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Abstract Cyanobacteria constitute a versatile group of photosynthetic bacteria of immense commercial and ecological importance. Some species of this group are cultivated and sold as food because of their high nutritional value. This is typically the case for Arthrospira platensis. We describe, for the first time, a virus infecting this economically important filamentous cyanobacterium isolated from culture pools located in the South of France. This virus could be observed and discriminated easily from other particles with flow cytometry. Based on morphology and molecular investigation, it was proposed that the virus belongs to the cyanopodovirus group with a capsid and short tail of about 120 and 20 nm, respectively. Finally, the virus appeared to be highly specific (very narrow host range) to A. platensis. Keywords Cyanobacteria . Cyanophage . Culture . Characterisation . Arthrospira platensis



Introduction Arthrospira (Spirulina) is a non-heterocystous filamentous cyanobacterium, characterised by multicellular, cylindrical S. Jacquet (*) : X. Zhong : A. Parvathi INRA, UMR 042 Carrtel, 75 Avenue de Corzent, 74203 Thonon-les-Bains cx, France e-mail: [email protected] A. Parvathi National Institute of Oceanography, Dr Salim Ali Road, P.O. Box 1913, Kochi 682018, India A. S. P. Ram Laboratoire Microorganismes: Génome et Environnment, UMR CNRS 6023, Clermont Université, Université Blaise Pascal, BP 80026 63171 Aubière Cedex, France



and usually screw-like coiled trichomes, inhabiting diverse environments including those of high salinity (Anagnostidis and Komarek 1988; Manen and Falquet 2002). Several species and strains have been isolated worldwide and made useful in a variety of fundamental and applied research studies: Commercial mass cultures have indeed been developed for the food industry in local areas but also for alternative biofuel feedstock, skin-care product resources, etc. (Ciferri and Tiboni 1985; Belay et al. 1996; Fox 1996). To the best of our knowledge, nothing has been published yet on viruses associated to the dynamics of this genus, despite its high commercial value. Bacteriophages infecting cyanobacteria, namely cyanophages, are tailed and contain dsDNA. They belong to three families: the cyanomyoviruses (virus with a long contractile tail), the siphoviruses (virus with a long non-contractile tail) and the podoviruses (virus with a short or non-apparent tail) (Safferman et al. 1983). Cyanophages were first studied in freshwater systems where a virus infecting a filamentous cyanobacterium had been isolated about 50 years ago (Safferman and Morris 1963). Following this discovery, the isolation and characterisation of several freshwater cyanophages were studied extensively between the 1960s and early 1980s (Brown 1972; Padan and Shilo 1973; Safferman 1973; Sherman and Brown 1978; Gromov 1983). Cyanophage description, infecting both unicellular and filamentous marine cyanobacteria, occurred after 1980. It was not until the early 1990s that cyanophages infecting the marine Synechococcus were isolated (Wilson et al. 1993; Suttle 2000). The literature has become relatively rich over recent years with the description of cyanophage structure and diversity, both for the ocean and for some lakes (Short and Suttle 2005; Wilhelm et al. 2006; Chen et al. 2009; Matteson et al. 2011). On the other hand, studies about the characterisation, ecological importance and dynamics of cyanophages infecting specific cyanobacteria remain relatively scarce (Sandaa and Larsen 2006; Yoshida et al. 2008).
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Being alerted during the summer of 2011 by an episode of high Arthrospira platensis mortality cultured in some pools located in the South of France, we suspected that such event mortality could be due to a mass lytic process involving specific viruses, i.e. cyanophages. We obtained water samples from different pools with or without mortality to test for the presence of viruses and discovered a cyanophage, able to infect and lyse A. platensis and for which a basic description is provided.



Materials and methods A dozen samples was obtained from Le Chant de l’Eau, a company based in the South of France (Fuilla), consisting of eight pools of 70–200 m2. Growth conditions of the cyanobacterium have been described in Jourdan (2006). Briefly, A. platensis grew in outdoor and under glass pools inside which a soft agitation is provided with a temperature varying between 25°C and 35°C, natural light/dark cycles and the following nutrient concentrations (in g L −1 ): sodium bicarbonate 08; potassium sulfate 01; sodium chloride 05; potassium nitrate 02; magnesium sulfate00.2; calcium chloride00.1; ammonium chloride00.2 . Samples were taken from some of these different 15-cm-depth pools where the cyanobacterium was observed to die (in a few hours to days) or not. The Arthrospira strain is referred to paracas from the species A. platensis owing to the original location where it was first isolated (i.e. Peru). The samples were subjected to flow cytometry and transmission electronic microscopy analysis, infection experiments and by various molecular techniques as described below. Alternatively, we also obtained samples from other farms of the South of France (Domaine algal, Carpio, Algosud) to test the infectivity of the virus and also to test for lysogenic induction. Flow cytometry analysis Samples were pre-filtered through GF/F (Whatman) and polycarbonate 0.2 μm (Millipore) filters in order to remove all cellular materials. Viruses were observed and counted using a FACS Calibur flow cytometer (Becton Dickinson) equipped with an air-cooled laser providing 15 mW at 488 nm. Samples were fixed with glutaraldehyde (0.5 % final concentration, grade I, Merck) for 30 min, then diluted in 0.02 μm filtered TE buffer (0.1 mM Tris–HCL and 1 mM EDTA, pH 8) and incubated with SYBR Green I (at a final 10−4 dilution of the commercial stock solution; Molecular Probes), for 5 min at ambient temperature in the dark, followed by an incubation for 10 min at 75°C, and then another 5 min at room temperature, prior to flow cytometry
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(FCM) analysis. Note that the viruses could also be observed without heating, but the discrimination was comparatively poor. Analysis was made on samples to which a suspension of 1 μm beads had been added (Molecular probes). Flow cytometer listmode files obtained were then transferred and analyzed on a PC using the custom-designed freeware CYTOWIN (Vaulot 1989). Host-range experiment For this test, the samples with the virus of interest were filtered twice through a 0.45-μm polycarbonate-mesh syringe sterile (Fischer Scient.) filter to remove all particles but not the viruses. Infection was processed classically by adding 500 μL of the cyanovirus isolate to 2 to 5 mL of a variety of cyanobacterial strains, in duplicate, from the Thonon Culture Collection (TCC) or other collections—25 PE-rich Synechococcus spp (TCC 32, 185, 186, 789 to 808), ten PC-rich Synechococcus (PCC 6301, 6311, 6707, 6715, 7917, 7918, 7941, 7952, 9004 and 9005), four PC-rich Synechocystis (PCC 6308, 6803, 6905, 7509), one colonial cyanobacterium (Microcystis aeruginosa, TCC 80) and one filamentous cyanobacterium (Planktothrix rubescens, TCC 29), all originated from freshwater ecosystems. Finally, the virus was tested against A. platensis obtained from the other farms mentioned above. The infectivity of the virus was not tested on marine species or strains since A. platensis is a freshwater cyanobacterium that cannot be cultured in natural seawater, even if it accommodates a high salinity range up to 25 mg L−1. Only when a clear lysate was produced in the duplicates was the infection recorded as successful. Infection of host cells The process of infection was studied by adding a suspension of 
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