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Abstract :

To date, the genus Ostreopsis comprises eleven described species, of which seven are toxigenic and
produce various compounds presenting a major threat to human and environmental health. The
taxonomy of several of these species however remains controversial, as it was based mostly on
morphological descriptions leading, in some cases, to ambiguous interpretations and even possible
misidentifications. The species Ostreopsis lenticularis was first described by Y. Fukuyo from French
Polynesia using light microscopy observations, but without genetic information associated. The present
study aims at revisiting the morphology, molecular phylogeny and toxicity of O. lenticularis based on the
analysis of 47 strains isolated from 4 distinct locales of French Polynesia, namely the Society,
Australes, Marquesas and Gambier archipelagos. Observations in light, epifluorescence and field
emission scanning electron microscopy of several of these strains analyzed revealed morphological
features in perfect agreement with the original description of O. lenticularis. Cells were oval, not
undulated, 60.5-94.4 uym in dorso-ventral length, 56.1-78.2 um in width, and possessed a typical plate
pattern with thecal plates showing two sizes of pores. Phylogenetic analyses inferred from the LSU
rDNA and ITS-5.8S sequences revealed that the 47 strains correspond to a single genotype, clustering
with a strong support with sequences previously ascribed to Ostreopsis sp. 5. Clonal cultures of O.
lenticularis were also established and further tested for their toxicity using the neuroblastoma cell-based
assay and LCMS/MS analyses. None of the 19 strains tested showed toxic activity on neuroblastoma
cells, while LCMS/MS analyses performed on the strains from Tabhiti Island (i.e. type locality) confirmed
that palytoxin and related structural analogs were below the detection limit. These findings allow to
clarify unambiguously the genetic identity of O. lenticularis while confirming previous results from the
Western Pacific which indicate that this species shows no toxicity, thus stressing the need to reconsider



its current classification within the group of toxic species.

Highlights

» Ostreopsis lenticularis has been reinvestigated from French Polyensia, its type locality. » 47 strains
have been isolated and cultured from four archipelagos. » Morphology and LSU / ITS-5.8S rDNA
sequences were identical for all strains and wild specimens. » From phylogenies, O. lenticularis
clustered unambiguously within the clade Ostreopsis sp. 5. » No toxic effect was found on 19 strains
tested using CBA-N2a and no PITX-like molecules were detected in 4 analyzed strains.

Keywords : ITS-5.8S rDNA, LSU rDNA, Microscopy, Ostreopsis lenticularis, Taxonomy, Toxins
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1. Introduction

First described from the Gulf of Thailand in 1901 (Schmidt, 1901), the genus Ostreopsis Johs.
Schmidt has become a well-studied dinoflagellate due to its recurrent toxic blooms in several places
around the world and their deleterious impacts on both marine ecosystem functioning and human
health (Penna et al., 2010; Parsons et al., 2012; Accoroni and Totti, 2016; Verma et al., 2016).
Originally limited to tropical locales, this genus is now found in temperate areas where they cause
severe health problems (e.g. Tichadou et al., 2010; del Favero et al., 2012; Accoroni and Totti,
2016; Berdalet et al., 2017). Ostreopsis species have been shown to produce a variety of toxic
compounds (Lassus et al., 2016), that can bio-accumulate in marine organisms such as molluscs,
herbivorous echinoderms or fishes (Amzil et al., 2012; Brissard et al., 2014). The toxins produced
by Ostreopsis species are analogs of palytoxin (P1TX), a toxin primarily isolated from the zoanthid
Palythoa toxica (Moore and Scheuer, 1971). So far, several toxin classes which share both similar
structure and site of action with PITX have been described, such as ostreocins -B and -D (OSTs)
(Usami et al., 1995; Ukena et al., 2001; Terajima et al., 2018), mascarenotoxins-a, b and ¢ (McTXs)
(Lenoir et al., 2004; Rossi et al., 2010), and ovatoxins (OvTxs) (Ciminiello et al., 2008, 2010, 2012;
Suzuki et al., 2012; Uchida et al., 2013; Brissard et al., 2015; Garcia-Altares et al., 2015; Accoroni
et al., 2016; Tartaglione et al., 2016, 2017). Other compounds called ostreotoxins (OTXs) were
reported but not yet structurally elucidated and, as they have a different mode and site of action than
the other Ostreopsis toxins, their classification as PITX analogues remains uncertain (Mercado et
al., 1994; Meunier et al., 1997). To date, the genus Ostreopsis comprises eleven species, of which
nine have been described by their morphology only, namely O. siamensis Johs. Schmidt (Schmidt,

1901), O. lenticularis Y. Fukuyo (Fukuyo, 1981), O. ovata Y. Fukuyo (Fukuyo, 1981), O.
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heptagona D.R.Norris, J.W.Bomber & Balech (Norris et al., 1985), O. mascarenensis Quod (Quod,
1994), O. labens M.A. Faust & S.L. Morton (Faust and Morton, 1995), O. belizeana M.A. Faust, O.
caribbeana M.A. Faust and O. marina M.A. Faust (Faust, 1999), whereas the two most recent
descriptions of O. fattorussoi Accoroni, Romagnoli & Totti (Accoroni et al., 2016) and O.
rhodesiae Verma, Hoppenrath & S.A. Murray (Verma et al., 2016) include genetic data. As already
reviewed in detail by Parsons et al. (2012), the identification of Ostreopsis species based solely on
morphology is extremely difficult and many confusions have occurred. Although the generic
characters are very peculiar among dinoflagellates and readily identify the genus Ostreopsis, the
criteria used to delineate species are based primarily on variations in cell size, outline and some
slight differences of certain thecal plates (Faust, 1999; Penna et al., 2005; Hoppenrath et al., 2014).
However, most of these features have been shown to vary within a given species (e.g. Penna et al.,
2005). This significant morphological plasticity thus makes the species identification by

morphology often ambiguous (Rhodes et al., 2000; Parsons et al., 2012; Hoppenrath et al., 2014).

Owing to the ambiguities in defining the morphological characters, there have been several
attempts in revising the description of Ostreopsis and species therein, using molecular data (Parsons
et al., 2012). To this end, sequences of the Internal Transcribed Spacers (ITS-5.8S rDNA region),
or more recently the hypervariable D8—D10 domains of the ribosomal DNA large subunit (LSU
rDNA) have been made available for species identification, in combination with morphometrics.
One of the first molecular studies on Ostreopsis was by Leaw et al. (2001) in Malaysia who showed
that within O. cf. ovata, the isolates clustered in two distinct clades, corresponding to
geographically distinct groups. Later, Penna et al. (2005, 2010) obtained similar results and found a

clade of O. cf. ovata corresponding to Mediterranean/Atlantic strains, well separated from
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Indo-Pacific strains. These findings strongly suggest that a given morphospecies can actually
encompass a wide genetic cryptic diversity. Studying the genetic diversity of the genus Ostreopsis
in the western Pacific, Sato et al. (2011) identified 8 clades corresponding to eight putative species,
based on two different genetic markers (LSU D8-D10 and ITS-5.8S rDNA sequences). Their
molecular data revealed the existence of a new, cryptic species (Ostreopsis sp. 1) possessing the
same morphology as O. cf. ovata and therefore very difficult to describe as a separate species.
Moreover, in the absence of reliable genetic references for most of the clades, the authors
deliberately did not assign them taxonomically and the different genetic entities were thus named
Ostreopsis sp. 1-6. Later, Tawong et al. (2014) used the same approach in their analysis of strains
from Thailand, and they identified a new genetic clade, Ostreopsis sp. 7, for which morphological
features cannot be distinguished from O. cf. ovata. They concluded that it may represent a yet
undescribed cryptic species, but distinctive characters needed to be found to support its description

as a separate taxon (Tawong et al., 2014).

To date, the taxonomy of Ostreopsis is controversial and morphological and molecular data
cannot be easily combined in order to delimit species (Hoppenrath et al., 2014). Several genotypes
are not yet associated with a morphospecies, leading to a situation of a dual-taxonomy based either
on morphospecies or genotypes. In order to unify them, reference molecular data acquired from
unambiguously identified specimens are absolutely necessary. Ideally, the genetic data should
include type material (holotype, lectotype, neotype), which is the reference point for the application
of the species name, according to the International Code of Nomenclature for Algae, Fungi and
Plants (Turland et al., 2018). For recently described species (Accoroni et al., 2016; Verma et al.,

2016), sequences have been acquired from the same strains as used for the descriptions and thus are
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taxonomically reliable. In the case of older descriptions without genetic data associated, the
situation is more complex since in most cases, the type material has not been designated, is no more
available, or, if still extant, has been conserved in an improper way to obtain reliable sequences.
Thus, in modern day molecular studies, it is not usually possible or practical to obtain reference
sequences from the types, and therefore fresh collections or cultures must be used (Ariyawansa et
al., 2014). This creates the problem that sequence data may come from incorrectly named isolates,
which can make the whole resulting taxonomy unsound (Ariyawansa et al., 2014). For Ostreopsis
species, the intraspecific genetic variability is often linked to geographical origins of strains.
Therefore, in order to provide reliable information and ensure a correct association between
phenotype/genotype of a given species, new investigations and acquisition of reference genetic data

should always be made in the type locality.

