) ii) the protein sequences encoded in the MAGs against PfamA domains using HMMER [START_REF] Eddy | Accelerated Profile HMM Searches[END_REF] (hits with an e-value <1e-5 were considered as significant), iii) the protein sequences encoded in the MAGs against PfamB domains using HMMER [START_REF] Eddy | Accelerated Profile HMM Searches[END_REF] (hits with an e-value < 1e-5 were considered as significant) and iv) the CDS sequences of the MAGs against RefSeq using diamond blastx 67 ('sensitive' flag, hits with an e-value <1e-3 and query coverage >50% were considered as significant).

We only considered novel families those with no detectable homologs in these databases.

To address the taxonomic breadth of the novel families, we mapped the longest sequence of each family against the proteins encoded in a collection of 169,484 genomes, including non-cultured species, coming from diverse sequencing efforts and spanning the prokaryotic tree of life using diamond blastp 67 ('sensitive' flag, hits with an e-value <1e-3 and query coverage >50% were considered as significant). We then expanded each protein family with the hits from this database. If, after expanding, a family incorporated genes with homologs in EggNOG, that family was then discarded from the novel family set. We predicted signal peptides and transmembrane domains on the gene families using SignalP 68 and TMHMM [START_REF] Krogh | Predicting transmembrane protein topology with a hidden markov model: application to complete genomes11Edited by F. Cohen[END_REF] . Protein families were considered as transmembrane or exported if >80% of their members had a predicted transmembrane domain or a signal peptide, respectively.

Phylogenetic analyses. We collected the proteomes of 192 taxa spanning all major archaeal super-groups (including the new Afararchaeaceae and Asboarchaeaceae). We reconstructed two phylogenomic datasets consisting of 48 ribosomal proteins (RP) and 136 new markers (NM). The 136 NM dataset was based on curating a set of 200 markers previously shown to be highly conserved across the archaeal domain [START_REF] Petitjean | Extending the Conserved Phylogenetic Core of Archaea Disentangles the Evolution of the Third Domain of Life[END_REF] . To ensure standardized protein-coding gene predictions, all 192 genomes were first run through Prodigal [START_REF] Hyatt | Prodigal: prokaryotic gene recognition and translation initiation site identification[END_REF] . Next, sequences similar to the RP and NM proteins were identified using BLAST [START_REF] Altschul | Basic local alignment search tool[END_REF] with relatively relaxed criteria (>20% sequence identity over 30% query length)

to retrieve even divergent homologs, such as those found in fast-evolving lineages like the DPANN archaea. For each of the 192 taxa, up to five BLAST hits were kept to ensure that we could detect cases of contamination, HGT, or paralogy and identify the correct orthologue for each taxon. This required multiple rounds of manual curation based on examining single protein trees (reconstructed with FastTree2 72 ). Once manually verified, each orthologous group was aligned with MAFFT L-INS-i v7.450 [START_REF] Katoh | MAFFT multiple sequence alignment software version 7: improvements in performance and usability[END_REF] These six alignments were then used for maximum likelihood (ML) phylogenetic reconstruction under the LG+C60+F+G4 sequence evolution model (with 1000 ultra-fast bootstrap replicates) using IQTREE v2.0.3 [START_REF] Minh | IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era[END_REF] . 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 v1.8 [START_REF] Lartillot | PhyloBayes: Bayesian Phylogenetics Using Site-heterogeneous Models[END_REF] . Four MCMC chains were run in parallel for each alignment until a sufficient effective sample size was reached (effsize >300) while using a burnin of 3000 cycles and sampling every 50 generations after the burn-in.

Amino acid composition analysis. We used an in-house Python 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 analyzed using principal component analysis with ggplot2 [START_REF] Wickham | ggplot2: Elegant Graphics for Data Analysis[END_REF] .

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

𝑍 ^ ^ ^ ^ / / 𝑝^1 𝑋1 𝑛1 , 𝑝^2 𝑋2 𝑛2 , 𝑝^ 𝑋1 𝑋2 𝑛2 𝑛2
where X 1 and X 2 are the total numbers of that amino acid, and n 1 and n 2 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 We also implemented the new GFmix-DE/IK model by transforming the b parameter of the GFmix model [START_REF] Muñoz-Gómez | Site-and-branch-heterogeneous analyses of an expanded dataset favour mitochondria as sister to known Alphaproteobacteria[END_REF] (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 halophiles. We then calculated the likelihood of different tree topologies under these variants of the GFmix model with LG+C60+F+G4 [START_REF] Muñoz-Gómez | Site-and-branch-heterogeneous analyses of an expanded dataset favour mitochondria as sister to known Alphaproteobacteria[END_REF] . Branch length and alpha shape parameters for each tree tested were estimated using IQTREE v2.0.3 [START_REF] Minh | IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era[END_REF] and then fed into GFmix, specifying the custom enriched and depleted amino acid bins for halophiles versus non-halophiles.

