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Highlights:

e O. cf. siamensis had a colder and shorter thermal niche than O. cf. ovata.

e Some clones of O. cf. siamensis have a fast growing strategy, not O. cf. ovata.

e Acclimation to temperature relies on xanthophyll cycle pigments or lipid content.

e Toxicity decreases with low temperatures and is maximal under optimal growth ones.

e When both species are present, the toxic risk may increase with the global warming.

Abstract:

Reports of the benthic dinoflagellate Ostreopsis spp. have been increasing in the last decades,
especially in temperate areas. In a context of global warming, evidences of the effects of
increasing sea temperatures on its physiology and its distribution are still lacking and need to
be investigated. In this study, the influence of temperature on growth, ecophysiology and
toxicity was assessed for several strains of O. cf. siamensis from the Bay of Biscay (NE
Atlantic) and O. cf. ovata from NW Mediterranean Sea. Cultures were acclimated to

temperatures ranging from 14.5 °C to 32 °C in order to study the whole range of each strain-
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specific thermal niche. Acclimation was successful for temperatures ranging from 14.5 °C to
25 °C for O. cf. siamensis and from 19 °C to 32 °C for O. cf. ovata, with the highest growth
rates measured at 22 °C (0.54 — 1.06 d™) and 28 °C (0.52 — 0.75 d), respectively. The
analysis of cellular content of pigments and lipids revealed some aspects of thermal
acclimation processes in Ostreopsis cells. Specific capacities of O. cf. siamensis to cope with
stress of cold temperatures were linked with the activation of a xanthophyll cycle based on
diadinoxanthin. Lipids (neutral reserve lipids and polar ones) also revealed species-specific
variations, with increases in cellular content noted under extreme temperature conditions.
Variations in toxicity were assessed through the Artemia franciscana bioassay. For both
species, a decrease in toxicity was observed when temperature dropped under the optimal
temperature for growth. No PLTX-like compounds were detected in O. cf. siamensis strains.
Thus, the main part of the lethal effect observed on A. franciscana was dependent on currently
unknown compounds. From a multiclonal approach, this work allowed for defining
specificities in the thermal niche and acclimation strategies of O. cf. siamensis and O. cf.
ovata towards temperature. Potential impacts of climate change on the toxic risk associated
with Ostreopsis blooms in both NW Mediterranean Sea and NE Atlantic coast is further
discussed, taking into account variations-in the geographic distribution, growth abilities and

toxicity of each species.

Key-words: Temperature; Acclimation; Harmful Algal Blooms; Ostreopsis; Benthic

dinoflagellate; Growth; Toxicity

1. Introduction

Among microalgae species responsible for harmful algal bloom development, the harmful
benthic dinoflagellate genus Ostreopsis represents an emerging threat for human health.
Blooms of this genus have mainly been observed in temperate areas (Shears and Ross, 2009;
Rhodes, 2011; Selina et al., 2014), and especially in the Mediterranean Sea (Mangialajo et al.,
2011; Blanfuné et al., 2015; Accoroni and Totti, 2016). To date, twelve Ostreopsis species
have been identified and characterized (Verma et al., 2023). The description of Ostreopsis
species was traditionally based upon morphological features, but the high degree of
morphological plasticity within and among species made the genetic identification mandatory
for the proper identification and characterization of species, as well as for inter-comparison of

species-specific studies (Parsons et al., 2012; Chomérat et al., 2019; Chomérat et al., 2020).
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For instance, O. siamensis and O. ovata were described for the first time only based on
morphological features and were not genetically characterized. Thus, species morphologically
associated with these two taxa are now referred as O. cf. siamensis and O. cf. ovata,
respectively.

Blooming episodes formed by certain species of Ostreopsis might result in toxic
outbreaks affecting human health through skin irritations induced by direct contact (Tichadou
et al., 2010; Tubaro et al., 2011) or through serious respiratory symptoms caused by aerosol
inhalation (Durando et al., 2007; Illoul et al., 2012; Vila et al., 2016). Apart from human
health, Ostreopsis spp. also exhibit allelopathic effects on marine fauna (Pavaux et al., 2019,
2020a, 2020b). Ostreopsis cf. ovata is known to produce a high diversity of palytoxin analogs
such as ovatoxins, ostreocins and mascarenotoxins (Pavaux et al., 2020a). Concerning O. cf.
siamensis, traces of palytoxin-like compounds as well as ostreocins have only been found in
strains from Pacific and Asia (Verma et al., 2016; Chomérat et al., 2020), but not in strains
from Atlantic or Mediterranean Sea (Ciminiello et al., 2013). However, toxicity bioassays
based on cell lines viability (Cagide et al., 2009) and mortality of invertebrate organisms
(Laza-Martinez et al., 2011) revealed active toxicity In these Atlantic strains, suggesting that
other non-identified allelopathic compounds could be responsible for O. cf. siamensis
toxicity.

The development of Ostreopsis species and their blooms phenology is known to be
driven by an assembly of biotic and abiotic factors influencing physiological mechanisms and
growth ability. Environmental parameters such as hydrodynamics, biotic substratum,
irradiance, salinity, nutrients availability and sea temperature are suggested to be the most
influencing factors (Parsons et al., 2012; Accoroni and Totti, 2016). Among these, the
temperature can play a major role in both definition of the ecological niche (David et al.,
2012; Scalco et al., 2012; Drouet et al., 2021) and the phenology of blooms (Carnicer et al.,
2015; Drouet et al., 2022). In both cases, temperature can regulate the presence of the species
in the water column by controlling the germination of resting stages (if they are part of the life
cycle of the species) (Bravo and Anderson, 1994; Bravo et al., 2012; Accoroni et al., 2014;
Fischer et al., 2018) and/or directly influencing their growth (Tian, 2006; Pezzolesi et al.,
2012). In temperate areas in particular, Ostreopsis spp. blooms are recurrent phenomena that
seem to be favoured by high temperatures: they mainly occur during the summer period, with
maximal abundances often corresponding to relatively high temperatures, but not necessarily
the highest one (Totti et al., 2010; Cohu et al., 2011; Laza-Martinez et al., 2011; Selina et al.,

2014; Drouet et al., 2022). Extensive laboratory studies conducted on O. cf. ovata showed the
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highest growth rates of Mediterranean strains at temperatures ranging between 20 °C and 27
°C (Pistocchi et al., 2011; Pezzolesi et al., 2012; Scalco et al., 2012; Gémin et al., 2021),
whereas Asian or Brazilian strains exhibited highest growth rates at temperatures ranging
from 25 °C to 30 °C (Nascimento et al., 2012; Yamaguchi et al., 2012; Tawong et al., 2015).
Such differences in thermal ranges suggest strain-specific variations in the relationship
between growth abilities and temperature. They may represent physiological adaptations of
cells to the specific environmental conditions of isolation sites that can lead to the emergence
of genetically distinct populations called ecotypes. Several studies also reported that
temperature influence Ostreopsis cell metabolism and specifically, at least for O. cf. ovata,
the toxin content. Previous works report conflicting trends in toxin content varying as a
function of temperature (Pezzolesi et al., 2012; Gémin et al., 2021), however, that might also
be linked to strain-specific response. It is also still unclear if such temperature effect is either
direct on toxin synthesis pathways or indirect through modifications of growth rate.

Anthropic activities might affect HABs development through climate change
especially as a consequence of the worldwide increase of sea temperature. For benthic species
(including Ostreopsis spp.), Tester et al. (2020) recently described a potential migration of
their distribution from tropical areas towards higher latitudes and an extension of their habitat
in temperate areas in response to global warming. In the face of such suspected change,
elaborating risk assessment and management for the mitigation of HABs in recreational
waters are crucial, taking into account benthic species (Anderson, 2009; Berdalet et al., 2016,
2017). While O. cf. ovata has been extensively observed and studied in the Mediterranean Sea
(Mangialajo et al., 2011; Accoroni and Totti, 2016), a bloom of this toxic species has only
been recently reported in the Bay of Biscay (NE Atlantic) (Chomérat et al., 2022). On the
other hand, O. cf. siamensis has been described in the Bay of Biscay, occasionally forming
blooms, over the last decade (Laza-Martinez et al., 2011; David et al., 2013; Drouet et al.,
2021). As both of these areas are exposed to SST warming (deCastro et al., 2009; Costoya et
al., 2015; Pastor et al., 2020), investigations regarding the physiological responses of local
HAB species towards increasing temperatures are needed to apprehend a potential expansion
of the genus.

Microalgae species have several ways to respond to changes in environmental
conditions depending on the timescale. They can sporadically respond to punctual stress
(cellular response), or acclimate and even adapt to long-term environmental changes
(population response). At the cellular scale, temperature is known to affect the functionalities

of enzymes in charge of photosynthesis (Salvucci and Crafts-Brandner, 2004) and can thus
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directly influence the photosynthetic activity and ultimately growth of microalgal cells (Ras et
al., 2013). Cells can also use mechanisms such as changes in pigment composition (Anning et
al., 2001; Lopez-Rosales et al., 2014), lipid content (Thompson et al., 1992b; Ding et al.,
2019) and acquisition and release of specific nutrients (Glibert et al., 2016), to generate an
acclimation response to stress and optimize growth. In the end, each clone is characterized by
specific characteristics associated with growth capacities (e.g. Jauzein et al., 2008) or stress
induced pathways. At the population level, species can take advantage of the high genetic
diversity observed in the field, and over the development of HABs in particular (Dia et al.,
2014): in response to environmental stress, a selection of advantageous genotypes can occur,
favouring clones with high fitness.

The aim of this study was to investigate how different strains of O. cf. siamensis and
O. cf. ovata can acclimate to various temperature levels and to define the influence of
temperature on their toxicity. From a 1.5 year-lasting laboratory experiment, growth abilities
and physiological acclimation of cells were characterized over a large temperature gradient
(14.5 to 32 °C), using strains isolated from the Bay of Biscay (NE Atlantic) and the Bay of
Villefranche-sur-Mer (NW Mediterranean Sea). These physiological traits allowed for the
definition of strain-specific favourable and optimal temperatures for growth that give crucial
information about the thermal niche at the clone level. They also revealed strategies of
physiological changes, in terms of pigment and lipid variations, that both O. cf. siamensis and
O. cf. ovata can use for their response to thermal stress, including the release of toxic

compounds.