The species Ostreopsis lenticularis was first described from Tahiti Island in the Society
Archipelago, (French Polynesia), the Gambier Archipelago as well as New Caledonia, by Fukuyo
(1981), in the framework of a study of benthic dinoflagellates from coral reefs in the Pacific. This
description was based on light microscopy observations. Morphologically, it displays the same size
and outline to O. siamensis from which it differs by the absence of a body undulation and the
presence of two sizes of thecal pores (Fukuyo, 1981; Hoppenrath et al., 2014). Fukuyo (1981) did
not designate a holotype, but he indicated that the type locality was Tahiti Island, and that this
species was absent in Ryukyu Islands (Japan). Since then, it has been found associated with various
benthic habitats in almost all tropical regions in the world (Faust, 1995; Hoppenrath et al., 2014;
Garate-Lizarraga et al., 2018). In some instances, authors identified this species with morphological

features different than the ones reported in the original description, which not only makes these
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reports doubtful but also the species delimitation unclear (e.g. Faust et al., 1996; Leaw et al., 2001;
Faust and Gulledge, 2002). In addition, the toxicity status of this species needs to be clarified since
no toxicity has been clearly demonstrated in the species described from French Polynesia (Bagnis et
al., 1985) whereas several studies from the Caribbean Sea mentioned it as a toxic species (e.g.
Mercado et al., 1994). Moreover, from a molecular point of view, the genetic identity of O.
lenticularis appears ambiguous since a sequence ascribed to O. lenticularis was identical to another
sequence identified as O. labens, causing a taxonomic confusion (Penna et al., 2010; Sato et al.,
2011). More recently, in the study by Zhang et al. (2018), sequences ascribed to O. lenticularis
cluster into two separate clades (Ostreopsis sp. 5 and Ostreopsis sp. 6), making the genetic identity
of this species even more elusive. Moreover, Sato et al. (2011) demonstrated that these two clades
were genetically divergent enough to support two distinct species and showed that whereas
Ostreopsis sp. 5 was not toxic to mice, Ostreopsis sp. 6 produced ostreocin-D (Suzuki et al., 2012).
Hence, the definition of O. lenticularis is still unclear and in a context of toxic risks associated with
increasing proliferations of Ostreopsis species, it is therefore of utmost importance to revisit the
taxonomic identity of this species by unambiguously associating phenotypic and genotypic data,

and also clarifying its toxic status (Hoppenrath, 2017).

The aim of the present study is to re-investigate O. lenticularis in the type locality (Tahiti
Island) and other sites in French Polynesia, including the Gambier Archipelago mentioned in the
original description by Fukuyo (1981). Following recent sampling campaigns conducted in four
different archipelagos of French Polynesia, clonal cultures of 47 distinct strains were obtained in the
laboratory. The morphology and degree of genetic variation between French Polynesian O.

lenticularis strains were assessed using microscopy analysis and molecular data derived from LSU



154 rDNA (D8-D10) and ITS-5.8S sequences. In addition, the toxic status of 19 of these strains was
155 investigated using the neuroblastoma cell-based assays and, for 4 strains from Tahiti Island, using
156 liquid chromatography coupled with tandem mass spectrometry. All together, these morphological,

157 phylogenetic and toxicological data allowed to refine the descriptive characters of O. lenticularis.

158 2. Material and methods

159 2.1 Sampling techniques

160 Wild samples of Ostreopsis were collected from different sites in the Society, Marquesas,

161 Gambier and Australes archipelagos (Fig. 1), using both the natural (i.e., macroalgae) and artificial
162 (i.e., window screens, WSs) substrate methods. Briefly, =200 g of turf-like macroalgae were

163 collected at water depths of 1-5 m and examined for the presence of Ostreopsis cells, following the
164 protocol described by Chinain et al. (2010). To this end, macroalgal samples were sealed within
165 plastic bags underwater and shaken and kneaded vigorously to dislodge dinoflagellate cells. The
166 detrital suspension was then successively filtered through 125, 40 and 20 um mesh sieves and the
167 40 and 20 um fractions preserved in 50 mL of 5% formalin-seawater. The artificial substrate

168 method used 150 cm? WS devices assembled and deployed for 24 h following the protocol

169 proposed by Tester et al. (2014). After 24 h, WSs were collected with 250 mL of ambient sea water
170 and shaken to dislodge the cells. The entire volume was filtered through 10 um polycarbonate filters
171 that were replaced as the filters became obstructed. Then, all filters used to process individual

172 samples were transferred to 15 mL tubes with 8 mL of sterile filtered sea water. Before removing

173 the filters, the tubes were shaken to dislodge Ostreopsis cells.
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174 2.2 In vitro culturing of Ostreopsis
175 Ostreopsis clonal cultures were established from single cells isolated from wild samples, using
176 an inverted microscope. They were routinely maintained in 1 L Fernbach flasks in f10k enriched
177 natural sea water (NSW) medium (Holmes et al., 1991) at 26°C, a salinity of 36, with 7500 lux of
178 light and a 12:12 h light:dark photoperiod. After approximately 21 days of growth, cells were
179 harvested by filtration and centrifugation. Cell counts were achieved using a Coulter counter
180 (Beckman) and the resulting cell pellets lyophilized and weighted. This step was repeated several
181 times for each studied strains, in order to accumulate sufficient cell biomass for further toxicity

182 analysis.

183 A total of 47 strains originating from various locales in French Polynesia (except form the

184 Tuamotu archipelago for which no culture could be established) were analyzed in the present study.
185 All the information relative to these strains, e.g. strain codes, species, year of isolation and location,
186 are summarized in Table 1. These isolates are part of the algal collection of the Laboratory of Toxic
187 Micro-algae of the Institut Louis Malardé (Tahiti, French Polynesia), where cultures are deposited.

188 All the following experiments were conducted on non-axenic acclimated batch cultures.

189 For comparisons with wild cells, subsamples of the WS samples collected in November 2016
190 from Anaho Bay (WS 51.2, 08°49.194°S - 140°03.800°’W), Taiohae (WS 55.24, 08°56.009’S -
191 140°05.581’W) and Agapaa (WS 56.14, 08°53.777°S - 140°03.008’W) in Nuku Hiva Island,

192 (Marquesas archipelago) were fixed with acidic Lugol’s (for molecular analysis) and 2.5 %

193 glutaraldehyde (for scanning electron microscopy, SEM).
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194 2.3 Microscopy observations
195 Light microscopy (LM) observations of live cells were conducted using a Leica DMLB
196 microscope (Leica, Wetzlar, Germany) equipped with a D850 DSLR camera (Nikon, Tokyo,

197 Japan).

198 The shape and location of the nucleus were studied in epifluorescence microscopy (EM) after
199 staining cells fixed in ethanol with 1:100,000 SYBR Safe (Thermo Fisher, Waltham, MA, USA). In
200 order to study the thecal plate pattern of the different strains, EM was used after staining

201 Lugol-fixed cells with Solophenyl Flavine 7GFE 500 (Ciba Specialty Chemicals, High Point, NC,
202 USA) according to the method described in Chomérat et al. (2017). The observations were done
203 with a Zeiss Universal microscope fitted with epifluorescence cubes (335WBS50 excitation filter,
204 FT395 dichromatic beam splitter and D510/80M emission filter for Sybr Green and 443 AF40

205 excitation filter, 475DCLP dichromatic beam splitter, and SOODF25 emission filter for Solophenyl
206 Flavine, Omega Optical, Brattleboro, VT, USA), Nikon CF Fluor optics (Nikon, Tokyo, Japan), an

207 HBO 50-W mercury lamp and a EOS-M digital camera (Canon, Tokyo, Japan).

208 Cells were also observed using field-emission scanning electron microscopy (FE-SEM). Prior
209 to scanning electron microscopy, cells fixed in 2.5% glutaraldehyde from the cultures in early

210 exponential growth phase or the field sample WS 51.2 were first isolated using a micropipette,

211 rinsed in distilled water and processed according to Chomérat and Couté (2008). Dehydration was
212 carried out in ethanol baths of 15%, 30%, 50%, 70%, 95% vol. ethanol, and several baths of

213 absolute ethanol (100%) and then cells were critical point dried using an EMS 850 (Electron

214 Microscopy Sciences, Hatfield, PA, USA) critical point drier. Dried filters were then mounted onto

215 12 mm SEM stubs using carbon adhesive and coated with gold using a Cressington 108 Auto



216 (Cressington, Watford, UK) sputter coater. Cells were then observed using a FE-SEM Zeiss
217 SIGMA 300 (Carl Zeiss Microscopy GmbH, Jena, Germany) at the Marine Biology station in

218 Concarneau (France). Measurements were realized directly with the microscope or on digital
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images using ImageJ software (Rasband, 1997). For measurements of the curved apical pore plate

(Po), the arc length was measured in apical view.

2.4 DNA amplification and sequencing

For DNA amplification, direct cell PCR approach was used using one or a few cells from the
cultures in early exponential growth phase preserved in ethanol 70%. Under the inverted
microscope, fixed cells were pipetted and rinsed in several drops of nuclease-free distilled water,
and then transferred into a 0.2 ml PCR tube. A similar process was used for isolation of single-cells

from the Lugol-fixed samples from Nuku Hiva.

