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Running title
Haloleptolyngbya lusitanica sp. nov. 

ABSTRACT
The morphological plasticity of cyanobacteria and their common ecological dominance in a wide range of habitats highlights the need for in-depth taxonomic studies. This work focused on the taxonomical revision of Leptolyngbya (Cyanophyceae) strains deposited in the ESSACC culture collection and their metabolomic characterization. Although the studied ESSACC strains were morphologically identified as Leptolyngbya sp., the 16S rRNA gene and 16S–23S rRNA ITS analysis revealed that two strains (LMECYA 079 and LMECYA 173) belong to Haloleptolyngbya and represent a new taxonomical unit, genetically unique, ecologically plastic and adapted to both freshwater and thermal habitats, here described as Haloleptolyngbya lusitanica sp. nov. To perform a suspect screening of cyanometabolites in these strains, we used a non-targeted liquid chromatography-high resolution mass spectrometry (LC-HRMS) metabolomic approach. Several metabolites were identified in Haloleptolyngbya lusitanica: micropeptin MM978, spumigin 640, oscillatoxin A and anabaenopeptin D. Strains were maintained and grown under the same conditions, revealing the common production of oscillatoxin A by both H. lusitanica strains. Other identified metabolites, however, were strain-specific, such as anabaenoptin D, which was only detected in LMECYA 173. The different cyanometabolite profiles reinforce the notion that cyanobacteria have the ability to adapt to different habitats, which is maintained under long-term culturing conditions.
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INTRODUCTION
Cyanobacteria are a large group of photosynthetic prokaryotes whose taxonomy is complex and intricate, with much unrevealed diversity (Codd et al. 2017). These microorganisms have a large variety of different morphological, ecological, physiological and genetic characteristics, and can inhabit freshwater, seawater and soil, or live in more extreme environments such as thermal pools (Komárek et al. 2014; Komárek & Johansen 2015). Despite their wide array of characteristics, the taxonomical identification of cyanobacteria can sometimes be challenging (Codd et al. 2017). The frequent lack of diacritical features, such as akinetes, makes morphological identification impossible, and other characteristics are necessary for identification to genus or species level (Codd et al. 2017; Cordeiro et al. 2020). To overcome this, a polyphasic approach combining morphological, ecological, physiological and genetic characteristics has been used in more recent years, revealing new taxa and clarifying some unresolved taxa (e.g. Abed et al. 2002; Cellamare et al. 2018; Mai et al. 2018).
One of the most complex and problematic orders of cyanobacteria is the Synechococcales. Much effort has been put in recent years to revise it, resolving many uncertainties concerning families and genera, thanks largely to the availability of sequenced data, such as 16S rRNA gene and 16S–23S rRNA ITS (Dadheech et al. 2012; Mai et al. 2018; Strunecký et al. 2023). In a noticeable recent contribution to this issue, Mai et al. (2018) revised the order Synechococcales at the family level, describing two new families to the previously described Leptolyngbyaceae Komárek, Kaštovský, Mareš & J.R. Johansen and Prochlorotrichaceae Burger-Wiersma, Stal & Mur. For the Oculatellaceae T. Mai & J.R. Johansen and Trichocoleusaceae T. Mai & J.R. Johansen, six genera (Cartusia T. Mai, J.R. Johansen & Pietrasiak, Drouetiella T. Mai, J.R. Johansen & Pietrasiak, Kaiparowitsia T. Mai, J.R. Johansen & Bohunická, Komarkovaea T. Mai, J.R. Johansen & Pietrasiak, Pegethrix T. Mai, J.R. Johansen & Bohunická and Tildeniella T. Mai, J.R. Johansen & Pietrasiak) and 14 species were described.