Progressive removal of compositionally biased sites. To remove the most compositionally biased sites from the sequence datasets, we split the sequence alignments in two based on 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 corresponding ratio in the nonhalophile sub-alignment. When the denominator of one of the ratios was equal to zero, we substituted '0' for '0.1' in order 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 1%, 5%, 10%, 20%, 30%, and up to 90%. 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+G4 model (with 1000 ultra-fast bootstraps).

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 v2.5.1 [START_REF] Emms | OrthoFinder: phylogenetic orthology inference for comparative genomics[END_REF] with Diamond BLAST (--ultra-sensitive, --query-cover 50%, and --id 30%) and an inflation parameter of 1.1 [START_REF] Emms | OrthoFinder: phylogenetic orthology inference for comparative genomics[END_REF] . This resulted in 17,827 OGs, which were aligned using MAFFT --auto v7.450 [START_REF] Katoh | MAFFT multiple sequence alignment software version 7: improvements in performance and usability[END_REF] with default settings and trimmed using trimAl [START_REF] Capella-Gutiérrez | trimAl: a tool for automated alignment trimming in large-scale phylogenetic analyses[END_REF] (-automated1resoverlap 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 IQTREE v2.0.3 [START_REF] Minh | IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era[END_REF] . For computational time reasons, the trees of the 200 OGs containing the largest number of sequences were inferred under the

LG+C20+F+G4 model of evolution, while the remaining phylogenies were run under

LG+C60+F+G4. Statistical support at branches were 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 [START_REF] Szöllősi | Efficient Exploration of the Space of Reconciled Gene Trees[END_REF] , corresponding to the single possible unrooted tree topology.

Gene tree-aware ancestral 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 v0.4 [START_REF] Szöllősi | Efficient Exploration of the Space of Reconciled Gene Trees[END_REF] . ALE infers, for each gene family, duplications, losses, transfers, and originations events along a species tree [START_REF] Szöllősi | Efficient Exploration of the Space of Reconciled Gene Trees[END_REF] . These events were counted only if the relative reconciliation frequencies output by ALE were at least 0.3, following the recommendations of previous analyses [START_REF] Martijn | Hikarchaeia demonstrate an intermediate stage in the methanogen-tohalophile transition[END_REF][START_REF] Eme | Inference and reconstruction of the heimdallarchaeial ancestry of eukaryotes[END_REF][START_REF] Dharamshi | Gene gain facilitated endosymbiotic evolution of Chlamydiae[END_REF] . 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. 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 [START_REF] Letunic | Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation[END_REF] , and the ETE3 Toolkit v.3.1.2 [START_REF] Huerta-Cepas | ETE 3: Reconstruction, Analysis, and Visualization of Phylogenomic Data[END_REF] .

Fig. 1 |

 1 Fig. 1 | Phylogenetic position and metabolic potential of the new families Afararchaeaceae and Asboarchaeaceae. (a) Maximum likelihood phylogenetic tree of 35 euryarchaea, including the four new Afararchaeaceae MAGs (highlighted in green), based on the concatenation of 122 single-copy proteins obtained from the Genome Taxonomy Database (GTDB). The tree was inferred by IQ-TREE with the LG+C60+F+G4 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 ultra-fast bootstrap replicates. 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. 1 for the uncollapsed tree. (b) Non-exhaustive metabolic scheme based on the predicted gene content of the most

Fig. 2 |

 2 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 all extreme halophiles (colored diamonds), including the newly identified families Afararchaeaceae (green) and Asboarchaeaceae (salmon color). (b) Isoelectric point (pI) distribution of 192 archaeal proteomes. Non-halophilic archaea (grey lines) display a bimodal distribution of pI values, while extreme halophiles (colored lines) exhibit a single spike at pI ~4, indicating a highly acidic proteome. (c,d) D+E/I+K site-by-site bias (defined as the ratio [D+E/I+K for halophiles]/[D+E/I+K for non-halophiles]) for the 2,000 most biased sites of the (c) NM dataset (39,385 amino acid positions) and (d) 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). (e,f) Binomial tests for the (e) NM and (f) RP datasets comparing the