Due to the low amount of DNA, a first round of PCR was realized using ITS-FW and RB
primers (Chinain et al., 1999; Nézan et al., 2014), allowing the amplification of the
ITS1-5.8S-ITS2 and D8-D10 regions. A second round of PCR (nested PCR) was realized using 1
ul of the amplicon produced in the first step as template. Primers used for the second amplification
are given in Chinain et al. (1999) and Nézan et al. (2014), and two internal reverse primers were
specifically designed for PCR and sequencing: OstDIR (5'-GTAGCAGCATGCCATGATCA-3")
and OstD10R (5-GCACTGAAAATGAAAATCAAGC-3’). PCR reactions were realized in 20 pl
using KOD Hot Start Master Mix (Novagen-Merck KgaA, Darmstadt, Germany), according to the
manufacturer’s instructions. The PCR cycling comprised an initial 2 min heating step at 95°C to
activate the polymerase, followed by 35 cycles of 95°C for 20 sec, 56°C for 20 s, and a final

extension at 70°C for 20 min. Prior to sequencing, amplicons were visualized on an agarose gel
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238 after electrophoresis and the positive samples were purified using the ExoSAP-IT PCR Product

239 Cleanup reagent (Affymetrix, Cleveland, OH, USA).

240 The Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Tokyo, Japan) was
241 used for sequencing of the amplicon generated at the second PCR round. Primers and excess

242 dye-labeled nucleotides were first removed using the Big Dye X-terminator purification kit

243 (Applied Biosystems, Foster City, CA, USA). Sequencing products were run on an ABI PRISM
244 3130 Genetic Analyzer (Applied Biosystems). Forward and reverse reads were obtained. All the

245 information of strains, including origin of sample and accession numbers, are listed in Table 1.

246 2.5 Alignment and phylogenetic analyses

247 For both the D8-D10 and ITS-5.8S rDNA datasets, the 5" and 3" ends were manually aligned
248 to truncate and refine the ends. The D8-D10 dataset was aligned using Clustal Q v. 1.2

249 implemented in SeaView v. 4.7 (Gouy et al., 2010), while the ITS-5.8S rDNA dataset was aligned
250 using MAFFT algorithm with selection of the g-ins-i strategy (Katoh and Standley, 2013). Poorly
251 aligned positions in both alignments were removed using Gblocks algorithm, using less stringent

252 parameters than default (Castresana, 2000).

253 Prior to phylogenetic analyses, the search for the most appropriate model of sequence

254 evolution has been performed using jModeltest2 v. 2.1.7 (Darriba et al., 2012). Two methods of
255 phylogenetic reconstruction were used. Maximum Likelihood analysis (ML) was performed using
256 PHY-ML v. 3 (Guindon et al., 2010), and a bootstrap analysis (1000 pseudoreplicates) was used to
257 assess the relative robustness of branches of the ML tree. Bayesian Inference analysis (BI) was

258 realized using MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003). Initial Bayesian analyses were run

259 with a GTR model (nst = 6) with rates set to gamma. The number of generations used in these
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260 analyses was 5,000,000 for the LSU rDNA D8-D10 alignment, and 4,000,000 for the ITS-5.8S
261 rDNA alignment, with sampling every 100" generations. The burnin values were set so that the first
262 10,000 trees were discarded for the LSU rDNA D8-D10, while it was set to 12,000 for the
263 ITS-5.8S rDNA alignment. Therefore, the posterior probabilities of each clade were calculated
264 from the remaining 40,000 trees in the LSU analysis, and the remaining 28,000 trees in the

265 ITS-5.8S rDNA analysis.

266 Genetic distance (uncorrected genetic p distance) calculations among and within the Ostreopsis
267 clades were estimated from the LSU D8-D10 and ITS-5.8S rDNA matrices used for phylogenetic
268 analyses, using the p-distance model in MEGA X: Molecular Evolutionary Genetic Analysis across

269 Computing Platforms v. 10.0.5 (Kumar et al., 2018).

270 2.6 Toxicity analysis

271 2.6.1 Extraction procedures

272 A total of 19 strains were extracted for further toxicity analysis (Table 1). For each strain, 50
273 mg of freeze-dried cells (corresponding to a cell biomass >10° cells) were sampled and extracted
274 under sonication in 670 pL of methanol (MeOH)/water (1/1, v/v) for 15 min while cooling the

275 solution in ice. Once cells disruption was completed, the sample was centrifuged at 10,000 g at 4°C
276 for 10 min. The resulting supernatant was carefully recovered and the cell pellet re-extracted twice
277 in 670 pL of methanol/water (1/1, v/v). All supernatants were then combined (total volume

278 recovered: ~2 mL) and centrifuged at 10,000 g at 4°C for 15 min. Finally, a 1.6 mL aliquot was

279 sampled and stored at -20°C until tested for its toxicity using the neuroblastoma cell-based assay.
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2.6.2 Neuroblastoma cell-based assay (CBA-N2a)

The Ostreopsis lenticularis cell extracts were analyzed for their toxicity using the
neuroblastoma cell-based assay (CBA-N2a), a test designed to detect the presence of PITX-like
molecules acting on Na*/K*-ATPase (Ledreux et al., 2009; Pawlowiez et al., 2013). The procedure
for CBA-N2a followed the method previously described by Darius et al. (2018) except that only
ouabain was used instead of a mixture of ouabain and veratridine. This assay was first calibrated
using a PITX standard purchased from Wako (Ref. 161-26141): the neuroblastoma (neuro-2a) cells
were exposed to a serial dilution 1:3 of 9 concentrations of PITX (ranging from 1.5 to 9,524 pg
mL™), in the absence (O™ conditions) versus the presence of 250 uM ouabain (O* conditions) to
generate a full dose-response curve. Ten (10) uL of each concentration were tested in triplicate in
O~ and O* conditions in three independent experiments. Following 20-22 h incubation period, cell
viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay according to Darius et al (2018). Resulting coloration was measured at 570 nm on a plate
reader (iMark Microplate Absorbance Reader, BioRad, Marnes la Coquette, France). Absorbance
data were fitted to a sigmoidal dose-response curve (variable slope) based on the 4-parameter
logistic model (4PL), allowing the calculation of the concentration causing 50% of maximum
cytotoxicity on cell viability (ECso) values using Prism v7.04 software (GraphPad, San Diego, CA,

USA).

As for the O. lenticularis cell extracts, the maximum concentration of extract (MCE) that does
not induce unspecific mortality in neuro-2a cells in O™ conditions was established at 23,810 cells

equiv. mL™. As a first screening step, all extracts were tested at this MCE and, if toxic, a full
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301 dose-response curve was generated by testing a serial dilution 1:2 of 8 concentrations in the same

302 conditions as for the PITX standard.

303 Finally, the limits of detection (LOD) and quantification (LOQ) of the CBA- N2a test were

304 estimated using the following formula: LOD = (PITX ECgy/MCE) and LOQ = (PITX ECs¢/MCE).

305 2.6.3 Liquid Chromatography coupled with tandem Mass Spectrometry

306 Four strains from Tabhiti Island (Table 1), the type locality of O. lenticularis were screened for
307 the presence of PITX and related known structural analogues at Ifremer Phycotoxins Laboratory
308 (Nantes, France). Freeze-dried pellets were extracted with methanol (ratio 1:25, weight/volume)
309 using glass beads (250 mg) in a mixer mill (Retsch MM400, Germany) for 20 min at 30 Hz. After
310 centrifugation at 8000 g, supernatants were ultrafiltered (0.20 um, Nanosep MF, Pall, Mexico)

311 before LC-MS/MS analyses. Liquid chromatography was performed on a Poroshell 120 EC-C18
312 column (100 x 2.1 mm, 2.7 um, Agilent, France) equipped with a guard column (5 x 2.1 mm, 2.7
313 um, same stationary phase) using a Nexera Ultra-Fast Liquid Chromatography system (Prominence
314 UFLC-XR, Shimadzu, France). Gradients of water (A) and acetonitrile 95% (B) both containing
315 0.2% of acetic acid were used at a flow rate of 0.2 mL min™!. Injection volume was 5 uL and

316 column temperature 25 °C. MS/MS analyses were performed with an API 4000QTRAP (AB Sciex,
317 France) in positive ion mode and using MRM (Multiple Reaction Monitoring) acquisition. UV

318 detection at 220, 233, 263 and 220-360 nm was performed with a diode array detector (Prominence,
319 SPD-M20A, Shimadzu, France). In total, two LC-MS/MS and one LC-UV-MS/MS methods (Table
320 S1) were used to detect PITX, 42-OH-PITX, 12 OvTXs (-a to -k), OST-B and -D, 3 McTXs (A to

321 C) and OTX-1 and -3 (Table S1). Quantification was performed relative to Palytoxin standard
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322 (Wako Chemicals GmbH, Germany) with a 6-point calibration curve. Limit of detection and

323 quantification were 20 and 30 ng mL™! for PITX standard.

324 3. Results

325 3.1 Microscopy observations

326 Observations in light and epifluorescence microscopy of the 47 strains analyzed in the present
327 study revealed similar morphological features. The cells were broadly oval in shape, lenticular and
328 photosynthetic, as shown for the strain THT16—4 (Fig. 2A). The oval nucleus was located dorsally
329 (Fig. 2B). A similar thecal plate pattern has been observed in all the strains. For this reason, only
330 the epifluorescence micrographs of one strain from each archipelago and wild specimens from a
331 WS sample are presented in Fig. 3, for comparison purpose. No morphological difference could be
332 observed among the strains and field specimens from the different archipelagos (Figs 3A-0), and all

333 the features identify the species Ostreopsis lenticularis.