[bookmark: _Hlk156557616]Strunecký et al. (2023) reviewed cyanobacteria families and orders, creating 10 new orders and 15 new families, with only the Synechococcaceae and Prochlorococcaceae in the Synechococcales. Leptolyngbya Anagnostidis & Komárek, one of the most problematic genera in the Synechococcales, was allocated to the newly erected Leptolyngbyales (Strunecký et al. 2023). Moreover, its occurrence is overestimated due to inaccurate morphological identifications (due to a lack of significant morphological characters or diacritical features) (Johansen et al. 2011; Perkerson et al. 2011), which frequently lead to conflict with 16S rDNA analysis (Dadheech et al. 2012; Genuário et al. 2017, 2018). Several publications have emphasized the need for the taxonomical revision of Leptolyngbya (e.g. Perkerson et al. 2011; Cordeiro et al. 2020), as well as the establishment of new genera from Leptolyngbya-like species, such as Pegethrix, Tildeniella (Mai et al. 2018), ‘Amazoninema Genuário et al.’ (name invalid; Genuário et al. 2018), ‘Leptodesmis Raabová, Kovacik & Strunecký’ (name invalid; Raabovà et al. 2019), Oculatella Zammit, Billi & Albertano (Zammit et al. 2012), Nodosilinea Perkerson & Casamatta (Perkerson et al. 2011) and Haloleptolyngbya Dadheech, Mahmoud, Kotut & Krienitz (Dadheech et al. 2012).
Dadheech et al. (2012) described the genus Haloleptolyngbya, which is morphologically similar to Leptolyngbya, based on Haloleptolyngbya alcalis Dadheech, Mahmoud, Kotut & Krienitz. A second species, Haloleptolyngbya elongata Cellamare, C. Duval, Touibi, Djediat & Cécile Bernard, was later added (Cellamare et al. 2018). Both species were found in saline-alkaline environments. Haloleptolyngbya was segregated from Leptolyngbya mainly based on 16S rDNA phylogenetic distance and different 16S–23S rRNA ITS secondary structures, complemented by ecological preferences and a few morphological differences, such as cell dimensions and shape (Dadheech et al. 2012; Cellamare et al. 2018).
Along with its widespread distribution, Leptolyngbya is known for the wide range of cyanometabolites it produces, which have varying bioactivities and biotechnological potential (Dittmann et al. 2015; Li et al. 2020). In contrast, little is known about the secondary metabolism of Haloleptolyngbya, and metabolic studies are still needed.
This work aims to characterize the metabolomics and taxonomy of Leptolyngbya-like strains from the ESSACC culture collection using a polyphasic approach. A formal taxonomic description is provided for the new freshwater filamentous cyanobacterium Haloleptolyngbya lusitanica sp. nov., and its cyanometabolites characterized.
MATERIAL AND METHODS
Cyanobacterial strains, growth conditions and biomass production
Two Leptolyngbya-like strains from the ‘Estela Sousa e Silva Algae Culture Collection’ (ESSACC), isolated from a Portuguese hydrothermal pond and a freshwater reservoir (Table 1), were used in this study for metabolomic, genetic and morphological characterization. Strains were maintained in Z8 medium (Skulberg & Skulberg 1990), under a 14:10 h light:dark photoperiod (16 µmol photons m−2 s−1) at 20 ± 1°C.
For secondary metabolites search, strains were scaled up to five litres (with filtered aeration) maintaining the same growth conditions. Biomass was harvested after the exponential growth phase (3–5 weeks) by decantation and centrifugation (9,600× g, 5 min, 4°C). The lyophilized biomass was stored at –20°C.
Taxonomic analysis
Morphometry
Strains were characterized using a Leica DM4 B microscope coupled with a Leica MC 190 HD digital camera (Leica, Wetzlar, Germany) using both bright field and Differential Interference Contrast (DIC). To determine cell dimensions and morphological characteristics, at least 30 trichomes were observed, and three random cells were measured per trichome, for each strain, to a minimum total of 100 cells. To produce the herbarium voucher, specimens were grown in 50-ml flasks for two weeks, cultures were recovered by filtration in 0.7-µm fiberglass filters and put in a desiccator until dry. The filter was then sealed under vacuum and deposited in the Herbário Ruy Telles Palhinha, University of Azores, Portugal.
DNA extraction, PCR amplification and sequencing
Total genomic DNA was extracted with the PureLinkTM Genomic DNA Mini Kit (Invitrogen, Carlsbad, California, USA) following the manufacturer’s protocol for Gram-negative bacteria, using 2 ml of cultured material. 
