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 in deep-sea sediments from the Sporades Basin, Eastern Mediterranean Sea. Due to its unusual morphology and locomotion, very different from those of other high-rank eukaryotic taxa, it was classified as an incertae sedis species. Unfortunately, its morphological characterization was not accompanied by the generation of molecular data, preventing its placement in molecular phylogenetic trees including other protist lineages. Here, we report the observation of protist cells in sediments from a shallow marine lagoon in the Mediterranean Sea with morphological characteristics indistinguishable from those of Meteora sporadica. Given this similarity and the geographical proximity to the type location, we consider that the organism that we observed likely corresponded to the type species, M. sporadica, which seems to be a benthic predator spanning from shallow to deep-sea habitats. We determined the 18S rRNA gene sequence of M. sporadica from micromanipulated cells. Searches in sequence databases did not yield closely related hits, suggesting that Meteora is a rare organism. Phylogenetic analyses did not show any close affinity with other eukaryotic groups, supporting its initial incertae sedis status and suggesting that it may define a new high-rank level eukaryotic lineage.

Introduction

Meteora sporadica is an extremely unusual protist that was first reported 20 years ago in deep sea sediment samples from the Sporades Basin in the Eastern Mediterranean Sea [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF]. It exhibited small colorless non-flagellated cells with an oval shape that measured 3.0-4.4 lm long and 2.0-4.0 lm wide. What made this protist truly unique were its unusual appendages and movement. Meteora glides on substrates using two types of appendages: two lateral arm-like appendages (one on each side of the equatorial plan of the cell), which present a continuous rowing movement, and two longer appendages, one on each pole of the cell, aligned in the direction of the cell movement. No other eukaryotic organism has ever been described to move in this peculiar way. It was hypothesized that the rowing movement of the two short arms enhances the chance to encounter bacterial prey, which is then immobilized by putative extrusome granules (up to 2 on each arm) [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF].

Due to the striking morphological dissimilarity with members of all other known eukaryotic taxa, Meteora was classified as Protista incertae sedis. Unfortunately, the authors of the original description did not succeed to stablish a culture and no molecular data has been obtained for this species to date. In this study, we determined the 18S rRNA gene sequence of protist cells collected from sediment of a shallow marine lagoon in the Mediterranean island of Mljet (Croatia), which were morphologically indistinguishable from the previously described Meteora sporadica. The morphological similarity and geographical proximity between our sampling point and the type locality support the notion that the protist cells studied in this work correspond to the type species Meteora sporadica. The analysis of its 18S rRNA gene sequence allowed us to study its phylogeny, which showed its lack of close affinity with any other eukaryotic group, and its absence in environmental 18S rRNA gene sequence databases.

Results and Discussion

Habitat

We observed Meteora cells after culture enrichment of sediment samples from the shallow marine lagoon Malo Jezero (Mljet Island, Croatia, Mediterranean Sea), collected in July 2014 and kept frozen at 20 C for several years (until September 2019). After 48 h of incubation of thawed sediment at room temperature, Meteora cells became visible and remained alive for a few days. In these transient Meteora-enriched samples, we also observed some of the protist species described by [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF] to co-occur with Meteora, including Amastigomonas spp., Rhynchomonas nasuta, and Ancyromonas spp., which suggested that these bacterivorous gliding species share a common biotope and, probably, bacterial prey. Although M. sporadica was first described in deep sea sediments [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF], our observation in shallow marine sediment samples (10 cm deep) of cells matching its original description indicated that this benthic protist species is not strongly constrained by depth.

Since our Meteora cells fit the morphological description of M. sporadica [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF]) and both were collected in North-eastern Mediterranean localities (Croatia and Greece), it is likely that we observed the same species. We will therefore refer to our Meteora strain (CRO19MET) as M. sporadica hereafter.