334 For a detailed morphological analysis, the strain THT16—4 from Tahiti Island (Society

335 Archipelago) has been chosen for further investigations using FE-SEM. Scanning electron

336 micrographs of one strain from Australes, Marquesas and Gambier archipelagoes are given in
337 supplementary figure S1. Additionally, for comparison, cells from the field sample WS 51.2 from
338 Nuku Hiva Island (Marquesas Archipelago) were also used for a detailed observation of wild

339 specimens corresponding to the same morphotype.

340 3.1.1 Culture THT16—4 from Tahiti Island

341 Specimens were broadly oval in apical and antapical views (Figs 2A, 3A-B, 4A-B). The cells

342 were biconvex, and flattened, with the cingulum straight in lateral view (Figs 4C-D). They were
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343 60.5-89.3 um (mean 80.3 um; s.d. 7.5 um, n = 30) deep (dorso-ventral length) and 56.1-73.4 um
344 (mean 65.8 um; s.d. 5.4 um, n = 30) wide. The DV/W ratio was 1.08-1.36 (mean 1.22; s.d. 0.08, n =

345 27).

346 The thecal plate pattern was APC 3" 7”7 6¢ 4?s 5”7 2”””, and thecal plates were clearly visible
347 both with light epifluorescence microscopy and SEM (Figs 3A-B, 4A-D, SA-C). The apical pore
348 complex (APC) consisted in a narrow, elongated and slightly curved Po plate bearing a slit and two
349 rows of pores (Figs 5A-B). It was located parallel to the left mid-lateral to dorsal cell margin. The
350 Po plate was 16.2-19.3 um (mean 17.4 um; s.d. 0.8 um, n = 15) long. The first apical plate (1") was
351 elongated, located mostly on the left side of the cell (Fig. 4A). On its dorsal part, it is slightly

352 protruding over the APC (Figs 4A, 5A). The second apical plate (2”) was narrow and elongated, and
353 located below the APC, extending dorsally the Po plate, and reaching about the mid-position of the
354 3’ plate (Figs 3C, 4D, SA-B). The third apical plate (3”) plate was hexagonal in shape, in contact
355 with 17,27, 3”,4”,5” and 6” but also had a very short suture with Po (Figs 4A, 5A-B). In the

356 precingular series, 1”” was the smallest while 6” was the largest (Figs 3A, 4A). All precingular

357 plates were four-sided except 2" and 6” that were pentagonal (Fig. 4A). The cingulum was narrow
358 and straight (Figs 4C-D). The postcingular plate series comprised 5 plates (Figs 3B, 4B-C), 1"
359 being small and more conspicuously visible in ventral view than in antapical view (Fig. 4C). The
360 remaining four postcingular plates were large (Fig. 4B). Among postcingular plates, 17 was

361 three-sided (Fig. 4C), 2" five-sided, and 3", 4" and 5" four-sided (Figs 4B, 6B). The two

14444

362 antapical plates were unequal in size, 1””” being relatively small and in contact with the cingulum
363 and the left side of the posterior sulcal plate (Sp), while 2”” was elongated, with its sutures with 2"

364 and 5" nearly parallel (Figs 3B, 4B).
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365 The cingulum consisted of 6 distinct plates (supplementary Fig. S2). The sulcus was not
366 studied in detail and only four plates were observed, with Sp being roughly pentagonal, Sda having
367 a conspicuous list, Ssa partially hidden by overlapping 1”” (Fig. 5C). Another plate, only partially
368 visible, was present between Sp and Sda (Fig. 5C). The presence of other platelets could not be

369 revealed from the observations.

370 The thecal surface was smooth and plates possessed numerous pores of two kinds. Large pores
371 were round, 0.29 — 0.59 pum in diameter (mean 0.41 um; s.d. 0.08 um; n = 60), ) and scattered all
372 over the plates. Rarely, they were oblong to elongated in some plates of the theca, as in the 1”7,
373 while other plates have round pores (Fig. 5C). Small pores, 75-120 nm in diameter (mean 102 nm;
374 s.d. 13 nm; n = 70) were abundant and scattered on the surface of thecal plates (Fig. SD) but due to
375 their small size, they could be observed only at high magnifications in LM and epifluorescence, and

376 with SEM (Figs 3C, 5D).

377 3.1.2 Wild specimens collected from window-screen samples

378 Cells were large, subcircular in shape, slightly pointing ventrally (Figs 3N-O, 6A-B). They
379 were biconvex and flattened (Figs 6C-D), 73.0-94.4 um in dorso-ventral length (mean 81.2 um, s.d.
380 5.7 um, n = 22) and 58.0-78.2 um in width (mean 67.5 pm, s.d. 6.1 um, n = 22). The DV/W ratio

381 was 1.08-1.32 (mean 1.21; s.d. 0.01, n = 22).

382 The thecal pattern was APC 3" 7”7 6¢ 42s 5”7 2”””” (Figs 3N-O, 6A-F), and all plates were found
383 to possess the same characteristics than previously described for the strain THT16—4 (Figs 6A-G).
384 As for the cells in culture, specimens from the field sample were smooth and possessed two kinds

385 of thecal pores: large pores were round, 0.4 um in diameter, and smaller pores (ca. 0.1 um) were
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386 abundant and scattered all over the surface of the theca (Fig. 6G). With high resolution SEM, no

387 morphological difference was found among field specimens and those from the culture THT16—4.

388 3.2 Molecular phylogenies

389 3.2.1 LSU rDNA D8-D10 regions

390 In the phylogenetic analysis inferred from LSU D8-D10 sequences, 50 new sequences

391 acquired from French Polynesia (from 47 strains in culture and 3 single-cells isolated from a field
392 sample from Nuku Hiva Island), with reference sequences retrieved from GenBank, were used. The
393 final alignment comprised 110 sequences and had a length of 696 base pairs, with 174 variable

394 sites, of which 114 were parsimony informative. The best-fit model of LSU D8-D10 sequences was
395 found to be TN93 + I + G model with the following parameters: Ti/Tv for purines = 2.312, Ti/Tv
396 for pyrimidines = 5.531, base frequencies of A = 0.28009, C = 0.17427, G = 0.24939, T = 0.29625;

397 assumed with invariable sites (/ = 0.503) and gamma distribution shape (G = 0.512).

398 Both analyses performed with ML and BI gave the same tree topology and the relationships
399 among Ostreopsis clades were identical. Hence, only the majority-rule consensus tree of the ML
400 analysis is shown (Fig. 7). The tree shows that there are ten distinct clades (O. cf. ovata, O. cf.

401 siamensis, O. rhodesiae and Ostreopsis spp. 1-7 clades). All sequences of O. lenticularis acquired
402 in this study from various sites in French Polynesia cluster with a strong support in a monophyletic
403 group comprising also three strains from Okinawa and Iriomote Islands in Japan (s0577, s0578 and
404 TkeOst2) and previously assigned to Ostreopsis sp. 5 by Sato et al. (2011) (Fig. 7). This clade

405 appears to be sister with a group of ten sequences from Shikoku Island (Japan) also previously

406 ascribed to Ostreopsis sp. 5 (Fig. 7). Because of their low divergence (p-distance between the
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407 groups of 0.010, Table 2), these two groups are considered as two subclades of O. lenticularis (=

408 Ostreopsis sp. 5).

409 Results of the phylogenetic analysis showed that O. lenticularis is a sister to Ostreopsis sp. 6
410 with maximal support (ML = 100, BI = 1.00). The clade Ostreopsis sp. 6 is divided into three

411 subclades, one including four sequences from Japan (IR33, IR49, OUS, OU11), one including two
412 sequences from Japan (s0587 and s0595) and one two sequences from Thailand (TF250S,

413 TF290S) (Fig. 7). The p-distance between these subclades in Ostreopsis sp. 6 ranged from 0.014 to

414 0.020 (Table 2).

415 3.2.2 ITS-5.8S rDNA phylogeny

416 In the phylogenetic analysis inferred from I'TS-5.8S rDNA sequences, we used 19 new

417 sequences acquired from French Polynesian strains with other sequences retrieved from GenBank.
418 The final alignment comprised 92 sequences and had a length of 329 base pairs, with 222 variable

419 sites, of which 175 were parsimony informative. The best-fit model of ITS-5.8S rDNA sequences

420 was found to be TN93 + G model with the following parameters: Ti/Tv for purines = 9.128, Ti/Tv

421 for pyrimidines = 0.148, base frequencies of A =0.27149, C =0.19120, G = 0.18559, T = 0.35172;

422 assumed with a gamma distribution shape (G = 0.636).

423 Both analyses performed with ML and BI gave the same tree topology and the relationships
424 among Ostreopsis clades were identical. Hence, only the majority-rule consensus tree of the ML
425 analysis is shown (Fig. 8). The tree shows that there are twelve distinct clades (O. cf. ovata, O. cf.
426 siamensis, O. fattorussoi, O. rhodesiae, and Ostreopsis spp. 1-8 clades). All sequences of O.

427 lenticularis acquired in this study from various sites in French Polynesia cluster with a strong



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

22
support in a monophyletic group comprising also eight sequences from Réunion Island, China,
Hawaii and Galapagos Islands, and a subclade of three sequences from Japan (Shikoku Island) (Fig.
8). These sequences were previously ascribed to Ostreopsis sp. 5 (strains MB80828-4, O70421-1,
070421-2), Ostreopsis sp. (isolates P-079.1L, P-079.2L, P-0107, P-0108, P-0109, strain
CBAO0203), O. cf. lenticularis (isolate 17G) and only the strain 2S1E10 was identified as O.
lenticularis in GenBank. The sequences from the Pacific Ocean, Indian Ocean and South China Sea
are genetically very closely related (p-distance within the clade 0.001, Table 3) but they are slightly
divergent from the three sequences from Japan (p-distance between the subclades of 0.068, Table

3).