2. Material and methods

2.1. Culture conditions

2.1.1. Ostreopsis strains and maintenance of stock cultures

Strains of O. cf. siamensis were isolated from five different sites located along the
southeastern coast of the Bay of Biscay, North-East Atlantic (Drouet et al., 2021). The
geographical repartition of these isolation sites straddled the frontier between Spain and
France (Figure 1). Three or four strains of O. cf. siamensis were used per site, accounting for
17 strains in total (Supplementary Table 1). For O. cf. ovata, three strains were used
(MCCV54, MCCV98 and MCCV99), all originated from the same site of Rochambeau in the
bay of Villefranche-sur-Mer (France, North-Western Mediterranean; Figure 1) and obtained

from the Mediterranean Culture Collection of Villefranche (MCCV) in the framework of the
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European Marine Biological Resource Centre (EMBRC-France, http://www.embrc-france.fr)
(Supplementary Table 1). Strains of O. cf. siamensis and O. cf. ovata were grown in K
medium (Keller et al., 1987) without silicate, using autoclaved and filtered seawater at
salinities of 35 and 38, respectively. Stock cultures were maintained at 22 °C, under a 12:12h

light/dark cycle with an irradiance intensity of 150-200 umol photons:-m?s™ (leds).

2.1.2. Thermal acclimation experiments

Cultures of Ostreopsis used for the experiment were grown in 25 cm?, 75 cm? and 150 cm?
polystyrene culture flasks (TPP® Cell culture flask, Sigma-Aldrich), on the same culture
medium and under the same light cycle than stock cultures. All culture transfers were
conducted performing a dilution of 1/5 or 1/10 with fresh medium, targeting a starting cell
concentration of about 500 cellssmL™. During the experiment, temperature was the only
variable condition and ranged from 14.5 °C to 32 °C. Under the temperature of 22 °C
(selected for the maintenance of stock cultures), all the 20 strains were characterized by
estimations of growth rate and toxicity using biotests on Artemia franciscana (Pavaux et al.,
2020b). For all the O. cf. siamensis clones (17 strains), these analyses were complemented by
a chemical characterization of the toxin content. Among the 20 Ostreopsis strains, 9 O. cf.
siamensis strains (Z1, Z7 and Z8 from Zierbena; H1, H8 and H10 from Hondarribia; SJL1,
SJL2 and SJL3 from Saint-Jean-de-L.uz) and 3 O. cf. ovata strains (MCCV 54, MCCV 98 and
MCCV 99 from Rochambeau) were then selected. They were characterized in more details in
terms of growth abilities and physiology and gradually acclimated to increasing (25 °C, 28
°C, 30 °C, 32 °C) and decreasing (19 °C, 16 °C, 14.5 °C) levels of temperature until cultures
were no longer capable of surviving.

Estimations of growth rates were conducted for every culture except the first cell
transfer after a modification of temperature. Additional parameters, based on direct
measurements or collection of biomasses, were only estimated on cultures that were
considered acclimated, i.e. once a stable growth rate was measured over three successive cell
transfers (Wood et al., 2005). In the end, these additional measurements were performed 25
days or later after any change of temperature. They were the source of the characterization of
growth abilities (maximal growth rate), of potential signs of cellular stress and acclimation to
non-optimal growth conditions (profiles of pigments and lipids) and of toxicity using biotests
on A. franciscana. All these additional parameters were estimated during the exponential

phase of growth of the cultures.



Journal Pre-proof

For the extreme cold temperature of 14.5 °C, only the O. cf. siamensis strains Z8, H10
and SJL1 were used; those were the few strains able to acclimate at this temperature. The
biomass produced under this condition was quite low and limited some of the sampling and
measurements. Every parameter was monitored for Z8 at this temperature, while toxicity and
lipids were missing for SJL1, and only growth could be measured for H8. For the highest
temperature of 32 °C, only one O. cf. ovata strain was characterized: MCCV 98, the only one
able to acclimate. At 32 °C, growth, toxicity and the pigment profile of cells were monitored,

but not lipids.

2.2. Cell abundance and growth rate

Every two or three days, quantification of cell abundance was performed to establish growth
curves of the cultures and estimate their growth rates. Cultures were homogenized before the
collection of samples. For this, cells from the bottom were re-suspended using a pipette by
flushing gently the bottom of the flask with the culture itself, and then, the whole culture was
gently agitated. Sub-samples (4 mL) were then collected and immediately fixed with acidic
Lugol (2% vol./vol.). They were kept less than three months at room temperature before
analysis. Cell quantification was performed in triplicates using either a Uterméhl chamber
(Utermohl, 1958) under an inverted light microscope (AxioVert 135, x100, Zeiss,
Oberkochen, Germany) or a Nageotte hemocytometer (Hecht Assistent, Sondheim vor der
Rhon, Germany) and a light microscope (Olympus® BX51, x100, Tokyo, Japan), depending
on the volume used for observation. Temporal variations of cell counts allowed for
identifying successive phases of microalgal growth and estimating growth rates using the
following equation:

InN;-In N,
“ t)- 1o

Where p is the growth rate (d™) and No and N; are the cell abundances (cell.mL™) at time to

and t; (d). Following this equation, the maximal growth rate (1max) Was specifically calculated

over the exponential growth phase as the slope of the linear regression between the natural

logarithm of cell concentration and time. Replicated values of pmax Were obtained from

successive culture transfers that were established when thermal acclimation was reached.
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2.3. Estimations of microalgal toxin content and toxicity

The toxin profile of O. cf. ovata strains from the Mediterranean Sea was previously
characterized. For MCCV54 in particular, it showed a total toxin content ranging from 22.5
and 32.8 pg-cell™* with a toxin profile characterized by ovatoxin-a (56 %), -b (15 %), -c (5 %),
-d (8 %), -e (4 %), -f (< 1 %) and putative-palytoxin (12 %) (Brissard et al., 2014). Analyses
conducted in the present study were complementary to these estimations: chemical analyses
were focused on O. cf. siamensis strains and bio-assays were used for estimating the toxicity

of both O. cf. ovata and O. cf. siamensis over various temperature conditions.

2.3.1. Ostreopsis cf. siamensis toxin extraction and analysis

The 17 strains of O. cf. siamensis isolated from the Atlantic coast were grown at 22 °C in 150
mL of culture medium. Microalgal cells were collected during the exponential phase. Cell
pellets harvested by centrifugation (3000 g for 10 min) from multiple batches of cultures were
pooled for accumulating between 1.3 to 11 million of cells per strain and stored at -80 °C until
extraction.

Toxin extraction and analysis were performed according to Chomérat et al. (2019)
with minor modifications. Briefly, pellets were recovered in 1.5 mL MeOH 50 9%,
homogenized, sonicated in an ice bath for 10 min, centrifuged and ultrafiltered (0.2 pm,
Nanosep MF, Pall, at 10 000 g). Toxin analyses were conducted using three methods using
Liquid Chromatography coupled to tandem Mass Spectrometry (LC-MS/MS) that allowed for
the detection of two palytoxins (palytoxin and 42-OH palytoxin), 12 ovatoxins (-a to -k) and 7
other palytoxin-like compounds (ostreocin-a, -b, -d and -e1 and mascarenotoxins-a, -b and -c).
Quantification was performed relative to the only available standard Palytoxin (Wako
Chemicals GmbH, Germany) with a 7-point calibration curve and assuming similar molar
responses between the standard and the PLTX-like molecules. The instrument control, data
processing and analysis were conducted using Analyst software 1.6.3. Limit of detection and

quantification were 20 and 40 ng.mL ™" for PLTX standard.

2.3.2. Artemia franciscana toxicity bio-assay

The toxicity of Ostreopsis strains was assayed for both O. cf. siamensis and O. cf. ovata over
the whole temperature gradient tested, using the Artemia franciscana bio-assay (Pavaux et al.,

2020b). Approximately 100 mg of A. franciscana cysts (Sep-Art Artemia cysts, Ocean
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Nutrition®, Newark, CA, USA) were hatched in 1 L of filtered seawater at salinity 35 and
room temperature, under continuous light exposition (100 pmol-m?s™) and a slight aeration.
After 40 hours of incubation, A. franciscana larvae moulted into metanauplii instars (stages 2-
3), considered to be the most sensitive stage regarding ecotoxicological bio-assays (Nunes et
al., 2006). Hatched nauplii were separated from remaining cysts by attracting them with light.
They were collected close to the surface using a Pasteur Pipette. Incubations were conducted
in 12-wells plates (Sarstedt). Each well was filled with 3 mL of filtered seawater and a
defined concentration of Ostreopsis cells, then five nauplii were transferred per well. Four
different concentrations of O. cf. siamensis and O. cf. ovata were tested: 0 (for blank values),
4, 40 and 400 cellss-mL™. Three replicated incubations were performed for each Ostreopsis
concentration, on the same plate. Plates were placed in the dark to reduce nauplii mortality
due to their strong positive phototactism and to limit Ostreopsis cell division and associated
variations of microalgal cell concentrations. Nauplii mortality was measured at 2, 4, 6, 8, 24
and 48 hours of exposure to Ostreopsis cells using a binocular magnifier (Olympus® SZX10,
x10, Tokyo, Japan). The death of nauplii was validated when no movement or no reaction to a

slight stimulation by agitation was observed after 10 seconds.