Morphology

As mentioned above, Meteora sporadica CRO19MET cells had an overall morphology identical to that reported in the original description by [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF] (Figure 1A-T). The cells had an oval cell body that measured 3.22 lm (1.99 to 3.84 lm) long and 2.76 lm (1.8 to 3.62 lm) wide in average, in agreement with the original description (3.0 to 4.4 lm long and 2.0 to 4.0 lm wide). CRO19MET cells also had the two unusual lateral arm-like appendages characteristic of Meteora, which were 1.58 and 1.69 lm long on average (0.87 to 3.83 lm and 1 to 3.55 lm, respectively), as well as two longer axial appendages of 5.32 and 4.12 lm long (3.7 to 8.72 lm and 2.5 to 5.79 lm, respectively). We did not observe appendages as extended as the longest ones seen by [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF], which attained up to 5.8 lm for the lateral ones and up to 17.3 lm for the axial ones, but we noticed that the length of these lateral appendages could change rapidly by extension or retraction into the cell body (Supplementary Material Video S1). As described by [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF], whereas the length of the two lateral arms is similar, that of the two axial structures can differ, the longest one usually located in the anterior pole of the cell relative to the direction of movement (Figure 1A-E). The original description of Meteora reported the presence of up to two granules in the lateral arms, thought to be extrusomes, and bacteria-like bodies attached to them. However, we observed these granules on both, the lateral and axial appendages, with up to four granules on a single appendage (Figure 1F-Q, and Supplementary Material Video S1). These granules were labile and moved constantly along the appendages in a relatively continuous manner. We observed bacterial cells that got attached to these granules and were subsequently phagocytized (see the first seconds of Supplementary Material Video S2). We occasionally observed cells with three lateral arms (Figure 1P-T and Supplementary Material Video S2). Even if the overall shape of Meteora cells appendage (see black arrow). Scale bars: 5 mm.

was quite stiff, we noticed cytoplasmic projections more typical of amoeboid organisms (Supplementary Material Video S2), which occurred mainly when the cells produced granules or phagocytized bacteria. We did not observe any cell division or cyst formation, but the presence of small individuals with short appendages possibly corresponded to recently divided cells (Supplementary Video S3).

Phylogeny

We amplified and Sanger-sequenced the 18S rRNA gene from 10 sets of 10 to 20 Meteora cells isolated by micromanipulation (see Methods). All of them yielded an identical 1,601 bp long sequence (GenBank OM468949) that we included in a multiple sequence alignment containing 18S rRNA gene sequences covering the major eukaryotic lineages. Maximum likelihood (ML) and Bayesian inference (BI) phylogenetic analyses based on this alignment showed that M. sporadica CRO19MET branched as sister to the Haptophyta but with weak statistical support (Figure 2 and Supplementary Material Figs S1 andS2). To further investigate this relationship, we Meteora branched with weak support in a group containing the Rhodophyta and the Hemimastigophora (Supplementary Material Fig. Therefore, the phylogenetic position of Meteora remained uncertain. Although it is well-known that the phylogenetic signal carried by the 18S rRNA gene is too limited to resolve many ancient speciation events in eukaryote evolution [START_REF] Philippe | Early-branching or fast-evolving eukaryotes? An answer based on slowly evolving positions[END_REF], these incongruent results suggest that Meteora may represent a new high-rank level eukaryotic group, in agreement with its unique morphology. Nonetheless, our 18S rRNA gene phylogenetic trees did not retrieve the monophyly of some accepted clades (e.g. Archaeplastida), such that Meteora might still be related to known taxa but this single gene marker alone is not enough to robustly retrieve that relationship. Therefore, until the eventual resolution of its phylogenetic position using transcriptomic and/or genomic data (from single cell "omics" approaches or, ideally, when stable cultures of this organism become available), Meteora sporadica will retain its classification as Protista incertae sedis [START_REF] Hausmann | Meteora sporadica gen. nov. et sp. nov. (Protista incertae sedis) -an extraordinary freeliving protist from the Mediterranean deep sea[END_REF].