In the phylogenetic analysis, O. lenticularis 1s a sister to Ostreopsis sp. 6 with good support
(ML = 84, BI = 0.96, Fig. 8). Nine sequences from various localities of Southeastern Asia and
Japan cluster within this clade. The two sequences FM244728 from Malaysia (ascribed to O.
labens) and AF218465 (ascribed to O. lenticularis) cluster together and are identical (Table 3). Two
sequences from the Gulf of Thailand AB841254 and AB842255 (ascribed to Ostreopsis sp.) and
two sequences from Japan (IR33 and OU11) form a sister clade to the Malaysian sequences (Fig. 8).
The sequence s0587 is basal to these sequences and its distance varied from 0.110 to 0.161 (Table
3). Two sequences from Vietnam diverge earlier in the Ostreopsis sp. 6 clade and their genetic

distances with all other sequences of the clade varied from 0.057 to 0.135 (Table 3).

446 3.3 Toxicity assessment

447 3.3.1 CBA-N2a analysis

448

449

The ECso values for PITX in O~ and O* conditions were 1,191 £ 175 pg mL"! (n=3)and 107 +

36 pg/mL (n = 3), respectively. The LOD was estimated at 44.3 + 4.7 and 3.4 = 1.5 fg PITX
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450 equiv./cell in O and O* conditions, respectively, whereas LOQ was estimated at 50 £ 7.3 and 4.5 £

451 1.5 fg PITX equiv./cell in O and O* conditions, respectively.

452 For all the samples tested, no toxicity was detected at the MCE.

453 3.3.2 LC-UV-MS/MS analysis

454 In the four tested strains originating from Tahiti Island analyzed, all the 21 toxic compounds

455 that were targeted were below detection levels.

456 4. Discussion

457 4.1 Morphological features

458 All the strains observed in this study displayed a similar morphology and no difference was
459 observed between specimens from cultures and from field samples. Morphologically, the broadly
460 oval shape, size range, and thecal plate pattern displayed by all the specimens from field samples
461 and strains from widely distant islands were in perfect agreement with the original description of O.
462 lenticularis by Fukuyo (1981), who reported it from French Polynesia (Tahiti Island as type

463 locality). As mentioned by Fukuyo (1981), the cingulum was not undulated and cells possess two
464 different sizes of thecal pores. The presence of both small and large pores on thecal plates was
465 conspicuous in all specimens examined, even at high magnification with epifluorescence

466 microscopy. Interestingly, in O. lenticularis, the smaller pores were much more abundant than
467 larger pores, a feature not reported from any other known species. Indeed, the presence of smaller
468 pores less abundant that larger pores has been reported in O. rhodesiae, but they were rare (Verma
469 etal., 2016). Zhang et al. (2018) reported the presence of small, large and also oblong to

470 kidney-shaped pores as a third type of pores present in the strains from Hainan Island (China). In
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471 the present study, oblong pores were observed in some O. lenticularis specimens in culture, but this
472 was uncommon and only located on some plates of the theca. Such pores were not found in any of
473 the specimens from the field samples. It should be noted that Zhang et al. (2018) reported very large
474 sizes for some specimens (up to 121.3 um in DV) that were larger than in the original description,
475 and the presence of oblong pores may be related to the size and age of the specimens. This feature
476 should be carefully checked in further studies as it likely results from morphological plasticity and
477 an extreme variation of the large pores. Since the specimens from China were genetically almost
478 identical to those from French Polynesia, this feature may not be taxonomically significant.
479 Contrary to Zhang et. al. (2018) conclusions, it is suggested that the presence of two sizes of thecal
480 pores is actually a stable character in O. lenticularis, as it was conspicuous in all the specimens

481 examined in French Polynesia and Tabhiti (type locality).

482 4.2 Comparison of O. lenticularis fo other broadly oval species

483 As previously reported by Hoppenrath et al. (2014), O. lenticularis shares most of its

484 morphological features (e.g. size, outline shape, and thecal plate pattern) with O. siamensis. The
485 more or less elongated or round shape cannot be used to differentiate these species (Hoppenrath et
486 al., 2014). In his description of the genus and type species O. siamensis, Schmidt (1901)

487 emphasized morphological characters such as flattening of the cell, oyster-shape, short sulcus, and
488 thecal plate pattern (Schmidt, 1901) which define well the genus but are shared by almost all the
489 species (Parsons et al., 2012). The size of O. siamensis (dorso-ventral length) is about 90 um, the
490 theca possesses conspicuous pores and, from the illustration, O. siamensis has a body undulation,
491 visible in lateral view (Schmidt, 1901). According to Fukuyo (1981), O. lenticularis differs from O.

492 siamensis by the absence of a body undulation and by the presence of fine pores densely scattered
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all over the thecal plates, which is also observed for all the specimens examined herein. Some
authors (e.g. Penna et al., 2005; Parsons et al., 2012) claimed that Fukuyo used the difference in cell
shape to distinguish O. siamensis from O. lenticularis, but this statement is erroneous since Fukuyo
(1981, pp. 970-971) clearly indicated a similar size and outline for these two species, and
mentioned the shape only to distinguish O. lenticularis from Gambierdiscus toxicus. In the Ryukyu
Islands, Fukuyo (1981) identified specimens with a body undulation and only one type of thecal
pores, and ascribed them to O. siamensis. The author mentioned the absence of this morphotype in
the French Polynesian and New Caledonian samples that he studied (Fukuyo 1981), a statement that

could be confirmed in the present study.

Despite Fukuyo’s very clear interpretation (Fukuyo 1981), the distinction between O.
lenticularis and O. siamensis based on thecal pores and undulation of the cingulum did not gather
consensus among taxonomists. For instance, Norris et al. (1985) questioned this interpretation and
regarded O. lenticularis as being conspecific with O. siamensis rather than as an independent
species. At the same period, a series of confusing identifications were made in the Caribbean area.
Carlson (1984) identified O. siamensis as a relatively rare species around Virgin Islands, although
dominant in some stations, but he also emphasized that the distinction between this species and O.
lenticularis was questionable for some specimens. On the following year, Carlson and Tindall
(1985) changed this identification to O. lenticularis using the same dataset, which added to the
confusion. Working on the south west coast of Puerto Rico, Ballantine et al. (1985) initially
mentioned Ostreopsis sp., but it was then renamed Ostreopsis cf. lenticularis (Tosteson et al., 1986)
and later O. lenticularis (Ballantine et al., 1988; Tosteson et al., 1989), thus emphasizing the doubt

regarding the identification of this species. Later, Faust et al. (1996) confused even more the
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taxonomy by reporting the presence of O. lenticularis with a morphological description which does
not support this identification (only one size of thecal pores). Conversely, in the same study, O.
lenticularis was likely misidentified as “O. siamensis ” since the morphology (size and two sizes of
thecal pores) was in agreement with the original description by Fukuyo (1981). As already pointed
out by several authors (Penna et al., 2012; Hoppenrath et al., 2014; Garate-Lizarraga et al., 2018),
these erroneous interpretations were a major source of confusion in the delineation of both O.
siamensis and O. lenticularis for subsequent workers. For instance, reports of O. lenticularis
showing different features than the ones provided in the original description (e.g. Chang et al.,
2000; Leaw et al., 2001) appear doubtful and likely correspond to misidentifications of other

Ostreopsis species rather than reflecting a true variability in O. lenticularis.

Confusions with other broadly oval species may also have occurred with two additional species
with a similar shape to O. siamensis and O. lenticularis, and overlapping sizes. Faust and Morton
(1995) described O. labens from Belizean and Japanese samples. This species possesses only one
type of pore (trichocyst pores) conspicuously visible in LM, showing an average diameter of 0.3 um
(Faust and Morton, 1995). Later, Faust (1999) described O. marina, another species in the same
size-range and a roughly oval shape. It is described with a longer Po plate (24 um vs. 18 pm in O.
labens) and only “minute pores visible only by SEM or epifluorescence microscopy” whose size
(0.33 um, Faust 1999) is larger than in O. labens (0.3 pm, Faust and Morton 1995) for which pores
were described as conspicuous in LM (Faust and Morton, 1995). These contradictory statements
added to the taxonomic confusion, and additionally, O. marina has not been compared with O.

labens in the description (Faust 1999).
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Although Garate-Lizarraga et al. (2018) consider that these four large and oval species are
‘readily distinguishable by their plate pattern’, their delimitation remains unclear owing to the
existing variability in the thecal plates pattern of Ostreopsis species along with their poor
descriptions (Hoppenrath et al., 2014). The length of certain thecal plates such as Po might be a
weak character to distinguish among them. To date, O. labens and O. marina should be considered
as doubtful species for which further studies are necessary not only to prove their existence but also
to provide reliable morphological and molecular characters useful for their discrimination from O.
siamensis. In all cases, these three species were all described showing only one kind of thecal pore,
and therefore no confusion is possible with O. lenticularis which can be easily distinguished from

all other known Ostreopsis species.