2.4. Pigment analyses through High-Performance-Liquid-
Chromatography (HPLC)

For each strain, 150 mL of culture, corresponding to approximately 1x10° to 6x10° cells in
exponential growth phase, were used for characterizing the pigment profile of Ostreopsis cells
along the temperature gradient. The biomass was collected by filtering the culture on 25 mm
GF/F filters (0.7 um pore size). Filters were immediately stored at -80 °C and kept at this
temperature until analysis. Extractions of pigments from filters were performed in the dark.
Filters were placed into glass test tubes and 3 mL of a mix solution (internal standard,
composed of methanol and tocopherol) was added. Tubes were vortexed and placed at -20 °C
during 30 minutes, sonicated for 10 seconds (20 % amplitude) then placed again at -20 °C for
30 minutes. Extracts were vortexed and filtered through 25 mm diameter Polyvinylidene
fluoride (PVDF) syringe filters (45 um) for cellular debris removal. Then, 500 pL of filtrate
were added to 500 pL of tetrabutylammonium acetate (TBAA) buffer in 2 mL amber tubes
and vortexed (Mantoura and Llewellyn, 1983). Final extracts were analysed through HPLC
using an Agilent HPLC-1100 (Agilent Technologies, Santa-Clara, CA, USA) coupled to the
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automatic sample changer Agilent 1260 infinity, according to Van Heukelem and Thomas
(2001). Optical densities for solvent (blank, 70% methanol — 30% TBAA) and extracts were
measured for a large diversity of pigments, including chlorophyll related (Chlorophyll a (Chl
a), Chlorophyll b, Chlorophyll c2, Chlorophyll c2-MGDG, Chlorophyll ¢3, Chlorophyllide a,
Chlorophyllide b and Divinyl Chlorophyll a), carotenoid (Alloxanthin, Antheraxanthin,
Astaxanthin, Beta-carotene, Canthaxanthin, Diadinoxanthin (Dd), Diatoxanthin (Dt),
Dinoxanthin, Fucoxanthin, 19'-but-fucoxanthin, 19'-hex fucoxanthin, Lutein, Neoxanthin,
Peridinin, Pheophytin a, Pheophorbide a, Prasinoxanthin, Violaxanthin, and Zeaxanthin) and
Mixed pigments MIX-1 (DHI standard) pigments. Pigment concentrations were estimated
using standard curves determined for each pigment.

In order to scale the xanthophyll cycle pigments to the total amount of Chl a,
concentrations of Dd, Dt and the total pool Dd+Dt were normalized by Chl a concentrations.
The xanthophyll de-epoxydation state (DES) was calculated as Dt/(Dd+Dt), indicating the
proportion of Dt, the de-epoxydized form of Dd, regarding to the total pool of xanthophyll
cycle pigments. Similarly, the epoxidation state (ES) was calculated as Dd/(Dd+Dt).

2.5. Lipid composition

150 mL of culture of each strain were centrifuged (3000 g, 10 minutes) and stored at -80 °C to
obtain cell pellets (between 1.1 and 14.1 x10° cells depending on the strain and the condition
of temperature) from which lipids were extracted according to the Bligh and Dyer (1959)
method. The lipid methylation was performed according to Morrison and Smith (1964).
Pellets were recovered in a solvent mixture of methanol/chloroform/water + NaCl 0.7 %
(2/1/0.8 vol./val./vol.) and extracted twice using a Mixer Mill MM400 (Retsh, Haan,
Germany). Phases of the solvent mixture were then separated overnight by addition of
chloroform and water + NaCl 0.7% for a final solvent ratio of methanol/chloroform/water +
NaCl 0.7 % of 2/2/1.8 (vol./vol./vol.). The solvents were evaporated using a rotatory
evaporator and extracted lipids were weighed in tarred vials for total lipids content evaluation.
Lipid classes isolations were carried out by thin layer chromatography (TLC Silica gel 60
F254, 20 x 20 cm, Merck, Darmstadt, Germany) and lipids were visualized under UV (240
and 360 nm) using dichlorofluorescein 0.2 % (in ethanol). Neutral lipids, glycolipids and
phospholipids were separated using Hexane/ether/acetic acid 170/30/2 (vol./vol./vol.),

chloroform/methanol/water 70/30/4 (vol./vol./vol.) and chloroform/methanol/ammonia
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50/50/5 (vol./vol./lvol.), respectively. Lipids classes were then quantified using a latroscan
MKS5 (latron, Tokyo, Japan) and Chromarods S5.

2.6. Statistical analysis and modelling

In this study, differences in growth rates, toxicity, pigment and lipid amounts among
Ostreopsis strains under the different temperatures tested were assessed using non-parametric
tests (Kruskal-Wallis and Friedman ANOVAS) after checking for data distribution normality
(Shapiro-Wilk). Post-hoc multiple pairwise comparison tests (Dunn’s and Wilcoxon’s signed-
rank tests using Benjamini-Hochberg correction) were also performed when significant
differences were observed (p < 0.05). A principal component analysis (PCA) was performed
to test the relationships between monitored physiological parameters in order to assess the
overall thermal acclimation response of both Ostreopsis species. All statistical analyses were
conducted using R v4.3.1 software (R Core Team, 2023).

The use of a modelling approach allowed for making a smoothened representation of
growth rate variations as a function of temperature. More interestingly, it also generated
estimations of the minimal and maximal temperatures defining the thermal niche, as well as
the optimal temperature for growth. Those values could thus be different from the levels of
temperature tested during the experiment, in the intervals or out of the range. The dataset was
fitted to several growth models: four of them are described by Tian (2006) and so called the
“Thebault”, “Beta”, “exponential product” and the “modified exponential” non-linear
functions, the last one was defined by Bernard and Rémond (2012). Non-linear regressions
and estimation of modelling parameters were performed using Statgraphics Centurion 18°.
Among those models, the non-linear “exponential product” function (Kamykowski and
McCollum, 1986) generated the best fit (r2 = 0.81 for O. cf. siamensis; rz2 = 0.75 for O. cf.

ovata) compared to others (r2 < 0.58). This function is described by the following equation:
ﬂ(T) = [1 — e_a(T_Tmin))(l — e‘B(Tmax_T))

Where [ is the growth rate at a T given temperature ( °C), Tmin and Trmax are the lowest and
highest temperatures under which the corresponding biological rate is zero, and « and g are

constants.
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For toxicity analysis, mortality rates of A. franciscana were used to calculate LCs and
LCs after 24 and 48 h of exposure, which correspond to the cell concentrations of Ostreopsis
cells causing 50 % and 30 % of nauplii mortality. LTso and LT3 at 400 cells.mL™, which
correspond to the time needed for Ostreopsis cells to cause 50 % and 30 % of nauplii
mortality, was also calculated. These values were estimated following probit regression

models using a sigmoidal log-response curve from the R package “ecotox”.

3. Results
3.1. Growth abilities
3.1.1. Strains screening at 22 °C

Under the temperature of 22 °C, the 17 strains of O. cf. siamensis and the 3 strains of O. cf.
ovata were characterized by mean growth rates in exponential phase that ranged from 0.44 d*
+0.10 d™ (O. cf. ovata strain MCCV99) to 1.25 d™ '+ 0.22 d™ (O. cf. siamensis strain Z6)
(Figure 2, Supplementary Table 2). Out of these 20 strains, 6 showed values of pmax higher
than 0.9 d™ and were all belonging to the species O. cf. siamensis. These strains were isolated
from either Zierbena, San Sebastian or Hondarribia, three Spanish sites of the Atlantic coast.
For these sites in particular, a strong variability between strains was noted in terms of growth
abilities, with, for example, values of strain-specific pmax ranging from 0.67 to 1.25 d™* for the
site of Zierbena or from 0.75 to 1.19 d* for San Sebastian. Pooling all strain-specific pmax data
at 22 °C together, an overall significant difference between the sites was observed in terms of
growth abilities (Kruskal-Wallis, p < 0.05). No significant difference between sites for O. cf.
siamensis could be identified, however; the only significant difference was related to higher
Mmax Obtained for O. cf. siamensis strains from Zierbena (Atlantic coast, Spain) compared to
O. cf. ovata strains from Rochambeau (Mediterranean Sea, France) (post-hoc Dunn’s test, p <
0.05; Figure 2).

3.1.2. Acclimation to temperature gradient

Over the acclimation experiment, the nine strains of O. cf. siamensis tested were all
able to grow and acclimate at temperatures ranging from 16 °C to 25 °C (Figure 3A,
Supplementary Table 2). Out of this range, most of the strains showed a drastic response to
the last change in temperature (From 25 °C to 28 °C or from 16 °C to 14.5 °C), characterized

by a sudden stop of swimming activity and cell division that ended in cell death after few
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weeks; still, one strain of each site (Z1, H10 and SJL1) was able to acclimate to 14.5 °C and
be maintained at this temperature with a low but stable pmex that ranged between 0.04 d* and
0.13 d™* (Figure 3A). Under 28 °C, only two strains (Z7 and Z8) were able to grow over few
weeks, but could not reach thermal acclimation.

For O. cf. ovata, the range of temperature over which cells were able to grow and be
maintained was larger and defined by higher minimal and maximal values of temperature than
for O. cf. siamensis. The three strains from the Mediterranean Sea were acclimated to
temperatures ranging from 19 °C to 30 °C and the MCCV98 strain was even successfully
maintained at 32 °C with a high pmax 0f 0.42 d™ + 0.01 d™ (Figure 3B, Supplementary Table
2). A decrease in temperature from 19 °C to 16 °C stopped cell division of all O. cf. ovata
strains and induced a death of all cultures over few weeks.

Within the thermal niche of O. cf. siamensis, maximal values of pmax Were observed at
22 °C for each of the nine strains tested during the acclimation experiment (Figure 3A). These
values corresponded to an average of 0.73 d™* + 0.19 d*. For each isolation site, a significant
overall difference in pmax Of O. cf. siamensis as a function of temperature was observed
(Friedman’s ANOVA, p < 0.05), but the post-hoc test failed to identify which temperatures
were associated with it (Wilcoxon signed-rank, p > 0.05). When comparing 1max data between
sites (Zierbena, Hondarribia or Saint-Jean-de-Luz) for each temperature, no significant
difference was obtained (Friedman’s ANOVA, p > 0.05). Thus, data from the nine strains of
O. cf. siamensis were then pooled together in order to characterize the relationship between
growth capacities and temperature at the species level in the SE Bay of Biscay. With this
larger set of data (n.= 9), an overall significant difference was found in O. cf. siamensis
growth rates as a function of temperature (Friedman’s ANOVA, p < 0.001) and significant
differences in Umax Were identified between every step of temperature, from 14.5 °C to 25 °C
(post-hoc Wilcoxon signed-rank test, p < 0.01), except between 19 °C and 25 °C and between
14.5 °C and 28 °C (Figure 3A).