  8 and 10) supported either Methanonatronarchaeia sister to the Methanotecta (three 87-NM and one 104-NM chains) or Methanonatronarchaeia sister to the AHH-clade (one 87-NM and three 104-NM chains). This Methanonatronarchaeia-AHH sister relationship was only observed in this particular case among all our NM dataset inferences. Alternatively, two 87-RP and one 104-RP chain placed Methanonatronarchaeia within Methanotecta, while the other RP chains supported two other placements: Methanonatronarchaeia sister to the AHHclade (two 87-RP and one 104-RP chains) or Methanonatronarchaeia branching with all other extremely halophilic archaea (except Haloplasmatales) within the Euryarchaeota (two 104-RP chains) (Supplementary Figs. 9 and 11). The latter was the only time we observed the Nanosalinaceae+Asboarchaeaceae elsewhere than nested within DPANN or sister to all Euryarchaeota. These results indicate at least three conflicting signals in the RP dataset.

Fig. 3 |

 3 Fig. 3 | Maximum likelihood phylogeny of archaea, including the new groups Afararchaeaceae and Asboarchaeaceae. (a) Phylogenetic tree based on the concatenation of 136 conserved markers (NM dataset) across 192 taxa (39,385 sites) using IQ-TREE under the LG+C60+F+G4 model of evolution. Statistical support indicated on the branches corresponds to 1,000 ultra-fast bootstrap replicates. The scale bar indicates the number of substitutions per site. Colors indicate the currently known groups of extremely halophilic archaea. The size of collapsed clades is indicated in parentheses; see Extended Data Fig. 2 for

  used the mixture model LG+C60+F+G4 with GFmix, setting [D,E]/[I,K] as the compositional ratio varying over branches (henceforth referred to as GFmix-DE/IK model) and calculated the likelihood of four different tree topologies under this complex model: i) Nanosalinaceae+Asboarchaeaceae within DPANN and Methanonatronarchaeia sister to the AHH-clade; ii) Nanosalinaceae+Asboarchaeaceae within DPANN and Methanonatronarchaeia deep within Euryarchaea; iii) monophyly of the AHH-clade, deepest branch, and iv) monophyly of the AHH-clade, deepest branch (Extended Data Fig. 6). In all cases, the LG+C60+F+G4+GFmix-DE/IK model yielded better likelihood values than the classical LG+C60+F+G4 model alone. The highest-scoring topologies for both datasets placed Nanosalinaceae+Asboarchaeaceae within DPANN. However, despite the improvement in fit to the data by LG+C60+F+G4+GFmix-DE/IK model, this approach still produced incongruent results between the RP and NM datasets for the position of Methanonatronarchaeia, with the 192-RP dataset supporting them as sister to the AHHclade and the 192-NM as sister to Methanotecta (Extended Data Fig.

Fig. 4 |

 4 Fig. 4 | Schematic representation of the tree reconciliation analysis based on the NM species tree. The full archaeal tree is shown on the left; boxes on the right highlight the details for the four main groups of halophilic archaea: Nanosalinaceae+Asboarchaeaceae, Haloplasmatales, Methanonatronarchaeia; and Afararchaeaceae+Haloarchaea. The bar plots on the branches represent the number of gene duplications, transfers, originations, and losses, and the circles indicate the number of predicted ancestral genes. The

  and trimmed with BMGE v1.12[START_REF] Criscuolo | Block Mapping and Gathering with Entropy): a new software for selection of phylogenetic informative regions from multiple sequence alignments[END_REF] (-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+G4 model in IQ-TREE 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 Euryarchaea (87-RP and 87-NM) and 104 taxa, including the 87 Euryarchaea plus 8 Nanosalinaceae and 9 Asboarchaeaceae (104-RP and 104-NM).