4.3 Molecular phylogenies and taxonomic implications

The molecular phylogenies inferred from this study reveal that all the large and oval specimens
identified as O. lenticularis in all the study sites from French Polynesia are genetically identical and
belong to a unique genotype, previously found in the Pacific close to Japan and named ‘Ostreopsis
sp. 5’ by Sato et al. (2011) and subsequent authors. This finding of only one genotype in all study
sites confirms that the same species is widespread in the different archipelagos of French Polynesia
and supports Fukuyo’s former observations of O. lenticularis in the Society and Gambier
Archipelagos (Fukuyo, 1981). This situation corresponds to the scenario 1 described in Sato et al.
(2011), and since morphological and molecular data are congruent, it is straightforward to assign
taxonomically the genotype Ostreopsis sp. 5 to O. lenticularis. This result confirms the
identification by Zhang et al. (2018) of specimens from Hainan Islands, but it also highlights the

misidentification of some sequences annotated as O. lenticularis in GenBank. To date, about fifteen
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sequences of various genetic markers (rDNA, ITS regions, coxI) have been ascribed to Ostreopsis
lenticularis in GenBank, coming from various areas: Portugal, Malaysia, China and Viet Nam but
none was acquired in the type locality (Tahiti Island) or in French Polynesia. As previously shown
by Sato et al. (2011), some of these sequences clustered with Ostreopsis sp. 6, which is genetically
divergent enough to be regarded as a separate species from Ostreopsis sp. 5 (Sato et al., 2011; this
study). For instance, the sequences AF218465 (strain O1PRO1 from Malaysia) ascribed to O.
lenticularis and the sequence FM244728 annotated as O. labens cluster with Ostreopsis sp. 6,
proving an identification issue (Penna et al., 2010; Sato et al., 2011). For the strain OPRO1 from
Malaysia, morphological features such as ‘trichocysts pores equal in size’ reported by Leaw at al.
(2001) contradict with Fukuyo’s original description of O. lenticularis and suggest a
misidentification. Hence, the identity of the specimens clustering within Ostreopsis sp. 6 should be
re-evaluated as, morphologically speaking, this clade corresponds to a large and lenticular species
with thecal pores of one size only, such as O. siamensis (sensu Fukuyo 1981), O. labens or O.

marina (Faust and Morton 1995, Faust et al. 1996).

In order to resolve the taxonomic assignation of Ostreopsis sp. 6, reference sequences from the
type localities of these species are necessary for comparisons, but none are currently available.
Nevertheless, Tawong et al. (2014) recently sampled several sites in the Gulf of Thailand, including
one site (TF) located on the north coast of the small Koh Wai Island, off the south of Koh Chang
Island. Interestingly, this location is close to the sites where O. siamensis was originally described
by Schmidt (1901) (stations 3 and 6, south of Koh Chang, while the station 2, between Koh Kahdat
and Koh Kut was about 15-20 km southeast). Because of this close proximity, this area could be

considered as the type locality of O. siamensis even if it was not formally designated as such. In
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contrast with Schmidt (1901) who found only one morphotype (large and oval cells) in plankton
samples, Tawong et al. (2014) found two different species in the site TF, O. cf. ovata (South China
subclade) which is ovate and rather small, and large oval cells with a typical undulation of the
cingulum (Ostreopsis sp. 6, strain TF290S). When observed with epifluorescence microscopy,
these large specimens were found to have only one size of thecal pores (Tawong et al., 2014) but
this was not further confirmed by SEM observations. Genetically, the strains TF290S and TF250S
are closely related to the sequence of the Malaysian strain O1PRO1, possessing similar
morphological features and only one type of thecal pores (Leaw et al., 2001). Results of the
phylogenetic analysis conducted in the present study clearly confirm that these three strains rather
belong to Ostreopsis sp. 6, and are not related to O. lenticularis as speculated by Zhang et al.
(2018), in absence of reference sequence from Tahiti Island for this species. The morphological and
molecular studies by Leaw et al. (2001) and Tawong et al. (2014) are congruent to associate
specimens with only one size of thecal pores and a body undulation with Ostreopsis sp. 6.
Interestingly, these morphological features are in perfect agreement with Schmidt’s description and
illustrations of O. siamensis (Schmidt, 1901), and the area where Ostreopsis sp. 6 has been found
(TF site), coincides with the type locality of this species. Hence, it can be hypothesized that
Ostreopsis sp. 6 likely corresponds to O. siamensis as it was the unique large oval species with all
the morphological characters of this taxon found in the type locality. The environment and species
composition in this area could have changed during more than a century, but in the absence of
Schmidt’s original material available, a complete re-investigation of specimens from this locality in
the Gulf of Thailand and the designation of an epitype of O. siamensis would indisputably stabilize
the taxonomy of this complicated genus for which several confusions occurred in the past

(Ariyawansa et al., 2014).
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603 As emphasized by Tawong et al. (2014), no sequence from the Gulf of Thailand clustered in
604 the clade ‘O. cf. siamensis’ in the phylogenies. A similar result has been found in the present study,
605 but since all the sequences of this clade were obtained from subtropical regions of Europe
606 (Portugal, Spain, Italy) and New Zealand (Kerikeri, northern part of North Island), all very distant
607 from the type locality (Gulf of Thailand) located in the tropical area, their taxonomic assignation
608 should be considered with care. As already suggested by Penna et al. (2010), the specimens of the
609 ‘0. cf. siamensis’ clade likely correspond to another separate taxon, provided a proper description is

610 proposed.

611 Based on the present study conducted in the type locality of O. lenticularis, molecular

612 comparisons show that specimens from the Gulf of Thailand and French Polynesia are clearly

613 distinct, supporting Fukuyo’s interpretation of O. siamensis and the description of O. lenticularis as
614 a separate species. Similar investigations in the type localities of O. labens and O. marina are

615 absolutely necessary to support that they are genetically distinct, since they are very difficult to

616 separate from O. siamensis from a morphological point of view.

617 4.4 Biogeography of O. lenticularis

618 In his description, Fukuyo (1981) reported the presence of O. lenticularis not only in Tahiti
619 Island, but also Gambier Archipelago and New Caledonia, which indicates a wide distribution

620 within the tropical Pacific Ocean. This study confirms the wide presence of this species in four
621 archipelagos of French Polynesia, and the phylogenetic analysis also confirms the presence of O.
622 lenticularis in other locations of the Pacific including Japan (Iriomote, Okinawa, Shikoku Islands),
623 Hawaii and Galapagos Islands. Interestingly, Fukuyo (1981) did not observe O. lenticularis but O.

624 siamensis in the Ryukyu Islands whereas Sato et al. (2011) found mixed populations of O.
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lenticularis (as Ostreopsis sp. 5) and Ostreopsis sp. 6. in Okinawa and Iriomote Islands, in the
southern subtropical part. At the scale of the Pacific, O. lenticularis has a wide distribution, from
the temperate Japan to the tropical Pacific while Ostreopsis sp. 6 is absent from French Polynesia
and may be more restricted to the subtropical area, as suggested by Sato et al. (2011). Despite the
lack of molecular support, the identification of O. lenticularis in Revillagigedo archipelago by
Garate-Lizarraga et al. (2018) 1s well supported by morphological features, and consistent with the

finding of this species in Galapagos Islands in the eastern Pacific.

In the western Pacific, molecular data confirm the presence of this species in the China Sea
(Zhang et al., 2018) but not in Malaysia and Thailand where previous reports probably correspond
to misidentifications of Ostreopsis sp. 6 (e.g. Leaw et al. 2001). Unambiguous report of O.
lenticularis in Vietnamese waters, based on detailed morphological identifications showing the two
types of thecal pores was also provided by Larsen and Nguyen Ngoc (2004). These authors also
found another large oval species with one type of thecal pores, and a long Po plate (24 um) which
they ascribed to O. marina and did not report O. siamensis (Larsen and Nguyen Ngoc, 2004).

Molecular studies would be necessary for a better characterization of the latter species.

In the Indian Ocean, the presence of O. lenticularis around La Réunion Island was mentioned
by Hansen et al. (2001). In their study, Carnicer et al. (2015) recorded large specimens difficult to
assign to a species by morphology because they appeared close to O. siamensis and O lenticularis,
although their size that better fit Ostreopsis marina. Unfortunately, no detailed observations with
SEM were performed and the presence of one or two kinds of pores was not clearly demonstrated
by epifluorescence microscopy. Genetically, these specimens were found to belong to Ostreopsis

sp. 5 (Carnicer et al., 2015) and, based on the present study, are genetically identical to Ostreopsis
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647 lenticularis from French Polynesia. Hence, the presence of this species in southwestern Indian
648 Ocean is confirmed by molecular data. Since all the sequences obtained by Carnicer et al. (2015)
649 are closely related and belong to O. lenticularis, the record of O. marina (as a paratype) in Mayotte
650 Island (south west Indian Ocean) by Faust (1999) remains in question owing to the very similar size
651 and morphology between these two species. Nevertheless, further molecular studies are necessary in

652 the Indian Ocean since Hansen et al. (2001) also reported the presence of O. siamensis.

653 In the Caribbean, O. lenticularis has been reported on several occasions (e.g. Ballantine et al.,
654 1985; Carlson and Tindall, 1985; Faust, 1995; Delgado et al., 2006; Marchan-Alvarez et al., 2017)
655 but all the identifications were based on morphological observations only, which caused some

656 confusions as emphasized in section 4.2. As seen in Tindall et al. (1990), Faust et al. (1996) and
657 Faust and Gulledge (2002) studies, several species very similar in shape and size did co-occur in
658 this area, but specimens morphologically identical to O. lenticularis were reported, suggesting the

659 likely presence of this species in the dinoflagellate assemblages.