Primers 27F (Neilan et al. 1997) and 23S30R (Lepère et al. 2000) were used to target the 16S rRNA gene together with 16S–23S rRNA ITS region. Primers 781F (Cordeiro et al. 2021), 781R (Nübel et al. 1997) and CSIF (Janse et al. 2004) were also used for sequencing. PCRs were conducted in a ProFlex™ 3 × 32-well PCR System (Thermo Fischer, Waltham, Massachusetts, USA), with a total volume of 25 µl containing 1× PCR Buffer, 2 mM MgCl2, 250 µM of each dNTP (Thermo Fisher), 0.5 pmol of each primer, 1.5 U of Taq DNA Polymerase (Thermo Fisher) and 5–10 ng of DNA (Taton et al. 2003). The PCR products were visualized by electrophoresis on 1% agarose gels. The 16S rDNA and 16S–23S rDNA ITS amplicons were purified, after gel excision with a clean scalpel, following the NZYGelpure (Nzytech, Lisbon, Portugal) manufacturer’s protocol. Sequencing was performed by Macrogen Ltd. (Madrid, Spain). Nucleotide sequences were deposited in NCBI GenBank.
16S rDNA phylogenetic analysis
[bookmark: _Hlk156558082]A database of 16S rDNA sequences was constructed with LMECYA 079 and LMECYA 173 sequences, GenBank retrieved sequences using BLAST, and cyanobacteria reference strain sequences from the literature. The retrieved sequences represent genetically and morphologically well-classified filamentous genera from the orders Synechococcales, Leptolyngbyales, Oculatellales, Nodosilineales and Oscillatoriales. A final database of 438 OTUs was aligned using MAFFT v7.520 (Katoh & Standley 2013) and the G-INS-i algorithm. The sequence data matrix with a final length of 1,129 columns was used to infer phylogenetic distances.
ModelFinder in IQ-Tree web server (Kalyaanamoorthy et al. 2017; Trifinopoulos et al. 2016) was used to select the best-fit nucleotide model for our dataset according to the Bayesian information criterion (TVMe+I+G4). Phylogenetic trees were constructed using Bayesian inference (BI) with MrBayes v3.2.7a (Ronquist et al. 2012) on XSEDE through the CIPRES Science Gateway, and Maximum-likelihood (ML) with online IQ-Tree v1.6.12 (Trifinopoulos et al. 2016). For ML support values were determined with 1,000 ultrafast bootstrap replicates (Hoang et al. 2018) and BI was conducted with 5.0 × 106 generations, with two runs of four Markov chains, with custom parameters (temp = 0.01), sampling every 1,000 generations and a 0.25 burn-in rate (split frequencies ﬁnal standard deviation average was lower than 0.05) with the GTR+GAMMA+I model. Gloeobacter violaceus PCC 8105 was used as an outgroup.
[bookmark: _Hlk156559361]A concatenated tree for 16S rDNA and 16S–23S rDNA ITS to corroborate the 16S dataset is presented in Fig. S1. This dataset was constructed with LMECYA 079 and LMECYA 173, and other Haloleptolyngbya sequences retrieved from GenBank. A final dataset of seven OTUs was aligned as stated above (length of 1,958 columns). ModelFinder on IQ-Tree web server (Trifinopoulos et al. 2016; Kalyaanamoorthy et al. 2017) selected the TPM3+F+I as the best-fit nucleotide model. Phylogenetic trees were constructed using ML, as stated above.
All trees were visualized using FigTree v1.4.4 (Rambaut 2012) and re-drawn using Inkscape v1.2.
16S–23S rRNA ITS region analysis
16S–23S rRNA ITS secondary structures D1–D1′, Box-B and V3 helices were analysed following Iteman et al. (2000), using M-fold (Zuker 2003), and re-drawn in Inkscape v1.2.
Secondary metabolite analysis
Standards and reagents
All reagents employed were of analytical or high-performance liquid chromatographic (HPLC) grade. Acetonitrile and methanol were obtained from Merck (Darmstadt, Germany), and Formic acid from Panreac (Montcada i Reixac, Barcelona, Spain). High-purity water produced with a Milli-Q Synergy UV system (Millipore, Bedford, Massachusetts, USA) was used. Microcystin (MC) -LA, -LR, -RR, -WR, -YR and nodularin (NOD) standards were purchased from Alexis Biochemicals (San Diego, California, USA). Stock standard solutions of each analyte (100 or 500 µg ml–1) were individually prepared by weight in methanol and stored at –20°C. Intermediate solutions were prepared weekly from the stock standard solution by appropriate dilution in methanol. MC-LF, -LW and -LY methanolic solutions (5–10 µg ml–1) were supplied from Sigma-Aldrich (St Louis, Missouri, USA). MC-dmRR methanolic solution (10 µg ml–1) was acquired from Cyano Biotech (Berlin, Germany). Finally, MC-dmLR methanolic solution (10 µg ml–1) was purchased from DHI (Hørsholm, Denmark). Mixed calibration standard solutions of all MCs were prepared with nodularin as the internal standard. Nitrogen (purity >99.999%) supplied by Air Liquide (Madrid, Spain) was used for the electrospray ionization (ESI) source and as a collision-induced dissociation (CID) gas in the Orbitrap mass spectrometer.