To gain information about its ecological distribution, we used the M. sporadica CRO19MET 18S rRNA gene sequence to look for related environmental sequences in several databases, including GenBank [START_REF] Clark | GenBank[END_REF], SILVA [START_REF] Quast | The SILVA D590-D596 ribosomal RNA gene database project: improved data[END_REF], and TARA [START_REF] Pesant | Open science resources for the discovery and analysis of Tara Oceans data[END_REF], as well as in a recently published massive molecular analysis of protist diversity in marine sediments (Cordier et al. 2022) (see Methods). We did not identify any sequence closely related to Meteora, which suggests that this protist is quantitatively very rare, which would explain why it has been reported so infrequently despite its conspicuous morphology and movement. Future cultivation and molecular (metabarcoding and metagenomic) analyses of additional marine sediments, in particular deep ones, will contribute to characterize the actual diversity of Meteora-like protists in these environments.

Methods

Sample collection: Sediment samples from the shallow marine lagoon Malo Jezero (4247 0 05.9 00 N 1721 0 01.3 00 E) in the island of Mljet (Croatia, Mediterranean Sea) were collected in July 2014. Samples were taken from the upper layer of the sediment in the shore of the lagoon with a sterile 15 ml Falcon tube at a depth of 10 cm below the water surface. Samples were then stored at 20 C until further analysis.

Cell growth, microscopy, and cell micromanipulation: Frozen sediment samples were thawed and diluted with f/2 marine medium [START_REF] Guillard | Studies of marine planktonic diatoms: I. Cyclotella nana Hustedt, and Detonula confervacea (cleve) Gran[END_REF] enriched with 1% Yeast Tryptone medium (YT medium; NIES, Japan) and let grow at room temperature until cells were observed (48 h).

Optic microscopy observations were done with a Zeiss Axioplan 2 microscope (Jena, Thuringia, Germany). Differential interference contrast (DIC) and phase contrast were used to take both, pictures with an AxiocamMR camera using the Zeiss AxioVision 4.8.2 SP1 suite and videos with a Sony a9 digital camera. Morphometric data of Meteora cells were acquired at 1,000X magnification on 20 individual cells, with pictures taken at different planes to analyze all cell parts. Meteora cells were collected with an inverted Leica Dlll3000 B microscope (Wetzlar, Germany) equipped with an Eppendorf PatchMan NP2 micromanipulator using 65 mm VacuTip microcapillaries (Eppendorf). 10 sets of 10 to 20 Meteora cells were deposited in 1 ml of 10 mM Tris pH 8.0 in 0.5 ml PCR tubes.

PCR amplification, sequence alignment, and phylogenetic analyses: We amplified the 18S rRNA genes from the 10 sets of micromanipulated Meteora cells by putting the cells directly in PCR reactions without any previous DNA extraction. We used two different primer combinations: A) EK-82F (5 0 -GAAACTGCGAATGGCTC3 0 ) + 1520R (5 0 -CYGCAGGTTCACCTAC-3 0 ); and B) 612F

(5 0 -GCA GTTAAAAAGCTCGTAGT-3 0 ) + 1498R (5 0 -CACCTACG GAAACCTTGTTA-3 0 ) in 25 ml reaction volumes with GoTaq polymerase reaction (Promega, Lyon, France). PCR amplifications were carried out following a nested approach: in the first PCR round, we used the primer combination A and, in the second round, we carried out two different PCR reactions using 2 ml of the PCR products of the first round as templates. One PCR was done again with the primer combination A and the other with the primer combination B. All PCR amplifications consisted of an initial denaturing period (95 C for 3 min) followed by 35 cycles of denaturation (93 C for 45 s), annealing (5 cycles at 45 C and 30 cycles at 55 C, for 45 s), extension (72 C for 2 min), and a final extension period (72 C for 5 min). Sanger sequencing of 20 amplification products (10 from primer combination A and 10 from primer combination B) was performed by GENEWIZ (Leipzig, Germany). All sequences were identical in their overlapping region. We used MAFFT [START_REF] Katoh | MAFFT: A novel method for rapid multiple sequence alignment based on fast Fourier transform[END_REF] with default settings to align them and obtain a consensus sequence. The new Meteora 18S rRNA gene sequence was submitted to GenBank under accession number OM468949.