  ). "Afar" refers to the Afar region (northeastern Ethiopia) where this organism has been found. The species is named after the Iris Foundation (France), which supports the study and preservation of endangered ecosystems such as those in the Afar region. This halophilic archaeon lives in oxic hypersaline waters. It encodes genes for aerobic respiration and likely uses amino acids for organoheterotrophic growth. Its genome is around 1.9 Mbp with a GC content of 55%. It currently remains uncultured and known from environmental sequencing only, with one MAG presented here. DAL-WCL_na_97C3R is the designated type MAG. Description is the same as for the genus Afararchaeum. Suff. -aceae, ending to denote a family. Type genus: Afararchaeum gen. Description is the same as for the genus Asboarchaeum. Suff. -aceae, ending to denote a family. Type genus: Asboarchaeum gen.

	nov.
	Candidatus "Asboarchaeum danakilensis" (gen. nov., sp. nov.). "Asbo" means "salt"
	in the Afar language spoken in the northeastern Ethiopia region where this organism has
	been found. This halophilic archaeon lives in oxic hypersaline waters of the Danakil
	Depression. It has a streamlined genome (around 1.2 Mb) with a relatively high GC
	content (61%). It lacks most biosynthetic pathways (for amino acids, nucleosides,
	nucleotides, and phospholipids), so most likely it grows as a symbiont of an unknown
	host. It currently remains uncultured and known from environmental sequencing only, with
	one MAG presented here. DAL-WCL_45_84C1R is the designated type MAG.
	Description of Asboarchaeaceae (fam. nov.). nov.

Description of Afararchaeaceae (fam. nov.).

  halophiles and non-halophiles are approximately normal, with the null hypothesis that p 1 = p 2 . |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).
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content (61%). It currently remains uncultured and known from environmental sequencing only, with one MAG presented here. DAL-9Gt_70_90C3R is the designated type MAG.

Description of Chewarchaeaceae (fam. nov.). Description is the same as for the genus Chewarchaeum. Suff. -aceae, ending to denote a family. Type genus: Chewarchaeum gen. nov.

Methods

Selection of metagenome-assembled genomes. We searched for MAGs related to known groups of extremely halophilic archaea in the Danakil Depression dataset obtained by Gutiérrez-Preciado et al. [START_REF] Gutiérrez-Preciado | Extremely acidic proteomes and diversification of archaea convergently adapted to increasingly chaotropic brines[END_REF] . For this, we included 61 Danakil MAGs in a preliminary phylogenetic tree containing 427 representatives of archaeal diversity and constructed a phylogenetic tree using 56 concatenated ribosomal proteins with IQ-TREE v1.6.10 59 . The tree was built using the LG+C20+F+G model of sequence evolution, and support at branches was estimated from 1000 ultrafast bootstrap replicates. From this analysis, we selected 14 high-quality MAGs (>50% completeness, ≤5% redundancy) representing potential new groups of extremely halophilic archaea based on their position compared to other halophilic archaea. These 14 MAGs were taxonomically classified using GTDB-Tk 60 (version 2.3.0, r207; April 1st, 2022) and assigned to novel families within three GTDB orders: four MAGs were assigned to a novel family belonging to the order 'JAHENH01', which we have named Afararchaeaceae; nine MAGs were assigned to another novel family belonging to the order Nanosalinales, which we propose to name Asborarchaeaceae; and one MAG belonged to a third novel family in the order Halobacteriales, which we have named Chewarchaeaceae (see taxonomic description above for more details).

Metagenome-assembled genome annotation. Coding DNA sequences (CDSs) were predicted with Prodigal v2.6.3 [START_REF] Hyatt | Prodigal: prokaryotic gene recognition and translation initiation site identification[END_REF] and subjected to Pfam [START_REF] Mistry | Pfam: The protein families database in 2021[END_REF] and COG 62 functional annotations inside the Anvi'o v5 pipeline [START_REF] Eren | o: an advanced analysis and visualization platform for 'omics data[END_REF] . Genes were also annotated with KofamKOALA [START_REF] Aramaki | KofamKOALA: KEGG Ortholog assignment based on profile HMM and adaptive score threshold[END_REF] and eggNOG-mapper v2.1.5 [START_REF] Cantalapiedra | eggNOG-mapper v2: Functional Annotation, Orthology Assignments, and Domain Prediction at the Metagenomic Scale[END_REF] . Additional manual curation was done for the two most complete Afararchaeaceae and Asboarchaeaceae 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 1 and 2.

Detecting novel protein families in Afararchaeaceae and Asboarchaeaceae. We computed family clusters of the proteins predicted for the MAGs of the new archaeal families Afararchaeaceae and Asboarchaeaceae using MMseqs2 65 with relaxed thresholds: minimum percentage of amino acids identity of 30%, e-value <1e-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 homologs in reference databases, we mapped i) the protein
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