Cyanobacterial BIOMASS extraction
Freeze-dried cells (10 mg) from each cyanobacterial culture were extracted with 2 ml of methanol containing 0.16% (v/v) formic acid in an ultrasonic bath (Sonorex; Bandelin, Berlin, Germany) for 5 min and vortexed for another 5 min (Barco et al. 2005). This process was repeated three times. Nodularin was added to each sample as an internal standard prior to extraction at a final concentration of 0.2 µg ml–1. The samples were centrifuged (5,000× g, 5 min) and the supernatants were filtered through a syringe filter (0.45 µm PTFE). The filtrates were dried in a rotary evaporator under vacuum at room temperature. Extracts were resuspended in 500 µl of methanol containing 0.16% (v/v) formic acid.
Liquid chromatography-high resolution mass spectrometry (LC-HRMS) analysis
[bookmark: _Hlk156559650]An Orbitrap-Exactive mass spectrometer equipped with a high-energy collisional dissociation (HCD) cell (Thermo Fisher Scientific, Waltham, Massachusetts, USA), a heated electrospray source (H-ESI II), a Surveyor MS Plus pump and an Accela Open AS autosampler kept at 6°C (Thermo Fisher Scientific, Waltham, Massachusetts, USA) were used for the LC-HRMS analysis. The chromatographic separation was performed on a reversed-phase Phenomenex Luna C18(2) column (150 mm × 2.0 mm, 5 µm). The mobile phase was composed of Milli-Q water as solvent A and acetonitrile as solvent B, both containing 0.1% (v/v) formic acid at a flow rate of 200 µl min–1. The linear gradient elution program for the analysis was: 10%–30% B 10 min, 30%–35% B 20 min, 35%–55% B 15 min, 55% B 5 min, 55%–90% B 2 min, 90% B 3 min, and return to initial conditions for re-equilibration (10% B 10 min). The total duration of the method was 65 min. The injection volume was 10 µl.
Analyses were carried out in the ESI-positive ionization mode. Nitrogen was used as a sheath, auxiliary and collision gas. The operating conditions for LC-HRMS were previously optimized (Flores & Caixach 2015). The source parameters and voltages used were: a capillary temperature of 250°C, heater temperature of 30°C, sheath, auxiliary and sweep gas flow rates of 42 psi, 10 and 0 (arbitrary units), respectively, spray voltage of 4.25 kV, capillary voltage of 35 V, tube lens voltage of 186 V and skimmer voltage of 35 V. Data were acquired simultaneously in the full-scan and all ion fragmentation (AIF) modes (at 30 and 70 eV). The mass range was m/z 160–1200 in the full scan and m/z 60–1200 in the AIF mode. The automatic gain control (AGC) was set as ‘balanced’ (1 × 106 counts) with a maximum injection time of 250 ms. High resolution defined as R: 50,000 (m/z 200, 2 Hz, Full Width at Half Maximum) was set in all scan events, and mass accuracy expressed as parts per million (ppm) was used. Mass accuracy in all mass range (m/z 60–1200) was <5 ppm. Therefore, a maximum of ± 5 ppm extraction window was allowed for peak identification.
The instrument was externally calibrated daily with a commercial Positive Ion Calibration solution (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Data were processed with Xcalibur 2.1 and Trace Finder EFS 3.3 software (Thermo Fisher Scientific, Thermo Fisher Scientific, Waltham, Massachusetts, USA).
identification and quantification of Cyanometabolites
The identification of analytes was performed according to their experimental exact mass (m/z) with a mass accuracy <5 ppm, accurate isotopic pattern and retention time. The chromatographic peak had to be Gaussian and must have had at least 10 points per peak, with a signal-to-noise ratio >3 and area ≥5,000 counts. The method was previously validated by Flores & Caixach (2020) and Cobo et al. (2022).