660 From all these observations, it can be concluded that Ostreopsis lenticularis is widely
661 distributed in the tropical areas of the world oceans but to date, molecular data supporting its

662 identification are still lacking from the Caribbean Sea and the Atlantic Ocean.

663 4.5 Toxicity assessment

664 All 19 strains of Ostreopsis lenticularis tested for their toxicity using the CBA-N2a showed no
665 toxic activities on neuroblastoma celles. Likewise, neither PITX-like compounds nor OTX-1 and
666 OTX-3 were detected in any of the 4 extracts analyzed by LC(-UV)-MS/MS, which is consistent
667 with Sato et al. (2011) who previously observed no toxic effect on mice in Ostreopsis sp. 5 (now

668 identified as O. lenticularis) extracts. Contrastingly, these authors reported that Ostreopsis sp. 6
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was toxic to mice and, more specifically, mentioned the detection of OST-D in strain s0587 extract
(Sato et al., 2011), although some strains genetically distinct (OU11, IR33) of this species did not
produce this compound (Suzuki et al., 2012). Overall, these findings highly support the idea that

Ostreopsis lenticularis and Ostreopsis sp. 6 correspond to two different species.

The present results may appear contradictory with previous studies mentioning the toxicity in
O. lenticularis strains from the Caribbean area (Lassus et al., 2016). These data should be
considered cautiously since the identification of the toxic species was not clear. The first toxic
effect on mice associated with O. cf. lenticularis was reported by Tosteson et al. (1986) but without
any taxonomical assessment of the species. Ballantine et al. (1988) mentioned higher toxicity levels
in strains of ‘O. lenticularis’ from the Caribbean as compared to those from Tahiti localities where
this species was found in abundance but not obviously toxic according to Bagnis et al. (1985).
Ballantine et al. (1988) explained this apparent discrepancy by the use of different extraction
methods but, surprisingly, did not question the taxonomic identification of the species. Tindall et al.
(1990) further performed a taxonomic investigation on the toxic clones from the Caribbean and
observed that (i) the cells size range was compatible with both O. siamensis and O. lenticularis, and
(i) cells had an undulating cingulum and one type of thecal pores. Although these features should
have definitely excluded O. lenticularis, these authors kept using the name O. lenticularis under the
pretext that O. siamensis had never been reported from the Caribbean (Tindall et al., 1990), thus
perpetuating the confusion. It was yet rather clear that another species than O. lenticularis was the
toxic species producing the water soluble ostreotoxins (OTXs) inhibiting the acetylcholine response
(Tindall et al., 1990). Several subsequent studies investigated the mode of action of the toxic

compounds and effects of bacteria on the toxicity of Ostreopsis strains from the Caribbean
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691 designated doubtfully as ‘O. lenticularis’ (Mercado et al., 1994, 1995; Meunier et al., 1997;
692 Pérez-Guzman et al., 2008), but in their review, Parsons et al. (2012) highlighted the fact that these
693 reports of toxic strains of O. lenticularis in the Caribbean were subject to caution, and purposely

694 used quotations marks.

695 From the present study, it appears more likely that the toxic strains formerly assigned to the
696 species O. lenticularis were, in fact, misidentified due to morphological confusions and the lack of
697 molecular data to confirm such identifications. Further studies using molecular techniques to

698 characterize these toxic strains are needed to clarify this point. So far, in light of the present

699 findings, there is still no true evidence for the existence of toxic strains in the species O.

700 lenticularis, which raises the question of the relevance of keeping this species in the IOC-UNESCO

701 taxonomic reference list of harmful micro-algae (Akselman and Fraga, 2018).

702 4.6 Lectotype designation

703 When describing O. lenticularis from Tabhiti Island, Fukuyo (1981) did not designate a

704 holotype associated with the name, but provided five LM pictures and two interpretation drawings.
705 From the analysis conducted on several culture strains and field specimens from the same area, it
706 can be concluded that the observations made by Fukuyo (1981) were perfectly accurate and

707 morphological features clearly separate this species from all other known species. In addition, this
708 study also proves unambiguously that the species found in French Polynesia (O. lenticularis) is
709 genetically and morphologically distinct from that found in the Gulf of Thailand, especially at the
710 TF site (Tawong et al., 2014), which corresponds to the type locality of O. siamensis. Hence the
711 taxonomic ambiguity with O. siamensis should no longer persist and the absence of type for O.

712 lenticularis can be easily solved by the designation of a lectotype from the original illustrations by
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Fukuyo (1981). The line drawing of the epitheca (Fig. 52) provides an unambiguous description of
the major characters, including the presence of two types of pores, which appears as the most

distinctive feature constant in all specimens studied from French Polynesia.

Ostreopsis lenticularis Y. Fukuyo
LECTOTYPE (designated here): Fig. 52 in Fukuyo (1981) Bulletin of the Japanese Society of

Scientific Fisheries, 47(8): p. 978.

5. Conclusions

The present re-investigation of O. lenticularis in French Polynesia showed that this species is
present in all the four archipelagos investigated, including Tahiti island and Gambier Archipelago,
which confirms the report by Fukuyo (1981) in the original description. The morphological features
observed in this study were all in perfect agreement with the original description, and the presence
of two kinds of thecal pores on the theca of O. lenticularis was seen in all specimens from cultures
and field samples studied. Hence this character appears as reliable taxonomic feature which can
distinguish O. lenticularis from other large-species such as O. siamensis, O. labens and O. marina.
Consequently, misidentifications of O. lenticularis were probably a consequence of mistaken
interpretations of this feature by some authors but all data appear to be congruent. From a genetic
point of view, the presence of a unique genotype in all the sites studied allows to associate
unambiguously the species name with molecular data, which was not previously possible in absence
of information from the type locality. Hence, the present paper provides reference sequences for
further molecular identifications of O. lenticularis. Regarding the toxicity of this species, all the
analyses conducted in the study showed that no toxic effect was observed using CBA-N2a assay,

and no PITX-like compounds could be detected from LC-MS/MS analyses, which is congruent with
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735 previous data obtained by Sato et al. (2011) and Suzuki et al. (2012). Consequently, the previous
736 reports of toxicity by this species need to be re-evaluated. In particular, the toxic strains should be
737 characterized by molecular methods in order to ensure their correct identification since data in the
738 literature are confused and no unambiguous evidence of a toxicity by O. lenticularis has been

739 provided yet.
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1057 Table 2: Distance values (pairwise uncorrected p-distances) based on the LSU D8-D10 rDNA

1058 sequences (Clustal W alignment) net-between and within subclades of O. lenticularis and

1059 Ostreopsis sp. 6

53

Subclade n L II. I1I. IV. V.
O. lenticularis
L ) 53 0.000
(subclade French Polynesia / South Japan)
O. lenticularis
1L 10 0.010  0.002
(subclade North Japan)
Ostreopsis sp. 6
I11. 4 0.051 0.049 0.001
(subclade IR49, IR33, OUS, OU11)
Ostreopsis sp. 6
IV. 2 0.058 0.058 0.020 0.000
(subclade s0595, s0587)
Ostreopsis sp. 6
V. 2 0.055 0.055 0.015 0.014 0.000

(subclade TF290S, TF250S)

1060 Pairwise uncorrected p distance values within subclade are shown on the diagonal

1061
1062
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1063 Table 3: Distance values (pairwise uncorrected p-distances) based on the ITS-5.8S rDNA sequences

1064 (MAFFT alignment) net-between and within subclades of O. lenticularis and Ostreopsis sp. 6

Subclade n L 11. I11. IV. V. VL VII.

O. lenticularis
I.  (subclade Pacific/Indian 27 0.001
Ocean/China Sea)

O. lenticularis

1L 3 0.068 0.008
(subclade Japan)

Ostreopsis sp. 6
1. 2 0254 0.243 0.012

(subclade Vietnam)

Ostreopsis sp. 6

IV. 2 0258 0.244 0.057 0.000
(subclade Malaysia)
t s Sp. 6
y, Ostreopsissp 2 0267 0261 0073 0048 0.000
(subclade Thailand)
Ostreopsis sp. 6
VI. 2 0256 0.261 0.135 0.125 0.110 0.010
(subclade IR33, OU11)
Ostreopsis sp. 6
VII. 1 0295 0.282 0.110 0.118 0.118 0.161 -

(s0587)

1065 Pairwise uncorrected p distance values within group are shown on the diagonal
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1068 Fig. 1. Map of French Polynesia (South Pacific Ocean), showing the location of the different
1069 archipelagos. The islands from where samples of Ostreopsis lenticularis were collected are
1070 encircled by thick lines.

1071
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1072

1073 Fig. 2. Light and epifluorescence micrographs of cells from strain THT16—4 fromTahiti Island
1074 (Society Archipelago). (A) Live specimen; (B) epifluorescence image showing the nucleus stained

1075 by SYBR green. Scale bars: 10 um.

1076
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1077

1078 Fig. 3. Epifluorescence micrographs of different strains and field specimens of Ostreopsis

1079 lenticularis. (A—C) strain THT16—4 from Tahiti Island (Society Archipelago): (A) apical view; (B)
1080 antapical view; (C) detail of the apical pore and adjacent plates, note the presence of two kind of
1081 thecal pores (some smaller pores shown by arrowheads). (D-G) strain MGR17-1 from Mangareva
1082 Island (Gambier Archipelago): (D) apical view; (E) antapical view; (F) detail of the apical pore and
1083 adjacent plate; (G) detail of the thecal surface with two kinds of thecal pores. (H-K) strain

1084 RVV-RF8 from Raivavae Island (Australes Archipelago): (H) apical view; (I) antapical view; (J)
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1085 detail of the apical pore and adjacent plates; (K) detail of the thecal surface with two kinds of thecal
1086 pores. (L-M) strain TIO6 from Nuku Hiva Island (Marquesas Archipelago): (L) apical view; (M)
1087 antapical view. (N-O) field specimens from Anaho Bay (Nuku Hiva Island): (N) apical view; (O)
1088 antapical view. Scale bars: 20 umin A, B, D, E, H,, L- O, 10 ym in F, J, 5 um in C, K, and 2 pm

1089 in G.

