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A closed Candidatus Odinarchaeum genome exposes Asgard archaeal viruses

Asgard archaea have recently been identified as the closest archaeal relatives of eukaryotes. Their ecology remains enigmatic, and their virome, completely unknown.

Here, we describe the closed genome of Ca. Odinarchaeum yellowstonii LCB_4, and, from this, obtain novel CRISPR arrays with spacer targets to several viral contigs. We find related viruses in sequence data from thermophilic environments and in the genomes of diverse prokaryotes, including other Asgard archaea. These novel viruses open research avenues into the ecology and evolution of Asgard archaea.

Asgard archaea are a diverse group of microorganisms that comprise the closest relatives of eukaryotes [START_REF] Zaremba-Niedzwiedzka | Asgard archaea illuminate the origin of eukaryotic cellular complexity[END_REF][START_REF] Williams | Phylogenomics provides robust support for a two-domains tree of life[END_REF][START_REF] Eme | Archaea and the origin of eukaryotes[END_REF][START_REF] Eme | Inference and reconstruction of the Skadiarchaeial ancestry of eukaryotes[END_REF][START_REF] Farag | a Novel Asgard Phylum from Costa Rican Sediment Capable of Polysaccharide Degradation and Anaerobic Methylotrophy[END_REF][START_REF] Liu | Expanded diversity of Asgard archaea and their relationships with eukaryotes[END_REF][START_REF] Sun | Recoding of stop codons expands the metabolic potential of two novel Asgardarchaeota lineages[END_REF] . Their genomes were first explored over six years ago [START_REF] Spang | Complex archaea that bridge the gap between prokaryotes and eukaryotes[END_REF] , and much of their physiology and cell biology remains to be studied. While over two hundred draft genomes are available for this group, the majority is represented by highly fragmented and incomplete metagenome assembled genomes (MAGs), which has precluded obtaining insights into their mobile genetic elements (mobilome). Given the central role of Asgard archaea in eukaryogenesis models, access to their complete genomes and information about their interactions with viruses are highly relevant.

To obtain a complete Asgard archaeal genome, we reassembled the Odinarchaeota LCB_4 genome, currently a 96% complete assembly of 1.46 Mbp distributed in 9 contigs 1 . A promising reassembly yielded a 1.41 Mbp contig, a 13 kbp contig containing CRISPR-associated (cas) genes, and multiple short contigs harboring mobile element or repeat signatures (see Methods for details). After contig boundary inspection, we postulated that the first two contigs represented the entire Odinarchaeota LCB_4 chromosome as these were flanked by similar CRISPR arrays that extended for several kilobasepairs (Suppl. Fig S1). We successfully amplified these gaps using long-range PCR, sequenced the resulting amplicons with Nanopore sequencing, and performed a hybrid assembly, finally generating a single 1.418 Mbp circular contig. Given the high quality of this genome, we suggest recognizing this strain as Candidatus Odinarchaeum yellowstonii LCB_4 (hereafter 'LCB_4'), in reference to Yellowstone National Park, location of the hot spring where it was sampled.

The LCB_4 genome contains a unique disposition of CRISPR-Cas genes (Fig. 1), including neighboring Type I-A and Type III-D cas gene clusters, separated by a 6.1 kb-long Type I-A CRISPR array, and further followed by another 2.7 kb-long Type I-A CRISPR array, with a total of 144 CRISPR spacers across both arrays. Nine of these spacers targeted, with 100% identity and query coverage, four putative mobile element contigs obtained in the same assembly that were not part of the closed genome (Fig. 1). Two of these contigs contained genes encoding common mobile element proteins, such as restriction endonucleases and integrases, but did not contain any viral signature genes (Suppl. Table S1). A third contig represented a complete, circular viral genome (Suppl. Fig. 1E) encoding transcriptional regulators, an endonuclease, and a double jelly-roll major capsid protein (DJR-MCP), typical of tailless icosahedral viruses (Fig. 1; Suppl. Fig. S2A; Suppl. Table S1). This specific protein was previously found in a study of the DJR-MCP family, and was tentatively classified as belonging to an "Odin group" since it was found in the same metagenome as Ca.

Odinarchaeum LCB_4 [START_REF] Yutin | Vast diversity of prokaryotic virus genomes encoding double jelly-roll major capsid proteins uncovered by genomic and metagenomic sequence analysis[END_REF] . The present complete recovery of LCB_4 CRISPR arrays allowed us to confirm that this circular contig indeed represents a virus associated with Ca.