Similarly, for the three strains of O. cf. ovata from Rochambeau, an overall significant
difference in the mean maximal growth rates was obtained as a function of temperature
(Friedman’s ANOVA, p < 0.05), but the post-hoc multiple comparison test failed to identify
which temperatures were associated with it (post-hoc Wilcoxon signed-rank test, p > 0.05).
For this other species, maximal values of pmax Were observed at 28 °C for the three strains
tested, reaching 0.63 d™* + 0.10 d* (Figure 3B).

3.1.3. Thermal niche modelling
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The convergence of a non-linear exponential product function fitted the data sets with
r2 > 0.75 for both species (Figure 3). This model simulates an increase and subsequent
decrease in growth rate as a function of temperature between two threshold values, the
minimal (Tmin) and maximal (Tmax) temperatures under which growth stops (i = 0). Pooling
results from the nine strains of O. cf. siamensis, the convergence of the model was optimal for
the following values of parameters: Tmin = 14.3 °C, Tnax = 28.0 °C, « = 0.158 and 8 = 0.298
(Figure 3A). The optimal temperature associated with the highest growth rate was estimated
at 22.2 °C by the model. For O. cf. ovata, the optimal convergence of the model generated
higher temperature thresholds than those obtained for O. cf. siamensis: Tmin = 16.0 °C, Thax =
32.6 °C, the optimal temperature associated with the highest growth rate was estimated at
26.6 °C and the two constants were o = 0.094 and g = 0.325 (Figure 3B).

Maximal abundances reached in cultures followed a similar pattern than maximal
growth rate as a function of temperature, more clearly defined for O. cf. siamensis than for O.
cf. ovata (not shown). For O. cf. siamensis strains, highest ceil concentrations at the stationary
phase were obtained at 22 °C (always exceeding 10,000 cells-mL™), high levels of maximal
abundance were observed at 19 °C and 25 °C (always exceeding 5,000 cellsmL™),
intermediate values were recorded at 16 °C (comprised between 1,600 and 7,500 cells-mL™)
and cell concentrations never exceeded 1,000 cells-mL™ at 14.5 °C. For O. cf. ovata strains,
levels of abundances reached at the end of the stationary phase were more variable between
strains and cultures than for O. cf. siamensis. An overall relationship between variations in
Mmax and maximal abundances was still apparent: the highest concentrations were observed at
25 °C and 28 °C (higher than 3,800 cells:-mL™ and sometimes exceeding 10,000 cells-mL™),
slightly lower values were recorded at 22 °C (comprised between 2,000 and 9,000 cells-mL™)
and even lower concentrations were reached at 19 °C, 30 °C and 32 °C (never exceeding
5,000 cells'mL.™).

3.2.  Toxin content and toxicity bioassays

The analyses conducted by LC-MS/MS on the 17 strains of O. cf. siamensis grown at 22 °C
did not identify the presence of any PLTX-like toxin associated with the Ostreopsis genus
(ovatoxins a-g, ostreocins a-e, ostreol-a and mascarenotoxins a-c). Contrastingly, the
bioassays on A. franciscana nauplii did reveal a significant toxicity for every strain of O. cf.
siamensis, as well as for all O. cf. ovata strains. At 22 °C, this toxicity was high: calculations

of LCso were lower than 50 cells-mL™ over 48h of exposure for all the 20 Ostreopsis strains
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tested except one, O. cf. siamensis strain SJL1 (Supplementary Table 3). Measurements
obtained for the strain O. cf. siamensis SJL1 were associated with an uncommon mortality
diagram where a higher mortality was measured at 40 cell-mL™ than at 400 cell-mL™
(Supplementary Figure 1). This particular characteristic was noted for most of the diagrams of
mortality rates expressed as a function of Ostreopsis concentrations obtained for this strain,
all along the temperature gradient; it induced a poor convergence of the regression model and
a probable underestimation of LCso. Such surprising profiles were rare and not due to
excessive mortality in some control wells. Taking the acclimation experiment as a whole, only
few dead A. franciscana nauplii were observed under control conditions over 48h of
incubation and corresponded to a single or to two nauplii per control condition.

Under 14.5 °C, 16 °C and 19 °C, the threshold of 50 % of mortality was not reached
after 48h of exposure at the highest cell concentration for almiost half of the O. cf. siamensis
strains. For these particular cases, a poor precision of LCsg estimations can be suspected. To
avoid such doubt, the parameters LC3p and LT3o were used instead of LCsp and LTsp to assess
the differences in toxicity among strains and graded temperature conditions (Figure 4).

For O. cf. siamensis, when comparing toxicity levels between sites (H, Z or SJL, with
three strains per site), no significant difference in LCsp or LTsp values were observed
(Friedman’s ANOVA, p > 0.05) at any of the temperatures tested. Thus, a subsequent analysis
was performed pooling data from the nine strains of O. cf. siamensis together, in a way to
characterize the toxic risk at the species level in the SE Bay of Biscay. A significant decrease
in toxicity with decreasing temperature was observed between 16 °C and 22 °C and this trend
was coherent with values obtained for the only strain (Z8) monitored at 14.5 °C. It was both
noted from variations of LCsy (Friedman’s ANOVA, p <0.01; Wilcoxon signed-rank test, p <
0.05; Figure 4A) and LT3 (Friedman’s ANOVA, p < 0.01; Wilcoxon signed-rank test, p <
0.05; Figure 4B).

Concerning O. cf. ovata, no overall significant difference was observed in terms of
toxicity on A. franciscana between the temperatures ranging from 19 °C to 30 °C for both
LCso (Figure 5C) and LT3 (Figure 5D) values. However, a trend similar to the one observed
for the toxic response of O. cf. siamensis to varying temperature conditions was observed on
the LT3 parameter: LT3 values of O. cf. ovata strains regularly increased with decreasing
temperature from 28 °C to 19 °C (Figure 5D), i.e. for temperatures equal and below the
optimal temperature tested for growth. The lack of statistical significance of these variations
was probably due to the low number of strains used for this species (n = 3). Values obtained

for the only strain measured at 32 °C (MCCV98) were coherent with this trend.
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3.3. Indicators of stress and acclimation

3.3.1. Pigment composition

The two Ostreopsis species showed similar pigment profiles (Table 1). Chlorophyll related
pigments were dominated by chlorophyll a (Chl a) and chlorophyll c,. Carotenoids included
peridinin, p-carotene and the xanthophyll cycle pigments Dd and Dt. Amongst other
xanthophyll pigments of interest for dinoflagellates, dinoxanthin was not detected, while
violaxanthin and zeaxanthin were only detected at very low concentrations and not in every
sample.

Throughout the thermal acclimation gradient, the [-carotene:chlorophyll ratio
remained stable for both species, with average values of 0.032 (£0.005) for O. cf. siamensis
and 0.027 (x£0.006) for O. cf. ovata. In O. cf. siamensis, the total amount of pigments of the
diadinoxanthin cycle, (Dd+Dt)/Chl a, increased with decreasing temperature (Fig. 5A). This
trend was significant from 25 °C to 16 °C (Friedman’s ANOVA, p < 0.01). Among them,
Dd/Chl a ratio showed a similar and significant trend from 25 °C to 19 °C (Wilcoxon’s
signed-rank tests, p < 0.05), then a stabilization between 19 °C and 16 °C and a decrease
towards 14.5 °C. Variations of Dt/Chl a were different: this ratio remains stable between 25
°C and 19 °C, then significantly increased at 16 °C (Friedman’s ANOVA, p < 0.01;
Wilcoxon’s signed-rank tests, p < 0.05). The DES was also shown to be significantly higher at
16 °C than at higher temperatures (Friedman’s ANOVA, p < 0.01; Wilcoxon’s signed-rank
tests, p < 0.05) (Fig.5C). Measurements obtained for two strains at 14.5 °C corroborated this
trend: Dt became the major pigment present for the diadinoxanthin cycle at this temperature
with DES reaching 0.62.

In O. cf. ovata however, no significant changes in xanthophyll cycle ratios were
observed (Friedman’s ANOV As, p > 0.05) across the temperature gradient (Fig. 5B and 5D).

3.3.2. Lipid composition

The composition of lipids in Ostreopsis species was assessed throughout the thermal
acclimation gradient by measuring the cellular quotas of different lipid classes, including
neutral lipids, phospholipids and glycolipids. Total lipid concentrations ranges were relatively
similar between O. cf. ovata (0.65 — 2.64 ng-cell™*) and O. cf. siamensis (0.61 — 3.04 ng-cell™).
In addition, ranges of proportions of the different lipid classes were similar between the two

species, with neutral lipids representing the most abundant class (50.5 — 62.5 % for O. cf.
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ovata and 40.7 — 54.1 % for O. cf. siamensis), followed by phospholipids (26.7 — 31.3 % for
O. cf. ovata and 30.2 — 42.4 % for O. cf. siamensis) and then by glycolipids (10.8 — 18.2 %
for O. cf. ovata and 16.8 — 21.1 % for O. cf. siamensis).

For O. cf. siamensis, the total amount of lipids per cell reached a minimum at 22 °C. A
significant increase with decreasing temperature was also observed between 16 °C and 22 °C
(Friedman’s ANOVA, p < 0.01; Wilcoxon’s signed-rank test, p < 0.05; Fig. 6A). This trend
was apparent for every lipid classes, but only significant for glycolipids and phospholipids
(Friedman’s ANOVAs, p < 0.05, Wilcoxon’s signed-rank tests, p < 0.05). Measurements
obtained for Z8 at 14.5 °C were in agreement with these trends, either for each lipid class or
for the total lipid content (Fig. 6A). Throughout the acclimation gradient, variations of the
proportion of each lipid class were weak, if any. No significant variation in proportions of
neutral lipids and phospholipids was observed with temperature over the range 16 °C - 25 °C
(Fig. 6C). For glycolipid proportions, significant differences as a function of temperature were
observed (Friedman’s ANOVA, p < 0.05) but the post-hoc pairwise comparison test failed to
identify how.