The combination of high resolution and restrictive criteria was crucial for the identification of target and unknown compounds. To ensure the reliability of the identifications the experimental isotopic pattern was matched regarding the theoretical in silico isotopic pattern (IP score ≥70%), and the charge, the ring double bond equivalents (RDBE) and nitrogen rule were considered. A homemade HRMS database of 157 microcystins, 10 nodularins, cylindospermopsin, 29 related cyanopeptides (10 anabaenopeptins, 8 oscillapeptins, 4 microviridins, 2 agardhipeptins, 2 oscillapeptilides, oscillamide Y, oscillaginin and oscillacyclin) and other 435 cyanometabolites was used for identification purposes.
For quantitation, the extracted ion chromatogram (XIC) of analytes (m/z) in the full-scan acquisition mode was employed. The calibration curve and sample quantitation were based on the area ratio of MC-LR to NOD as an internal standard. Due to the unavailability of standards for all substances, their concentration has been estimated with respect to MC-LR (as MC-LR equivalents).
RESULTS
Morphology, 16S rDNA phylogeny and 16S–23S rRNA secondary structure
The phylogenetic analysis based on 16S rDNA revealed the position of strains LMECYA 079 and LMECYA 173 in the Haloleptolyngbya clade (Figs 1, S1, S2), with a p-distance of 3.96% to H. alcalis and 3.96% to H. elongata (Table S1). This high value of p-distance supports their phylogenetic distinctness. The Nodosilinea clade is sister to Haloleptolyngbya, and the studied strains of Haloleptolyngbya still share a significant amount of 16S rRNA gene similarity (Table S1), but due to their phylogenetic position we present these strains as a new Haloleptolyngbya species. Furthermore, because the morphology of Haloleptolyngbya species is very similar, the description of Haloleptolyngbya lusitanica sp. nov. is based on a combination of genetic, ecological and morphological characteristics (Table 2).
Within Haloleptolyngbya, the 16S–23S rRNA ITS phylogenetic analysis and p-distance (Fig. S3, Table S2) also support their distinction of the species, with several differences in the secondary structures of the D1–D1ʹ Helix (Fig. 13) and Box-B (Fig. 14); however, the V3 helix, as described previously, is equal in all species (Dadheech et al. 2012; Cellamare et al. 2018). Morphologically, all three strains overlap in cell width and length, although H. alcalis has shorter cells than the others. Haloleptolyngbya elongata and H. lusitanica seem to share characteristics, such as length and width, and show no discernible differences in morphology.
Haloleptolyngbya lusitanica R.F.S. Luz, R.P. Cordeiro & E.M.A. Dias sp. nov.
Figs 2–12
DIAGNOSIS: Morphologically indistinguishable from the remainingother species of Haloleptolyngbya species, overlapping both in width and length. Ecology-wise, iIsolated from a freshwater reservoir and from a 60ºC thermal pondpool. Genetically distinct, both phylogenetically and based on p-distance by thein the 16S rRNA gene, and with significant differences in the 16S–23S rRNA ITS.
DESCRIPTION: Colonies forming a flat mat, with entangled filaments, blue-green in colour. Filaments are normally straight or slightly waivedwavy, sometimes bent at cell constrictions, without false branching. Sheaths very thin, colourless, attached to the trichome, and mostly indistinct. Trichome cylindrical, untapered, constricted at cross walls, without motility and rarely with necridia. Hormogonia few-celled, without motility. Cells mostly longer than wide or almost isodiametric, very rarely shorter than wide, varying in length in the same trichome, 0.90–3.81 µm long (mean = 2.09 µm) and 0.99–1.69 µm wide (mean = 1.30 µm), with a length:width ratio of 0.65–2.64 (mean = 1.62). Terminal cells rounded.
[bookmark: _Hlk147241402]HOLOTYPE: Dried material of LMECYA 079 preserved in vacuum at the Herbário Ruy Telles Palhinha, University of Azores, Portugal, under the code AZB 4585.
TYPE LOCALITY: Albufeira de Magos (Santarém), Portugal (38°59.58ʹN, 8°40.80ʹW), a freshwater reservoir, isolated by Paulo Pereira (June 24, 1998).
HABITAT: Freshwater (aquatic). Planktonic in a freshwater reservoir. Also occurs in thermal pools (60oC).