Odinarchaeum, for which we suggest the name Huginnvirus, in reference to Odin's raven, Huginn ("thought"). S1), conserved in spindle-shaped viruses [START_REF] Krupovic | Unification of the globally distributed spindle-shaped viruses of the Archaea[END_REF] . This contig was flanked by ca. 80 nucleotides-long terminal inverted repeats, a typical signature of viruses with linear dsDNA genomes replicated by protein-primed PolBs 11 . Thus, this contig represents a complete Asgard archaeal viral genome for which we suggest the name Muninnvirus, in relation to Odin's raven, Muninn ("memory").

We further queried the PolB sequence from the Muninnvirus genome through phylogenetic analysis, finding that it is closely related to a homolog in a Sulfolobus ellipsoid virus 1 (SEV1) [START_REF] Wang | Novel Sulfolobus Virus with an Exceptional Capsid Architecture[END_REF] (Fig. 2A), recently isolated from a Costa Rican hot spring. No other genes were found to be shared between Muninnvirus and SEV1, indicative of recent horizontal transfer of polB in at least one of these viruses. Interestingly, other close homologs included multiple sequences that were likewise obtained from hot springs or hydrothermal vents (Fig. 2A). Two of these hits were part of an Asgard archaeal MAG (QZMA23B3), and a third one belonged to a MAG (SpSt-845) originally classified as Bathyarchaeota. A phylogenomic analysis that indicated that the QZMA23B3 belonged to the recently described Asgard archaeal class Jordarchaeia 7 , and that SpSt-845 in fact belonged to the Nitrososphaeria (Suppl. Fig. S3). Two additional PolB sequences from the same Nitrososphaerial MAG were found to be highly similar (>80% identity) to HGY28086.1 (and were thus not included in the phylogenetic analysis). The five PolB homologs were encoded in contigs containing SIRV2-famiily MCP genes (Fig. 2B; Suppl. Fig. S2C; Suppl. Table S1), exclusive to archaeal filamentous viruses with linear dsDNA genomes and classified into the realm Adnaviria [START_REF] Krupovic | Adnaviria: a New Realm for Archaeal Filamentous Viruses with Linear A-Form Double-Stranded DNA Genomes[END_REF] . Both the Jordarchaeia and the Nitrososphaeria contigs displayed high conservation in synteny and protein sequences, indicating high contig completeness and recent diversification (Fig. 2B). Notably, none of the known archaeal viruses with SIRV2-family MCP encodes its own PolB, suggesting that the group identified herein represents a new archaeal virus family. However, while we detected CRISPR arrays in the MAGs where these viral contigs were identified, we could not find accurate spacer matches (query coverage > 90%, identity > 90%) to these viral sequences and therefore the identity of the hosts of these thermophilic viruses remains unclear. The PolB phylogeny further suggests that a clade of viral sequences found in MAGs from mesophiles evolved from a likely thermophile-infecting ancestor. While none of the mentioned mobile elements share other proteins in common with Muninnvirus, a more distant relative of the Muninnvirus PolB sequence was found in a contig from the same assembly. Like Muninnvirus, this sequence encoded a His1-like MCP, and a gene encoding a transmembrane protein of unknown function (Fig. 2C). The latter two genes surrounded another gene encoding a relatively long protein (580 and 553 amino acid residues) with multiple transmembrane helices and complex predicted structures (Suppl. Fig. S2D), with no detectable similarity, but possibly related functions.

P o lB D U F 3 0 7 2 R p b 1 2 M C P H is 1 -li k e Z n -r ib b o n p r o te in T R R d g C T F E A s p B H A d
The CRISPR-Cas system of Ca. Odinarchaeum yellowstonii LCB_4 is likely its primary antiviral defense system. We could find no homologs for DISARM [START_REF] Ofir | DISARM is a widespread bacterial defence system with broad antiphage activities[END_REF] or other recently discovered antiviral systems [START_REF] Bernheim | Prokaryotic viperins produce diverse antiviral molecules[END_REF][START_REF] Doron | Systematic discovery of antiphage defense systems in the microbial pangenome[END_REF] in its genome. The retention of numerous CRISPR spacers against these mobile elements is significant and indicates coevolutionary dynamics with viruses from multiple families.

Our findings highlight the benefits of improving the quality of Asgard archaeal genomes. The discovery of viruses of thermophilic Asgard archaea opens the door to the study of the Asgard archaeal mobilome, promising exciting new insights into the ecology, physiology and evolution of the closest archaeal relatives of eukaryotes. 