1090

1091 Fig. 4. Scanning electron micrographs of cells from strain THT16—4 (Tahiti Island, Society
1092 Archipelago). (A) apical view; (B) antapical view; (C) ventral view; (D) left lateral view showing

1093 the straight cingulum and apical pore plate (Po). Scale bars: 10 um.

1094
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1096 Fig. 5. Scanning electron micrographs of cells from strain THT16—4 (Tahiti Island, Society

1097 Archipelago). (A) detail of apical plate series and apical pore; (B) detail of the Po plate and apical
1098 pore composed by a slit and 2 rows of pores; (C) ventral view of the sulcus, note the presence of a
1099 partially visible sulcal plate (arrowhead), a list on the Sda plate (asterisk) and the flagellar pore (fp);
1100 (D) detail of the thecal pores of two sizes, note that the internal structure is visible within larger

1101 pores. Scale bars: 2 um in A, B and C, and 1 um in D.

1102



60

1103

1104 Fig. 6. Scanning electron micrographs of field specimens from Anaho Bay, Nuku Hiva Island

1105 (Marquesas Archipelago). (A) apical view; (B) antapical view; (C) ventral view; (D)

1106 ventro-antapical view showing the cell flattening; (E) detail of apical plates and apical pore (Po);
1107 (F) detail of sulcal plates, note that a plate is only partially visible (arrowhead) and the flagellar
1108 pore (fp); (G) detail of the surface of the theca with two kinds of pores. Scale bars: 10 um in A-D, 2

1109 pm in E, and 1 pum in F-G.
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1111 Fig. 7. Maximum Likelihood phylogenetic tree inferred from LSU D8-D10 sequences of various

1112 Ostreopsis strains. French Polynesian strains are indicated by bold face and a gray background.

1113 Coolia sp. is used as an outgroup. Black vertical bars show distinct Ostreopsis clade. For O. cf.

1114 ovata, three subclades are shown: Med/Pac for Mediterranean and Pacific subclade; SCS for the

1115 South China Sea subclade and Thai for the Thailand subclade. For O. lenticularis, the vertical gray

1116 bars show the geographic origin of the strains. Numbers at nodes represent bootstrap support values
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1117 from Maximum Likelihood (ML) and posterior probabilities from Bayesian Inference (BI).
1118 Bootstraps values below 55 and posterior probabilities below 0.70 are not shown. Roman numerals

1119 (I-V) indicate the subclades as defined in Table 2.
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1125 Thailand/Indonesia subclade, and Med/Atl/Pac for Mediterranean, Atlantic and Pacific subclade.
1126 For O. lenticularis, the vertical gray bars indicate the geographic origin of the strains. Numbers at
1127 nodes represent bootstrap support values from Maximum Likelihood (ML) and posterior
1128 probabilities from Bayesian Inference (BI). Bootstraps values below 50 and posterior probabilities

1129 below 0.70 are not shown. Roman numerals (I-VII) indicate the subclades as defined in Table 3.
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Supplementary material

Table S1: Precursor and product ions used as well as wavelengths for the detection of PITX-derived

analogues and ostreotoxins.

Analogue

Ql (m/z)

Q3 (m/z,
fragment A)

A (nm)

References

PITX

1340.2 [M+2H]*
1331.2
[M+2H-H,0]**
887.8
[M+3H-H,0]**

327.2

233,
263

Uemura et al., 1985
Ciminiello et al., 2008

Ovatoxin-a

1324.2 [M+2H]**
1315.2
[M+2H-H,0]**
877.2
[M+3H-H,0]**

327.2

233,
263

Ciminiello et al., 2008
Tartaglione et al., 2016

Ovatoxin-b

1346.3 [M+2H]**
1337.3
[M+2H-H,0]**
891.8
[M+3H-H,0]**

371.2

233,
263

Ciminiello et al., 2010
Tartaglione et al., 2016

Ovatoxin-c

1354.3 [M+2H]**
1345.2
[M+2H-H,0]**
897.2
[M+3H-H,0]**

371.2

233,
263

Ciminiello et al., 2010
Tartaglione et al., 2016

Ovatoxin-d

1332.2 [M+2H]**
1323.3
[M+2H-H,0]**
882.5
[M+3H-H,0]**

327.2

233,
263

Ciminiello et al., 2010
Tartaglione et al., 2016

Ovatoxin-e

1332.2 [M+2H]**
1323.3
[M+2H-H,0]**
882.5
[M+3H-H,0]**

343.2

233,
263

Ciminiello et al., 2010
Tartaglione et al., 2016

Ovatoxin-f

1338.3 [M+2H]**
1329.3
[M+2H-H,0]*
886.5
[M+3H-H,0]**

327.2

233,
263

Ciminiello et al., 2012
Tartaglione et al., 2016

Ovatoxin-g

1316.3 [M+2H]**

327.2

233,

Garcia-Altares et al.,




1307.3
[M+2H-H,0]**
871.8
[M+3H-H,0]**

263

2015

Ovatoxin-h

1317.8 [M+2H]**
1308.8
[M+2H-H,0]**
872.5
[M+3H-H,0]**

327.2

233,
263

Brissard et al., 2015

Ovatoxin-i

1345.3 [M+2H]**
1336.3
[M+2H-H,0]**
891.2
[M+3H-H,0]**

327.2

233,
263

Tartaglione et al., 2016

Ovatoxin-j1/j2

1353.2 [M+2H]**
1344.3
[M+2H-H,0]*
896.5
[M+3H-H,0]**

327.2

233,
263

Tartaglione et al., 2016

Ovatoxin-k

1361.2 [M+2H]**
1352.2
[M+2H-H,0]**
901.8
[M+3H-H,0]**

327.2

233,
263

Tartaglione et al., 2016

42-OH-PITX

1348.7 [M+2H]**
1339.7
[M+2H-H,0]*
899.7 [M+3H]**

327.2

233,
263

Ciminiello et al., 2009
Kerbrat et al., 2011

Ostreocin-D

1329.4
[M+H+Na]*
1318.4 [M+2H]**
893.8
[M+H+2Na]**

313.2

233,
263

Ukena et al., 2001

Ostreocin-B

1337.2
[M+H+Na]**
1326.2 [M+2H]**
899.1
[M+H+2Na]**

313.2

233,
263

Ciminiello et al., 2013
Terajima et al., 2018

Mascarenotoxin-A

1295.5
836.9
606.3

327.2

233,
263

Lenoir et al., 2004
Rossi et al., 2010

Mascarenotoxin-B

1304.3
864.9
836.2

327.2

233,
263

Lenoir et al., 2004

65
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1326.3
: [M+H+Na]** 233, :
Mascarenotoxin-C 1315.3 [M+2H]* 327.2 263 Rossi et al., 2010

877 [M+3H]**

Ostreotoxin-1 and

3 220 Meunier et al., 1997

1134
1135
1136
1137
1138
1139
1140
1141

1142

1143

1144
1145
1146
1147
1148

1149
1150
1151
1152
1153

1154
1155
1156
1157

1158
1159

1160

The ESI interface was operated using the following parameters: curtain gas 30 psi, temperature:
300 °C, gas1 30 psi; gas2 40 psi, ion spray voltage 5000 V. For detection, parameters were as
follows: the declustering potential was 56 V and the entrance potential 10 V. Two collision energies
(47 and 31 eV) and two collision cell exit potentials (20 and 18 V) were applied for doubly and
triply-charged ions, respectively and the dwell time was 180 ms. The transitions that were used for
the MRM mode of acquisition are reported above (they were used as reported in the references or
inferred from molecular formulae where available, knowing the MSS behavior and fragmentation

pattern of PITX and OVTXs).
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1161

1162 Fig. S1. Scanning electron micrographs of cells from strains from different archipelagos. (A-C)
1163 strain RVV-RFS (Australes Archipelago) (A) apical view; (B) antapical view; (C) detail of thecal
1164 surface; (D-F) strain MGR17-1 (Gambier Archipelago): (D) apical view; (E) antapical view; (F)
1165 detail of thecal surface; (G-I) strain TIO6 (Marquesas Archipelago): (G) apical view; (H) antapical

1166 view; (I) detail of thecal surface;. Scale bars: 10 um in A, B, D, E, G, H, and 1 ym in C, F and L.
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1168 Fig. S2. Scanning electron micrographs of cells from strain THT16—4 (Tahiti Island, Society

1169 Archipelago) showing cingular plates. (A) Detail of the sulcus and the first cingular plate C1

1170 (arrowheads points to the suture); (B) left lateral view of a cell with three cingular plates visible
1171 (arrowheads point to the sutures); (C) Right dorsal view showing plates C3, C4 and C5 (arrowheads
1172 point to the sutures); (D) right lateral view showing plates C5 and C6 (arrowheads point to the

1173 sutures). Scale bars: lum in A and 5 um in B, C, D.