ETYMOLOGY: Epithet from Latin adjective lusitanicus, -a, -um, of Portugal, from where strains originated.
REFERENCE STRAIN: LMECYA 079 (Estela Sousa e Silva Algae Culture Collection (ESSACC), Instituto Nacional De Saúde Doutor Ricardo Jorge, Lisboa, Portugal).
GENE SEQUENCES: GenBank accession number OQ029256 for the 16S rRNA gene and 16S–23S rRNA ITS region.
Characterization of cyanometabolites
Only four cyanometabolites were identified (Table 3): micropeptin MM978 (Fig. S4), oscillatoxin A (Figs 15–20), spumigin 640 (Fig. S5) and anabaenopeptin D (Fig. S6). In all cases, the [M+H]+ signal was detected with an accuracy in the measurement of the exact mass <3.4 ppm and a score of the isotopic pattern >70%. The cyanometabolite in the highest (estimated) concentration was oscillatoxin A in both LMECYA 079 (Figs 15–17; 2.82 µg MC-LR eq.ml–1) and LMECYA 173 (Figs 18–20; 2.30 µg MC-LR eq.ml–1), and the lowest was anabaenopeptin D in LMECYA 173 (0.18 µg MC-LR eq.ml–1). The only common cyanometabolite between the two H. lusitanica strains was oscillatoxin A (Table 3; Figs 15–20). Microcystins, nodularins, cylindrospermopsin, microviridins, agardhipeptins, oscillamide Y, oscillaginin and oscillacyclin were not found in any of the two samples.
DISCUSSION
[bookmark: _Hlk156567256][bookmark: _Hlk156567369]The studied strains shared many similarities with Haloleptolyngbya and Nodosilinea. However, the phylogenetic results support the classification of the new taxon as a member of Haloleptolyngbya. The two species of Haloleptolyngbya previously described are from saline environments, with the type species H. alcalis isolated from the soda lake Nakuru in Kenya (Dadheech et al. 2012) and H. elongata isolated from the saline-alkaline crater-lake Dziani Dzaha in Mayotte (Cellamare et al. 2018). The placement of Haloleptolyngbya lusitanica (LMECYA) strains in the genus is therefore unexpected, given the difference in habitat (freshwater and thermal). Nonetheless, a similar situation is found in Nodosilinea, with the type species being marine while the remaining species are from freshwater and terrestrial habitats, and within these, arid and artic environments (Perkerson et al. 2011). As the two genera are phylogenetically close, being in sister clades, this ability represents a feature probably passed through a common ancestor this feature probably reflects a shared evolution. Nonetheless, the phylogenetic distinction in these two genera is well supported in our analysis (Figs 1, S1, S2), with very good bootstrap (100%) and Bayesian posterior probabilities (1), showing Nodosilinea and Haloleptolyngbya as monophyletic genera into separated clades, with very good bootstrap (100%) and Bayesian posterior probabilities (1).
[bookmark: _Hlk156567725]The morphological resemblance of the two studied ESSACC strains with the other described Haloleptolyngbya species is problematic for taxonomical evaluation. However, these strains are genetically distant enough to support species delimitation, as seen in other works on cryptic taxa (Johansen & Casamatta 2005; Mai et al. 2018; Raabová et al. 2019; Komárek et al. 2020). The genetics and ecology of this taxon support not only the description of a new species but also highlights the plasticity and ability of cyanobacteria to thrive and adapt to a variety of habitats. In the case of Haloleptolyngbya, our results support a broad ecological range from freshwater, thermal and saline habitats. In recent works, there is clear support evidence for ecological specification of Cyanobacterial genera (Cordeiro et al. 2020; Chen et al. 2021), but it seems that exceptions exist, such as in Nodosilinea (Perkerson et al. 2011) and Halomicronema Abed, Garcia-Pichel & Hernández-Mariné (Abed et al. 2002).