The Meteora 18S rRNA gene sequence was added to an alignment containing 83 sequences representing all major eukaryotic clades and aligned with the MAFFT server with the accurate L-INS-i option [START_REF] Katoh | MAFFT online service: multiple sequence alignment, interactive sequence choice and visualization[END_REF]. Trimming of ambiguously aligned sites was done manually with AliView [START_REF] Larsson | AliView: a fast and lightweight alignment viewer and editor for large datasets[END_REF]. The resulting alignment contained 84 sequencesand2,974nucleotidepositions. Inaddition, weconstructedasecondalignmentenrichedinhaptophytes (112 sequences and 3,047 nucleotide positions). Both alignments were analyzed by Maximum Likelihood (ML) with IQ-TREE v1.6.11 [START_REF] Nguyen | IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies[END_REF] using, respectively, the TN+F+R6 and TN+F+I +G4 sequence evolution models (selected as the best-fitting models using the Bayesian information criterion) [START_REF] Kalyaanamoorthy | ModelFinder: fast model selection for accurate phylogenetic estimates[END_REF]. ML statistical support was calculated with 1,000 nonparametric bootstrap replicates. A Bayesian inference (BI) phylogenetic tree was reconstructed for the first dataset using PhyloBayesMPI v1.5 [START_REF] Lartillot | PhyloBayes 3: A Bayesian software package for phylogenetic reconstruction and molecular dating[END_REF]) under the CAT-GTR model, with four MCMC chains and run for more than 10,000 generations, saving one every ten trees. Analyses were stopped once convergence thresholds were reached (i.e. maximum discrepancy <0.1 and minimum effective size >100, calculated using bpcomp) and consensus trees constructed after a burn-in of 25%. The trees were loaded to Figtreev1.4.4(github.com/rambaut/figtree/).All datafiles are available at figshare (https://figshare.com/projects/Meteora_sporadica_data/ 131417).

The new Meteora 18S rRNA gene sequence was used as query in BLAST [START_REF] Altschul | Basic local alignment search tool[END_REF]) searches against several databases, including GenBank non-redundant v. 249 [START_REF] Clark | GenBank[END_REF]), SILVA v. 138 (Quast et al. 2013), TARA [START_REF] Pesant | Open science resources for the discovery and analysis of Tara Oceans data[END_REF]; https://taraoceans.sb-roscoff.fr/EukDiv/), and a recent massive 18S rRNA gene metabarcoding study of marine sediments (Cordier et al. 2022). We downloaded the first 100 hits from each search and incorporated them into an 18S rRNA gene sequence dataset containing the sequences of Meteora and of a representation of the major eukaryotic lineages. This dataset was aligned using MAFTT L-INS-i [START_REF] Katoh | MAFFT online service: multiple sequence alignment, interactive sequence choice and visualization[END_REF]) and a ML phylogenetic tree was reconstructed with IQ-TREE v1.6.11 [START_REF] Nguyen | IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies[END_REF] as described above.
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Figure 1 .

 1 Figure 1. Differential interference contrast (DIC) and phase contrast microscopy observations of Meteora sporadica CRO19MET cells. A-E. DIC images of a gliding cell, the arrow indicates the direction of movement. F-J. DIC images of a cell with a granule on one axial appendage (see white arrowheads). K-O. Phase contrast images of a cell with several granules on axial and lateral appendages (see white arrowheads). P-T. Phase contrast images of a cell with a granule on one lateral appendage (see white arrowheads) and a third lateral

  

Acknowledgements

We thank Miguel Iniesto for help in searching Meteoralike sequences in several databases. This work was funded by the European Research Council Advanced Grants ProtistWorld (No. 322669) and Plast-Evol (No. 787904) and the Horizon 2020 research and innovation program under the Marie Skłodowska-Curie ITN project SINGEK (http://www.singek.eu/; grant agreement no. H2020-MSCA-ITN-2015-675752).

Appendix A. Supplementary Material data to this article can be found online at https://doi.org/10.1016/j.protis.2022. 125896.