METHODS Odinarchaeon LCB_4 genome reassembly

To reassemble the Odinarchaeon LCB_4 genome (Suppl. Fig. S1A), its corresponding Illumina reads 17 (BioSample SAMN04386028) were mapped against Asgard MAGs 4 using Minimap2 18 v2.2.17. Mapped reads were extracted and assembled with Unicycler 19 v0.4.4.

This assembly obtained a 1.406 Mb contig, which was not predicted as circular despite both of its contig boundaries ending in CRISPR arrays (Suppl. Fig. S1B). Additional short (< 13 kb) contigs were not considered part of the main chromosome if they represented mobile elements (with signatures such as differing coverage, circularity, CRISPR spacer hits and/or presence of typical mobile element genes), rRNA genes from different organisms, or CRISPR arrays.

The latter two were expected due to the conservation of sequences such as rRNA gene sequences and CRISPR repeats. After removing these contigs, only one additional contig of 10.6 kb containing type I-A cas genes remained. Given that the 1.406 Mb contig ended in type I-A CRISPR arrays, we hypothesized that these two contigs could represent the entire circular chromosome of Ca. Odinarchaeum LCB_4. In parallel, we assembled the Illumina reads with MEGAHIT 20 v.1.1.3 with options "--k-min 57 --k-max 147 --k-step 12". While highly fractionated, this assembly found an alternative solution for the sequences involved in the contig borders of the previous assembly (Suppl. Fig. S1B). In this case, the type-I-A cas genes were surrounded by two separate CRISPR arrays. Moreover, four consecutive spacers in the innermost side of one of the CRISPR arrays in this assembly were identical to the outermost spacers of the CRISPR array present at the border of the 1.406 Mb contig in the Unicycler assembly (Suppl. Fig. S1B). These results suggested a specific disposition for the two aforementioned contigs.

Long-range PCR and Nanopore sequencing

Four regions were selected for long-range Polymerase Chain Reaction (lrPCR): two contig gaps, corresponding to CRISPR arrays, and two control regions spanning ca. 5 kb of the rRNA operon and ca. 10 kb of a ribosomal protein gene cluster (Suppl. Table S2). Primers were designed using the Sigma-Aldrich OligoEvaluator TM (http://www.oligoevaluator.com/OligoCalcServlet) and synthesized by Integrated DNA Technologies, Inc. MDA-amplified environmental DNA isolated from the Lower Culex Basin at Yellowstone National Park (USA) [START_REF] Baker | Genomic inference of the metabolism of cosmopolitan subsurface Archaea, Hadesarchaea[END_REF] was then amplified with Herculase polymerase (Agilent).

Amplification of control and gap regions was then performed following the parameters shown in Suppl. Table S2. Products were separated on a 0.8% agarose gel in 1XTBE stained with SYBR-Gold, and purified using a Qiagen Spin purification kit following the manufacturers instructions. Purified PCR fragments were pooled and used to construct a library with the ligation kit SQK-LSK109. Sequencing was performed on an Oxford Nanopore MinION Mk1C sequencer using an R9.4.1 flow cell. Raw sequence data was basecalled using Guppy v4.2.2

High Accuracy. Reads were separated in two bins at 3-9 kb (subsampled to 30X) and 9-12 kb, and processed to obtain consensus sequences using Decona (https://github.com/Saskia-Oosterbroek/decona) v0.1.2 (-c 0.85 -w 6 -i -n 25 -M -r). Both control regions, comprising the rRNA and ribosomal protein operons, were 100% identical to the corresponding nucleotide sequences of the published assembly.

Hybrid assembly

Reads were filtered using NanoFilt v.2.6.0 with options "-q 10 -l 1000". We used these filtered Nanopore reads and the mapped Illumina reads to perform a hybrid assembly with Unicycler 0.4. Structural predictions were performed with RoseTTAFold 34 through the Robetta portal.

Phylogenetics

Reference DNA polymerase B sequences were obtained from Kim et al. [START_REF] Kim | Spindle-shaped viruses infect marine ammonia-oxidizing thaumarchaea[END_REF] and used for Psiblast 36 v2.10.0+ against the NR database and a group of Asgard archaeal MAGs from Eme et al. [START_REF] Eme | Inference and reconstruction of the Skadiarchaeial ancestry of eukaryotes[END_REF] . Sequences with over 70% similarity were removed with CD-Hit 37 v4.7. The remaining sequences were aligned with Mafft-linsi 38 v7.450 and columns with over 50% gaps were removed using trimAl 39 v1.4.rev22. Additionally, sequences with over 50% gaps in the trimmed alignment were removed. Maximum-likelihood trees were reconstructed using IQ-TREE 40 v2.0-rc1 using ModelFinder 41 with all combinations of the empirical models LG, JTT, WAG and Q.pfam with site-class mixtures (none, C20, C40, C60), rate heterogeneity (none, G4 and R4) and frequency (none, F) parameters. Using the previous tree as a guide, a PMSF 42 approximation of the selected model was used to reconstruct a tree with 100 non-parametric bootstrap pseudo-replicates, which was then interpreted both as the standard Felsenstein bootstrap proportions and as transfer bootstrap expectation 43 .