The profile of cyanometabolites of H. lusitanica may perhaps support the ecological plasticity of this genus, as these metabolites were previously identified in isolated saline and freshwater strains. Micropeptins have been identified in strains of freshwater Microcystis Lemmermann, e.g. micropeptin MM978 (Zafrir-Ilan & Carmeli 2010). Anabaenopeptins were identified in freshwater, marine and terrestrial species, e.g. anabaenopeptin D was identified in Dolichospermum flos-aquae Brébisson ex Bornet & Flahault (Fujii et al. 1996) and Nodularia spumigena Mertens ex Bornet & Flahault strains (Mazur-Marzec et al. 2012, 2016). Spumigins were initially identified in Nodularia spumigena (e.g. Spumigin 640; Mazur-Marzec et al. 2012) and in Dolichospermum compactum (Nygaard) Wacklin, L. Hoffmann & Komárek, from either marine or freshwater. Oscillatoxin A was found in marine Lyngbya majuscula Harvey ex Gomont (Moore et al. 1984; Dittmann et al. 2015; Monteiro et al. 2021) and in an environmental mixture of Phormidium nigroviride (Thwaites ex Gomont) Anagnostidis & Komárek and Schizothrix calcicola Gomont (Mynderse & Moore 1978). In fact, oscillatoxin A was the only cyanometabolite common to both H. lusitanica strains, showing metabolomic diversity and biotechnological potential for this species.	Comment by Autor: This paragraph needs some work. Besides listing where else these compounds are found are you saying that they are associated only with species from the same habitat? The last sentence could be improved. different strains of the same species can be chemically different.	Comment by Autor: Yes
To our knowledge, the four cyanometabolites detected in LMECYA 079 and LMECYA 173have not been detected in Haloleptolyngbya or any other genus in the family Prochlorotrichaceae before. Further studies on Haloleptolyngbya and Nodosilinea, for which no published information on cyanometabolites exists, and Leptolyngbya are required to understand better if metabolomic diversity is related to taxonomy and/or ecology.
This work describes a new species belonging to the recently established genus Haloleptolyngbya, H. lusitanica sp. nov., and the first identification of micropeptin MM978, anabaenopeptin D, oscillatoxin A and spumigin 640 in the family Prochlorotrichaceae and in the genus Haloleptolyngbya. These results emphasize their biotechnological potential and give insights into the ecological plasticity of cyanobacterial genera.
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Legends for Figures
Fig. 1. Maximum-likelihood tree of partial 16S rRNA gene sequences, with Gloeobacter violaceus PCC 8105 as the outgroup. Ultrafast bootstrap percentages (greater than 5095%) and Bayesian posterior probabilities values (greater than 0.9) are presented on branches.
Figs 2–12. Morphological features of Haloleptolyngbya lusitanica sp. nov., LM with DIC. Scale bars = 10 µm.
Figs 2–5. Several trichomes with morphologically different cells sizes, from isodiametric to longer than wide.
Fig. 6. Trichome bent at the constriction between two cells.
Fig. 7. Trichome with necridia.
Fig. 8. Trichome with necridia and hormogonia (n, arrow pointing at necridia).
Figs 9, 10. Hormogonia.
Figs 11, 12. Entangled filaments.
Figs 13, 14. Secondary structures of 16S–23S ITS rRNA from the type strains of all described species in the genus Haloleptolyngbya.
Fig. 13. Secondary structure of the D1–D1ʹ helix.
Fig. 14. Secondary structure of the Box-B helix.
Figs 15–17. Chromatogram and high-resolution mass spectrum of oscillatoxin A (LMECYA 079), obtained by LC-HRMS in full-scan positive mode.
Fig. 15. Accurate mass-extracted ion chromatogram of oscillatoxin A (RT 13.46 min) obtained from full-scan positive mode by LC–HRMS.
Fig. 16. Oscillatoxin A chemical structure and high resolution mass spectrum showing experimental characteristic isotopic pattern, detected in LMECYA 079.	Comment by Autor: also mention the chemical model.
Fig. 17. In silico theoretical isotopic pattern of oscillatoxin A to compare with the experimental.
Figs 18–20. Chromatogram and high-resolution mass spectrum of oscillatoxin A (LMECYA 173), obtained by LC-HRMS in full-scan positive mode.
Fig. 18. Accurate mass-extracted ion chromatogram of oscillatoxin A (RT 13.54 min) obtained from full-scan positive mode by LC–HRMS.	Comment by Autor: same as above, Structure
Fig. 19. Oscillatoxin A chemical structure and high resolution mass spectrum showing experimental characteristic isotopic pattern, detected in LMECYA 173.
Fig. 20. In silico theoretical isotopic pattern of oscillatoxin A for comparison with the experimental.