Concerning O. cf. ovata, total lipid concentrations exhibited lowest values under
intermediate temperatures (22 °C and 25 °C) and a maximum under the coldest temperature
tested (19 °C) that was about four times higher (Fig. 6B). These variations in relation to
temperature were similar in every lipid classes, but were not significant in most of the cases,
probably because of the small amount of samples (n=3) (Fig. 6B). Overall, significant
differences were observed in neutral lipid and phospholipid concentrations (Friedman’s
ANOVA, p < 0.05), but the post-hoc test failed to determine which temperatures differed
from one another. Variations in cellular contents of total lipids and glycolipids with
temperature were not significant. When considering proportions, significant differences
related to temperature were only observed for neutral lipids and phospholipids (Friedman’s
ANOVAs, p < 0.05). They were not associated with any visible trend and the post-hoc test

failed to determine which temperatures were leading them (Fig. 6D).

3.3.3. Cell distribution in cultures

A difference in cell repartition was noted for O. cf. siamensis cultures maintained under the
cold temperatures of 16 °C and 14.5 °C. For cultures growing at 19 °C, 22 °C and 25 °C, cells
were mostly accumulated either on the bottom of the flask during the exponential phase and

decline phase, or in mucilaginous aggregates floating in the medium at the end of the
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exponential phase. They were also strongly aggregating when cultures were gently mixed,
prior to samples’ collection, making the homogenization of cultures complex for sub-
sampling. Such characteristics and behaviour were not observed under cold temperatures: at
16 °C and 14.5 °C, O. cf. siamensis cells were mainly spread in the whole volume of medium
and cultures were easy to homogenize as no strong aggregates of cells were created after

gentle mixing.

3.4. Merged acclimation response to temperature and relationship

between parameters

A multivariate analysis (PCA) was performed for each Ostreopsis species on data measured
from 12 strains throughout the thermal acclimation gradient. It compiled indicators related to
growth (Mmax), toxicity (LC 30 and LT 30), xanthophyll-related pigments (DES and
(Dd+Dt)/Chl a ratios) and lipid composition (concentrations of neutral lipids, glycolipids and
phospholipids), as well as temperature which was added as an illustrative variable. Only data
obtained for temperatures ranging from 16 °C to 25 °C for O. cf. siamensis and from 19 °C to
30 °C for O. cf. ovata were retained for the PCA analysis. Indeed, every parameter was
estimated for all the strains of each species under these temperatures, but not for the two
extremes 14.5 °C and 32 °C.

The first two principal components of O. cf. siamensis PCA score plot explained more
than 74% of the total inertia of projected variables (Fig. 7A), indicating a good representation
of the relationship between parameters (Supplementary figure 4). The most important
variables contributing to the first factorial axis of the PCA (54.5 % of the total inertia) were
the concentrations of each lipid class (0.85 to 0.91), indicators of toxicity (0.82 and 0.63) and
Mmax (-0.62) (Supplementary figure 4). The second axis was driven by the (Dd+Dt)/Chl a ratio
(-0.81), the concentration of neutral lipids (0.45), DES (-0.43) and pmax (0.40) and captured
20.3% of the variation. These results indicate that the first factorial axis of the PCA
discriminates strains responses to temperature according to their concentrations in lipids, their
toxicity level and their growth ability, while the second factorial axis highlights the role of the
xanthophyll pigments. Strains with relatively high growth rate exhibited low content in lipids,
high toxicity and a low level of activation of the xanthophyll cycle (low (Dd+Dt)/Chl a ratio
and low DES). The temperature variable was strongly positively correlated to the first axis

(r=0.62) and mildly positively correlated to the second (r2=0.24). In the end, clusters of
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individuals grouped by temperature separated from each other diagonally (Fig. 7A), showing
different overall physiological states of the strains in response to temperatures.

Regarding O. cf. ovata, the factorial space of the PCA formed by the first two axes
explained more than 75% of the total inertia of projected variables (Fig. 7B), once again
indicating a good representation of the relationship between parameters (Supplementary
figure 4). The most important variables for the construction of the first factorial axis of the
PCA (51.2 % of the total inertia) were the concentrations of neutral lipids (0.90) and
phospholipids (0.80), the (Dd+Dt)/Chl a ratio (0.89), LC30 (0.85) and pmax (-0.60). The
second axis was driven by the concentrations of glycolipids (0.82) and phospholipids (0.58),
the level of LT30 (-0.61) and also pmax (0.54) and captured 24.5% of the inertia. Similarly to
O. cf. siamensis, strains exhibiting high growth rates showed a high toxicity and a low level of
xanthophyll pigment content. However, the relationship between growth rate and the content
of lipid classes was not as clear as for the other species. Temperature was strongly correlated
to both first (r2=0.74) and second (r?=0.84) axis. In the end, clusters of individuals grouped by
temperature were strongly separated, indicating different physiological states of the strains
activated all along the temperature gradient tested (Fig. 7B).

4. Discussion

4.1. Optimal growth according to temperature for O. cf. siamensis and

O. cf. ovata

The characterization of optimal growth temperature is crucial for the investigation of species
ecology, especially in a context of global warming where marine microalgae communities and
productivity will be affected by rising temperatures (Behrenfeld et al., 2006; Moran et al.,
2010; Sepulveda and Cantarero, 2022). A thermal acclimation experiment was conducted on
both species O. cf. siamensis and O. cf. ovata testing a large temperature gradient (from 14.5
°C to 32 °C) with short temperature intervals (1.5 °C to 3 °C). The temperature of 22 °C was
identified as the optimal one for the growth of the nine O. cf. siamensis strains tested (all
isolated from the Bay of Biscay), both in terms of growth rate (from measurements and
modelling approach) and cell density. Using three strains of O. cf. ovata (all isolated from
Villefranche-sur-Mer, NW Mediterranean Sea), the optimal temperature for growth of this
other species was estimated at 27 °C and 28 °C from modelling approach and measurements,
respectively. These values are in accordance with previous works, where maximum growth

rates of Ostreopsis cells in cultures were reported at temperatures ranging from 20 °C to 30
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°C for Ostreopsis cf. ovata (Pezzolesi et al., 2012; Tawong et al., 2015; Carnicer et al., 2016;
Yamaguchi et al., 2012; Gémin et al., 2021) and Ostreopsis sp.1, sp.6 and sp.7 (Tanimoto et
al., 2013; Tawong et al., 2015).

Growth abilities of 17 strains of O. cf. siamensis were characterized at 22 °C and
showed a strong variability between strains, with pma varying between 0.54 and 1.25 d™. For
the Spanish sites of Zierbena, Hondarribia and San Sebastian in particular, six strains showed
Hmax superior to 0.9 d*, corresponding to high values compared to rates usually reported for
dinoflagellates. Dinoflagellate growth rates are mostly lower than 1.0 d™*, when diatoms and
various flagellate taxa are known to often exceed this threshold value (Smayda, 1997; Sarthou
et al., 2005; Litchman et al., 2007). Low growth ability is even reported as one of the main
functional traits of dinoflagellates, partly explained by poor abilities of cells to take up
nutrient sources (Litchman et al., 2007). Despite this general assumption, extremely high
growth rates (> 1 d™) were reported for some dinoflageliate species (Smayda, 1997), and
more precisely for some clones of dinoflagellates. For instance, optimal growth rates of
several clones of Alexandrium catenella and Alexandrium tamarense ranged from 0.28 to 1.0
d* and from 0.23 to 1.03 d™, respectively (Smayda, 1997; Laabir et al., 2011). This shows
that competitive abilities can be highly strain-specific. In the present study, the strains of O.
cf. siamensis that grew at pmax close to or higher than 1.0 d showed growth abilities
equivalent to fast growing phytoplankton groups, such as diatoms, coccolithophorids or green
algae (Litchman et al., 2007). Thus, it can be expected that the observed strain diversity
promotes a successful colonization and extension of the habitat of O. cf. siamensis
populations in the Bay of Biscay.

Such high maximal growth rate strategy cannot be defined for O. cf. ovata, at least not
in coastal waters of the Mediterranean Sea. In the present study, estimations of maximal
growth rates for O. cf. ovata strains reached maximum values between 0.52 and 0.70 d*. Such
characteristics of growth abilities are in accordance with previous laboratory studies done for
other Mediterranean strains of O. cf. ovata: reported pimax Values range from 0.32 d™ to 0.83 d
! (Guerrini et al., 2010; Pezzolesi et al., 2012; Scalco et al., 2012; Ben-Gharbia et al., 2016;
Jauzein et al., 2017; Gémin et al., 2021; Medina-Pérez et al., 2023). Only one strain of O. cf.
ovata from Japan was characterized by a pma higher than 1 d™, reaching 1.03 d™* between 25
°C and 30 °C (Yamaguchi et al., 2012). For this species, part of its ecological success may
not rely on investing more energy to maximize its growth rate, but on allocating more

resources to maximize its competitive ability and survival (e.g. through the production of
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secondary metabolites or mucilage). Additionally, its success would rely on the size of its

environmental niche, in particular the thermal one.

4.2. Acclimation strategy towards temperature

Any change of temperature induces a cellular response in microalgal cells, associated with a
disruption of homeostasis and activation of stress pathways (Borowitzka, 2018). In response,
cells can modify their metabolism and regulate physiological functioning during an
acclimation process in order to restore homeostasis. If a new state of equilibrium can be
reached, cells are able to grow under the new environmental conditions; if not, cells die,
potentially after the formation of quiescent stages, such as temporary cysts in Ostreopsis cells
(Bravo et al., 2012).

For the nine strains of O. cf. siamensis and the three strains of O. cf. ovata tested, moving
away from the optimal temperature of 22 °C and 28 °C, respectively, induced a net decrease
in growth rate associated with acclimation to non-optimal growth conditions. Different
pathways were studied in order to define physiological modifications allowing for such
acclimation to temperature.

The lipid quantity and composition of cells can reflect ability of marine
microorganisms to adapt to environmental changes (Thompson, 1996; Guschina and
Harwood, 2009). In our study and for both Ostreopsis species, the total amount of lipids per
cell was minimal under optimal growth temperatures. Similar trends of total lipid content in
microalgae were reported as a function of temperature, but also of other stressful
environmental conditions such as nutrient depletion or light intensity (Sharma et al., 2012;
Sun et al., 2018). Interestingly, in Ostreopsis cells, these variations were apparent for every
lipid class, allowing for pointing out some specific aspects of their thermal acclimation
processes.