To assess the taxonomy of selected MAGs, all archaeal GTDB [START_REF] Parks | A complete domain-to-species taxonomy for Bacteria and Archaea[END_REF] representative sequences (as of August 2021) were retrieved and supplemented with Asgard archaeal sequences from the Hermod 45 , Sif 5 , Wukong 6 and Jord 7 groups. Together with query sequences, GToTree 46 v1.5.45 was then used to reconstruct a tree with parameters "-H Archaea -D -G 0.2".
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 1 Figure 1. Ca. Odinarchaeum LCB_4 CRISPR-Cas system and mobile elements. CRISPR-Cas systems in the Ca. Odinarchaeum LCB_4 chromosome (center) were colored according to their type classification (orange: I-A; blue: III-D). Full contigs representing mobile elements are shown at the corners, with vertical lines representing contig boundaries. Viral terminal inverted repeats are represented by hourglass symbols. Connecting lines represent full-coverage spacer (35-42 nt) BlastN hits against mobile element targets (0 mismatches: full; 1 mismatch: dashed; 2 mismatches: dotted). TR=Transcriptional regulator; MCP=Major Capsid Protein; DJR=Double Jelly-Roll; TFE=Transcription Initiation Factor E; RE=Restriction enzyme; PolB=Family B DNA polymerase.

Figure 2 .

 2 Figure 2. Discovery of additional Asgard archaeal mobile elements. (A) Phylogeny of DNA polymerase B obtained with IQTree2 under the Q.pfam+C60+R4+F+PMSF model. Color: Ca. Odinarchaeum LCB_4 MAG (red); sequences obtained from hot springs (pink); hydrothermal vents (purple); marine water (dark blue); Chatahoochee river (USA) (light blue); mine drainage (brown). Branch support value are Felsenstein Bootstrap Proportions (left) and Transfer Bootstrap Expectation (right). The tree presented here is a clade of the full tree shown in Suppl. Fig. S4. (B and C) Comparison between the viral contigs (B) of Jordarchaeia QZMA23B3 and Nitrososphaeria SpSt-845, and (C) of Muninnvirus and another viral contig in the Ca. Odinarchaeum LCB_4 assembly. Similarity lines represent BlastP hits with E-value lower than 1e-5, and percent identity as shown in the upper-right legend.

  AnnotationCRISPR arrays were detected and classified using CRISPRdetect 22 v2.4 online, and cas genes were detected and classified through CRISPRcasIdentifier 23 v1.1.0. Proteins were classified into COG families 24 based on 5 best local Blastp 25 hits to the same COG, and domain annotation was performed through InterProScan 26 v5.48-83.0. Mobile element protein annotation was performed using HHsearch 27 against Pfam 28 , PDB 29 , SCOPe 30 , CDD 31 and Uniprot 32 viral protein sequence databases. Synteny plots were performed with genoPlotR 33 .

4, which resolved both the main chromosomal contig and a viral contig (Huginnvirus) as circular (Suppl. Fig S1DE). Read mapping was performed using bowtie2 21 v.2.3.5.1 for Illumina reads and minimap2 18 v.2.17.r941 for Nanopore reads. A local cumulative GC skew minimum (Suppl. Fig S1E), together with low R-Y (purine minus pyrimidine), M-K (amino minus keto) and cumulative AT skew values, was selected as a potential replication origin and the circular contig was permutated to set this position as nucleotide +1.
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DATA AVAILABILITY

Raw Nanopore amplicon reads and complete Ca. Odinarchaeum LCB_4 assembly are available at NCBI under Bioproject PRJNAXXXXXXX. Additional data and supporting alignments and trees can be found in Zenodo, under the link: XXXXXXXXX.

SUPPLEMENTARY MATERIAL

Supplementary Table S1. Annotation of mobile elements. Yellow cells represent annotation of key viral proteins. 

Supplementary Table S2. Methods: primers and lrPCR cycling parameters