For neutral reserve lipids (apolar), the highest concentrations in Ostreopsis cells were
obtained under extreme temperatures. This trend was apparent on both edges (cold and warm)
of the thermal niche of O. cf. ovata, but only visible under extremely low temperatures for O.
cf. siamensis. This is in accordance with results observed in various microalgae species where
neutral lipids were accumulated under unfavourable conditions (Sharma et al., 2012). Neutral
lipids are mainly composed of fatty acids (FASs), predominantly saturated ones, which can
serve as a source of carbon and energy (Sharma et al., 2012). Their accumulation under

stressful conditions allows for the storage of compounds able to sustain basal metabolism or
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growth in case nutrition fluxes or photosynthesis become insufficient. Interestingly, only O.
cf. ovata activated this storage pathway under warm temperatures as part of the acclimation
process.

For polar lipids, phospholipids and glycolipids, the lowest concentrations were
obtained under optimal growth temperatures, as reported for various microalgae species
(Gasparovic et al., 2013; Novak et al., 2018, 2019). If lowering temperature led to an increase
in both phospholipids and glycolipids for the two Ostreopsis species, warm temperatures only
induced it for O. cf. ovata. These polar lipids are structural components of membranes
(Sharma et al., 2012), with phospholipids and glycolipids considered to be the main
constituents of either the cell membrane or the chloroplast, respectively (Harwood, 1998;
Guschina and Harwood, 2009). Polar lipids also tend to have relatively high content of poly-
unsaturated fatty acids (PUFAs) (Sharma et al., 2012). This characteristic is of particular
interest when considering temperature acclimation processes. Indeed, a known effect of
temperature on cell membranes refers to their flexibility. Cold temperatures are known to
reduce it in photosynthetic organisms (Somerville and Browse, 1996). In response, cells can
increase their level of PUFAS: these compounds have a high number of double bonds, so they
can help restoring the cell membrane fluidity. Even if cell size was not measured in the
present study, this process can partly explain the increase in polar lipid contents of Ostreopsis
cells in response to cold temperatures. On the other hand, an increase in saturated FAs over
the formation of PUFAs was also expected for controlling membrane rigidity under high
temperatures (Renaud et al., 1995; Murata and Los, 1997; Sharma et al., 2012). Estimations
of phospholipids’ content of O. cf. siamensis seem to fit to this concept as they did not seem
to vary between optimal and warm temperatures. Conversely, for O. cf. ovata cells, high
cellular content of phospholipids and glycolipids were measured under warm temperatures. A
more detailed characterization of these lipids, including their saturation level, and
measurements of cell size are required to explain such trend. Estimations of specific
glycolipids such as monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol
(DGDG) will be of particular interest because they are known to be implied in
thermotolerance of dinoflagellate cells (Sakurai et al., 2007; Mizusawa et al., 2009). MGDG
and DGDG form the structural matrix containing proteins and photosynthetic pigments
involved in photosynthesis (Jones, 2007; Kern et al., 2009) where they can have a role in the
management of oxidative stress.

In marine organisms, a common sign of transient response to thermal stress is the

over-production of reactive oxygen species (ROS) in the cells. It is linked to both the role of
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ROS as signalling molecules in stress pathways and/or to the disruption of production sites of
ROS (Lesser, 2006; Jauzein and Erdner, 2013). An excess of intracellular ROS can be
deleterious to cells by damaging macromolecules and even activating death pathways
(Triantaphylides and Havaux, 2009). Marine microalgae have several ways to control such
oxidative stress (Lesser, 2006) in order to support acclimation. The pigment composition is
one of them. Indeed, it can play on both ROS production sites (photosynthetic pigments) and
ROS scavenging capacities (carotenoids and xanthophyll cycles) (Cirulis et al., 2013; Goss
and Lepetit, 2015). For instance, some carotenoids, including -carotene, are known for their
antioxidant properties (Cirulis et al., 2013; Zuluaga et al., 2017). In addition, xanthophyll
cycles (XCs) play a major role in the non-photochemical quenching (NPQ), a photoprotective
mechanism preventing damages cause by oxidative stress on the photosynthesis machinery
(Goss and Jakob, 2010; Latowski et al., 2011; Kuczynska et al., 2015). Lipid-associated XC
pigments can also directly act as ROS scavengers (Kuczynska et al., 2015). In marine
microalgae, the two main XCs are based on the interconversion of the pigment couple Dd/Dt
or the trio violaxanthin (V)/ antheraxanthin (A)/ zeaxanthin (Z) (Kuczynska et al., 2015).
According to the pigment profiles found in the present study, all Ostreopsis strains showed
combinations corresponding to the type I chloroplast reported by Zapata et al. (2012): the
peridinin-type characteristic of dinoflagellate species. In such pigment composition, ROS
accumulation can be managed by both a modification of the -carotene:chlorophyll ratio and
an activation of the XC cycle Dd/Dt. In Ostreopsis spp. strains tested, the f-
carotene:chlorophyll ratio stayed stable all over the temperature gradient, but an activation of
the XC cycle Dd/Dt was observed. Interestingly, this activation was species-specific: it was
only apparent for O. cf. siamensis, not for O. cf. ovata. No other XC cycle was identified in
Ostreopsis cells as V and Z were only occasionally present, without any proof of conversion
of V into Z, and no Dn was detected.

In microalgae, variations in content and composition of carotenoids can be part of the
acclimation process to adverse conditions (Demmig-Adams and Adams, 2006; Demmig-
Adams et al., 2014), such as changes in irradiance (Dubinsky and Stambler, 2009) or
temperature (Thompson et al.,, 1992a, 1992b; Kana et al., 1997). Interestingly, studies
suggested that photochemical acclimation to low temperatures mimics acclimation to high
irradiance (Davison, 1991; Mock and Hoch, 2005). In O. cf. siamensis, activation of the
Dd/Dt cycle was noted from concomitant variations of DES (hallmark of the conversion
between Dd and Dt) and (Dd+Dt)/Chl a (indicator of the total quantity of XC pigments): both

parameters increased with decreasing temperature. Similarly, low temperatures were
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associated with an increase in both (Dd+Dt)/Chl a and Dt/Chl a ratios in diatoms (Anning et
al., 2001; Lacour et al., 2018, 2022). Such acclimation process can be a response to decreased
carbon-fixation capacity of phytoplankton at low temperatures (Young et al., 2015): the
slowing down of growth can create an unbalance between fluxes of energy and C
assimilation. In this case, the excessive absorbed light energy has to be dissipated by the cell
as heat, using XCs and NPQ mechanisms, in order to maintain photostasis (Fanesi et al.,
2016). Under warm temperatures, some studies reported similar acclimation processes based
on XCs (Salleh and McMinn, 2011; Lopez-Rosales et al., 2014; Laviale et al., 2015). This
was not the case in our study: for both Ostreopsis species, other pathways than pigment
composition modulation support acclimation to high temperatures.

In the present study, abilities to rely on XC for managing stressful conditions were
identified for all O. cf. siamensis strains but not for O. cf. ovata. Interestingly, NPQ and XC
characteristics were shown to vary amongst species (Lavaud et al., 2007; Giovagnetti et al.,
2012; Quaas et al., 2015), but also amongst ecotypes (Six et al., 2009; Bailleul et al., 2010;
Stamenkovi¢ et al., 2014), meaning that they can be the result of ecological niche adaptation
(Petrou et al., 2011; Lavaud and Goss, 2014). For instance, Lacour et al. (2020) observed that
upon a variety of microalgae groups, species developing in high light fluctuations ecosystems,
such as tidal zones, exhibited higher NPQ efficiencies than species developing in lower light
fluctuations habitats. Similarly, retention of Z and Dt (de-epoxidation stages of XCs) have
been reported in microalgae acclimated to high variations of light and temperature (Perkins et
al., 2010; Berne et al., 2018; Lacour et al., 2018). In our study, strains of O. cf. siamensis
were isolated from tidal ecosystems, where daily light and temperature variations are high,
whereas O. cf. ovata strains were isolated from sheltered areas exhibiting low environmental
variations. Thus, the cause of differences in XC activation between Ostreopsis strains should
still be considered as an open question: is it a mark of a difference in acclimation strategy
between species or the result of long-term acclimation to drastically different habitats? The
answer needs further analyses focusing on ecotypes of the two species, comparing strains
isolated in the Bay of Biscay (tidal environment) to strains isolated in the Mediterranean Sea.

When considering roles of lipids and pigments in species-specific acclimation
strategy, their interconnection is also crucial. Indeed, XCs are strongly dependent on the lipid
composition of thylakoid membranes (Goss and Latowski, 2020). In particular, the
solubilisation of the Dd de-epoxydase enzyme, responsible for the conversion of Dd into Dt,
requires the presence of the glycolipid MGDG (Latowski et al., 2004; Goss et al., 2005, 2007;
Lepetit et al., 2012). In the present study, the increase in XC pigments per cell and in DES for
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O. cf. siamensis was observed as soon as temperature became lower than the optimum and
was concomitant with a net increase in glycolipids’ content. A similar but not significant trend
was noted for O. cf. ovata. Thus, a more detailed characterization of lipids as a function of
temperature is required in order to define if lipid composition could be the limiting factor for
the activation of XC in strains of O. cf. ovata in response to cold temperatures. Estimations of
the MGDG pool in the thylakoid membrane would be of great interest in order to go this step
further.

In the end, species-specific acclimation processes described in the present study led to
differences in thermal niches. In accordance with what can be expected from the activation of
XC, O. cf. siamensis showed better abilities to grow under cold temperatures than O. cf.
ovata. This species was also characterized by a less extensive thermal niche (from 14.5 °C to
25 °C, covering a 10.5 °C range) than O. cf. ovata (at least from 19 °C to 32 °C, covering a 13
°C range). Unfortunately, it is not possible to clearly state a reason why the thermal niche of
O. cf. ovata creates more growth opportunities than the one of O. cf. siamensis yet, in
particular at warm temperatures. Part of the answer might rely on the lipid composition of the
cells, especially regarding the presence of MGDG in membranes.

4.3. Toxicity and temperature

A large number of studies conducted on Ostreopsis toxicity focused on the characterization of
toxins produced by O. cf. ovata strains, especially isobaric palytoxin and ovatoxins
(Ciminiello et al., 2012, 2011, 2010). Strains of O. cf. ovata from the Mediterranean Sea,
including the ones used in the present study, are able to produce a high diversity of palytoxin
analogs such as ovatoxins (Pavaux et al., 2020a). They are also known for impacting other
members of the marine plankton community such as grazers and other microalgae (Ternon et
al., 2018; Pavaux et al., 2019, 2020a, 2020b). For O. cf. siamensis, little is known about the
potential production of toxic or allelopathic compounds, except that no PLTX-like
compounds were found so far. In the present study, as well as in Laza-Martinez et al. (2011),
strains of O. cf. siamensis from the Bay of Biscay exhibited toxic effects on Artemia
franciscana nauplii. These effects are not due to already known toxins: the LC-MS/MS
analyses could not detect any PLTX-like described so far. Similarly, both Ciminiello et al.
(2013) and Chomérat et al. (2022) did not observe the presence of either ovatoxins or
ostreocins in Atlantic and Mediterranean strains of O. cf. siamensis. Only traces of isobaric

palytoxin were detected (< 1 fg-cell®), and no peak could be associated with previously
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characterized palytoxin-like compounds (Ciminiello et al., 2011). After observing no death in
a mouse bioassay, they concluded in a total absence of toxicity in both Atlantic and
Mediterranean strains O. cf. siamensis. The compounds responsible for effects of O. cf.
siamensis reported on A. franciscana are still currently unknown.

Toxicity bioassays using Artemia spp. are cheap, sensitive and allow for comparing
toxicity among diverse organisms (Vanhaecke et al., 1981; Pavaux et al., 2020b). In the
present study, despite the lack of any known toxin for O. cf. siamensis, maximal values of
cellular toxicity were high and similar between the two species. All O. cf. siamensis strains
except one (SJL1, the one showing unusual mortality diagrams) exhibited maximal toxicity
from LCso < 10 cells-mL™ over 48h; O. cf. ovata strains had a maximal toxicity characterized
by LCso < 3 cellssmL™ over 48h. These estimations of toxicity are in accordance with previous
studies reporting bioassays on Artemia franciscana and A. salina (Pavaux et al., 2020a,
2020b), where LCs, for O. cf. ovata ranged from 1 to 25 celis-mL™. Estimations of maximal
LCso obtained over the shorter time scale of 24h in the present study (30 — 400 cellsmL™)
were slightly higher but coherent with values reported in the literature (< 1 — 100 cellsmL™).
For O. cf. ovata, it was proven that part of this lethal effect on Artemia is directly due to the
presence of ovatoxins and, at a lesser extent, isobaric -palytoxin (Pavaux et al., 2020Db).
Interestingly, present results prove that unknown compounds are also contributing a lot in
toxic effects of the genus Ostreopsis. They even account for all the high toxicity of O. cf.
siamensis towards the target species A. franciscana.

A clear relationship between toxicity and temperature was revealed in Ostreopsis cells.
Under temperatures colder than the optimal one, all strains of O. cf. siamensis showed a
decrease in toxicity (increase in LT3 and LCso) with decreasing temperature and a similar
trend was observed for O. cf. ovata strains. Conversely, the toxic effect of Ostresopsis cells
on A. franciscana did not significantly increase when temperature changed from the optimal
to higher ones. Only few studies report variations of Ostreopsis toxicity as a function of
temperature and they did not focus on O. cf. siamensis. For O. cf. ovata, some Mediterranean
strains were characterized, but only across two or three levels of temperature and the
associated studies sometimes depict conflicting trends. Among them, higher mortality rates of
A. franciscana exposed to O. cf. ovata were observed at 25 °C compared to 20 °C (Faimali et
al., 2012; Pezzolesi et al., 2012), but also to 30 °C (Pezzolesi et al. 2012). In Pezzolesi et al.
(2012), the highest toxin content was also measured at the intermediate temperature of 25 °C.
However, observations done with the strain MCCV54 (one of the O. cf ovata strains of the
present study) by Gémin et al. (2021) did not show the same pattern. For MCCV54, a higher
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toxin content was observed at 23 °C compared to both the optimal temperature 27 °C and a
higher one (30 °C). These last results describe a trend reverse to the toxicity gradient shown
in the present study. Some explanations can justify such a divergence. First, in Gémin et al.
(2021), the influence of temperature on toxin content was mainly apparent for cells in late
growth phase and plateau; values obtained in exponential phase (comparable to results of the
present study) did not show that much of a difference between conditions. Second, this
comparison between studies and techniques suggest that most of the lethal effect measured on
A. franciscana should not be attributed to known toxins, or at least not directly related to the
intracellular toxin pool.

For Ostreopsis, different hypotheses can explain an influence of temperature on
toxicity: it could come from a direct influence of temperature on the synthesis or release of
toxin and/or allelochemicals, to an indirect effect on growth and cell division, but also to an
indirect effect on toxic compounds’ repartition in the medium. This last option is supported by
current results. Indeed, along with a decrease in toxicity, Ostreopsis cells (O. cf siamensis in
particular) lost their abilities to create aggregates under extreme cold temperatures. This
modification played on cells’ repartition and suggests strong changes in quantity or quality of
the excreted mucus. Under favourable growth conditions, the mucus surrounding Ostreopsis
cells is known to concentrate released molecules by limiting their diffusion in the extracellular
medium (Guadayol et al., 2021). For toxic compounds in particular, previous studies observed
that allelochemicals produced by O. cf. ovata would only affect competitors (Licmophora
paradoxa; Ternon et al., 2018) or other target organisms (A. franciscana; Pezzolesi et al.,
2012; Faimali et al., 2012) in a case of a close encountering. This suggests that toxicity may
rely on allelochemicals adsorbed onto the cell or localized in the “viscosphere” around
Ostreopsis cells as defined by Guadayol et al. (2021). The active role of the mucus on the
toxicity of O. cf. ovata was further confirmed by Giussani et al. (2015). In this last study, the
mucilaginous matrix surrounding cells was responsible for significant lethal effects on A.
salina and contained significant amount of toxins, when the culture medium devoid of cells
and mucilage (filtered on 0.2 um) did not. Thus, under optimal temperature conditions, the
viscosity of the excreted mucus create hot spots of toxicity around Ostreopsis cells. Results of
the present study suggest that cold temperatures reduce them because the loss of abilities to
create aggregates was concomitant with a decrease in toxicity. A direct effect of temperature
on mucus characteristics cannot explain these variations because cold is known to increase
viscosity properties of fluids. Biological modifications of mucus are probably occurring as a

function of temperature. They could be linked to changes in the production of carbohydrates
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composing the mucilaginous matrix (Vidyarathna and Granéli, 2012) or a potential role of
bacteria. Further studies have to be conducted in order to characterize them and define their
role in toxicity along a temperature gradient, relatively to modifications of toxin production

and release of allelochemicals.

4.4.  Thermal niche and geographical distribution

The comparison between thermal niches estimated from laboratory experiments and
field data can be highly informative, both for the study of environmental control of bloom
dynamics and species geographic distribution. It can help for defining where and when
temperature can be a determining factor, or a co-limiting one, for Ostreopsis bloom
development.

In the NW Mediterranean Sea, long-term surveys of O. cf. ovata bloom phenology
allowed for the estimation of a realized thermal niche for this species in South of France
(Drouet et al., 2022). This niche (18 °C — 28 °C) is fully in accordance with the one defined
after acclimation (16 °C/19 °C — 32 °C, from model and measurements) in the present study.
A strong difference between their respective limits applies to warm temperatures. It is
confirmed by estimations of the optimal temperature for growth: the value obtained after
acclimation (27 °C or 28 °C, from model or measurements in the present study) is much
higher than the temperatures associated with maximal net growth rates in the field (21 °C - 25
°C, Drouet et al. (2022)). This means that, under warm temperatures in these coastal areas
(>25 °C), temperature (if not optimal) is only inducing a slight limitation of cellular growth
when other controlling factors, between abiotic (nutrient availability...) and biotic (grazing...)
ones, are strongly limiting the populations’ growth.

In the Bay of Biscay, no long-term survey of bloom dynamics of Ostreopsis species
has been conducted so far, but a detailed spatial survey was recently carried out by Drouet et
al. (2021). It defined limits of observation of O. cf. siamensis cells from Comillas (Spain) to
Biarritz (France), a zone where sea surface temperatures (SST) are warmer than in the rest of
the Bay (Costoya et al., 2015). The presence of O. cf. ovata was also reported for the first
time in 2021 in the same area, forming mixed assemblages with O. cf. siamensis (Chomérat et
al., 2022). Annual surveys of SST in this coastal zone can be compared to the species-specific
thermal niches of the present study: this allows for the definition of two temporal windows
during which thermal conditions are suitable for their growth. A dataset issued from the

Aquarium of San Sebastian (Spain) from 2000 to 2019 revealed that temperatures between 19
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°C and 25 °C were found over more than four months during the ”summer-autumn” period
(Figure 8). This represents a large window, creating enough time for high developments of
Ostreopsis populations (both O. cf. siamensis and O. cf. ovata), as long as other
environmental factors are not strongly limiting their growth.

This SST monitoring in the Basque countries also revealed that the winter season is
characterized by a long period (19 consecutive weeks on average) during which sea
temperature drops under the 14 °C threshold defined as highly stressful for both O. cf. ovata
and O. cf. siamensis. This indicates that the maintenance of Ostreopsis sp. populations on site
has to rely on another form than growing vegetative cells to cope with winter conditions. The
formation of resting cysts was identified for O. cf. ovata (Bravo et al., 2012; Accoroni et al.,
2014). In dinoflagellates, this type of cyst is issued from sexual reproduction and can remain
in a dormant stage over several months or even years (Delebecq et al., 2020). To our
knowledge, identification of such cysts in the cell cycle of O. ¢f. siamensis has not been done
yet. The recurrence of O. cf. siamensis blooms in Basgue countries supports their existence,
but it still has to be confirmed from field surveys or crossing experiments between strains in
the laboratory.

Out of the Basque countries, Drouet et al. (2021) found eDNA traces of O. cf.
siamensis in several sites further North, reaching the western English Channel; they were
interpreted as proofs of Ostreopsis cells’ presence. The thermal niche of O. cf. siamensis
estimated in the present study supports this hypothesis. Averages of weekly SST in the Bay of
Brest (close to the entrance of the English Channel) were compiled over 2000-2018, from the
SOMLIT (French national coastal monitoring program). They show seawater temperatures
higher than 16 °C over 14 consecutive weeks in average, from July to October (Figure 8).
This temperature threshold is favourable for the growth of all the O. cf. siamensis strains
tested in the present study, even if it is under a low growth rate. Thus, local thermal
conditions should favour growth of O. cf. siamensis, but maybe not enough to form large
blooms. On the contrary, weekly SST never exceeded 19 °C in the Bay of Brest, so
temperature alone may prevent O. cf. ovata from growing in these coastal waters. In the end,
the fact that Ostreopsis blooms have not been reported yet further North than Biarritz (France)
could be explained by either a strong limitation of population growth by other environmental

factors than temperature or simply a lack of monitoring.

4.5.  Toxic risk under climate change
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Along the French coast of the Mediterranean Sea, the recurrence of high biomass
blooms of O. cf. ovata is known for decades. For managing the associated risk for humans,
monitoring programs are conducted every summer (e.g. Drouet et al. (2022)). On a long-term
point of view, global ocean warming is expected to affect the distribution and phenology of
harmful microalgae (Fu et al., 2012; McLeod et al., 2012; Paerl and Paul, 2012), notably
benthic species such as Ostreopsis sp. (Tester et al., 2020). Drouet et al. (2022) analysed the
influence of an increase in SST on O. cf. ovata development in the NW Mediterranean Sea
and showed that it may not result in more intense blooms, but could favour earlier ones. The
comparison of the theoretical thermal niche (present study) and the realized one (Drouet et al.,
2022) confirmed this assumption: other factors than temperature are already strongly limiting
growth of O. cf. ovata populations in these waters under warm conditions (>25 °C).

In the Basque countries of the Atlantic coast, extensive sanitary and ecological risks
associated with Ostreopsis developments were reported for the first time in 2021, during a
summer bloom constituted of a mixture of O. cf. siamensis and O. cf. ovata (Chomérat et al.,
2022; Paradis et al., 2024). Main sanitary impact occurred in the French coastline, where
about 700 people were intoxicated mainly through cutaneous contact and possibly toxin
inhalation (Chomérat et al., 2022; Anses, 2023), whereas in the Spanish basque coast more
than 150 people were affected (Gohi et al., 2022). In addition, the present study highlighted
the ecological risk that O. cf. siamensis can have on marine species, even if their toxicity does
not rely on any known toxin. Waters of the Bay of Biscay are experiencing a long-term
warming trend due to climate change (Gonzalez-Pola, 2005; deCastro et al., 2009; Costoya et
al., 2015). Thus, it is.crucial to evaluate the potential impact of rising sea temperature on the
toxic risk that Ostreopsis blooms may create along this Atlantic coastline, either due to a
modification of the species geographical repartition or of their biology (growth and toxicity).

In areas where both Ostreopsis species are known to coexist, the thermal niches and
growth capacities defined in the present study allow for the definition of two temperature
thresholds that are crucial for estimating the relative competitiveness between these species.
First, under 22 °C, the direct influence of temperature on cell growth favour the one of O. cf.
siamensis to the detriment of O. cf. ovata; O. cf. ovata may even not be able to survive under
19 °C. Second, for temperatures higher than 25 °C, it is the reverse: as long as temperature is
the main driving factor for Ostreopsis population growth, O. cf. ovata may strongly overcome
O. cf. siamensis. Thus, every increase in temperature over 19 °C makes temperature more and
more favourable to the biomass production of the more toxic species for human health, O. cf.

ovata, to the detriment of the allelopathic O. cf. siamensis. In terms of toxicity per cell,
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biotests conducted in the present study showed that, as long as temperature is below the
optimal one (respectively 22 °C for O. cf. siamensis and 27-28 °C for O. cf. ovata), any
increase in temperature may reduce the toxic effect of Ostreopsis cells on some marine
organisms. However, toxins dangerous for human health may not follow this trend as,
according to Gémin et al. (2021), a higher toxin content may be observed for O. cf. ovata
cells growing under sub-optimal temperatures. Under rising temperatures, the evaluation of
the toxic risk linked to Ostreopsis blooms in Basque countries will have to integrate all these
variations in toxicity per cell at the scale of the biomass produced, which is a highly complex
task for mixed assemblages.

Out of the coastal zone known for recurrent observations of Ostreopsis cells (North
from Biarritz, France), O. cf. siamensis presence was reported in Drouet et al. (2021) for
several sites all along the Bay of Biscay. In these areas, temperature is still one of the main
driver limiting growth and development of Ostreospsis. Thus, warming temperatures may
increase the risk area by helping for the development of Ostreopsis in zones where no bloom
has been reported yet. This might be facilitated by water circulation that can allow for cell
transfer from well-established populations to less suitable areas (Drouet et al., 2021). In the
end, the overall warming of the bay could induce an enlargement of the Ostreopsis (both O.
cf. siamensis and O. cf. ovata) distribution area, increasing the risk in terms of number of

impacted coastal zones.

5. Conclusion

Temperature is a key factor controlling microalgae development. In this study, the effect of
temperature on growth, toxicity and acclimation indicators was assessed for several strains of
O. cf. siamensis from the Bay of Biscay, NE Atlantic, and O. cf. ovata from NW
Mediterranean Sea. The acclimation of a relatively large number of strains allowed for
determining the temperature niche for each species in their respective study site. The niche of
O. cf. siamensis appeared shorter and colder than the one of O. cf. ovata. O. cf. siamensis was
also characterized by a strain-specific velocity strategy for growth, making some clones able
to grow as fast as every competitors do. Pools of pigments and lipids revealed some aspects of
thermal acclimation processes in Ostreopsis cells. Specific capacities of O. cf. siamensis to
cope with stress of cold temperatures were linked with the activation of xanthophyll cycles in
particular. In terms of toxicity, a strong lethal effect was characterized on Artemia franciscana

that was mainly dependent on currently unknown compounds. This effect decreased for both
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species when temperature dropped under the optimal ones. This work suggests strong
potential impacts of climate change on the toxic risk associated with Ostreopsis blooms,
either linked to the species geographic distribution, their growth abilities (playing on biomass
production) or their toxicity. In the Bay of Biscay in particular, where mixed assemblages of
O. cf. siamensis and O. cf. ovata are reported, more investigations are required for forecasting
changes in toxic risk in response to environmental forcing. Apart from long-term acclimation
to a specific parameter, further studies have to be conducted for better understanding the
environmental control of Ostreopsis blooms in tidal environments, such as coastal waters of
the Bay of Biscay. This should include a focus on strong diel variations of factors, among

which temperature or turbulence will be of particular interest.
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Figure captions

Figure 1: Map of isolation sites for strains of Ostreopsis cf. siamensis (blue circles) and
Ostreopsis cf. ovata (orange circle) used in this study.
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Figure 2: Maximal growth rates of O. cf. siamensis (blue) and O. cf. ovata (orange) at 22 °C
for strains isolated from six sampling sites. Black dots represent the average Pmax Of each
strain obtained from three to four replicated estimations. Bars not sharing similar letters
indicate a significant difference (Dunn’s test, p < 0.05) for the dataset pooling three to four
strain-specific [max per site.
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Figure 3: Growth rates of (A) O. cf. siamensis and (B) O. cf. ovata as a function of
temperature. The black line represents the non-linear exponential product function describing
the growth response. The optimal growth temperatures described by the exponential product
model are indicated by dashed arrows. Different letters are specifying significant differences
(Wilcoxon signed-rank test, p < 0.05) between mean growth rates of the pooled strains of O.
cf. siamensis (n=9) or O. cf. ovata (n=3).
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Figure 4: LC3 and LT3 values after 48 h of exposure of A. franciscana nauplii to Ostreopsis
cf. siamensis (A and B) and Ostreopsis cf. ovata (C and D) strains under various temperature
conditions. Hashed bars represent the conditions where the toxicity experiment was assessed
only on one strain. Letters indicate a significant difference (Wilcoxon signed-rank, p < 0.05)
between means of groups.
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Table 1: Pigment profiles of O. cf. siamensis and O. cf. ovata during the thermal acclimation
experiment. Pigments were either not detected (dashes), occasionally detected (empty circles)
or always detected (black filled circles).

Pigment O. cf. siamensis O. cf. ovata
Chlorophylls Chlorophyll a ) °
Chlorophyll b o -
Chlorophyll ¢c2 ) °
Chlorophyll ¢3 - -
Chlorophyllide a - -
Chlorophyllide b - -
Pheophytin a ° °
Pheophorbide a - -
Carotenoids Alloxanthin o °
Antheraxanthin o o
Astaxanthin o °
B,B-carotene ° °
Canthaxanthin - -
Diadinoxanthin ) °
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Diatoxanthin ° °
Dinoxanthin - -
Fucoxanthin - -
19'-Butanoyloxyfucoxanthin - -

19'-Hexanoyloxyfucoxanthin - -

Lutein ° o
Neoxanthin - -
Peridinin ° °

Prasinoxanthin - -
Violaxanthin o °

Zeaxanthin o o

Figure 5: Chl a normalized xanthophyll cycle pigment ratios and de-epoxydized state (DES)
in (A, C) O. cf. siamensis and (B, D) O. cf. ovata across the temperature acclimation gradient.
Filled symbols correspond to average and standard deviation values compiled from nine
strains of O. cf. siamensis (A) and three strains of O. cf. ovata (B). Empty symbols represent
average data obtained from only two O: cf. siamensis strains (Z8 and SJL1).
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Figure 6: Lipid class concentrations per cell and proportions in (A, C) O. cf. siamensis and (B,
D) O. cf. ovata. Hatched bars (A, C) represent the concentrations and proportions of lipid
classes at 14.5 °C where lipid concentrations of only one O. cf. siamensis strain (Z8) could be
measured.
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Figure 7: Biplot representations of physiological parameters and individuals on the first two
axis of the Principal Component Analysis (PCA) for (A) O. cf. siamensis and (B) for O. cf.
ovata. Mean values of variables used to create the factorial space (MUmax, LC 30, LT 30,
concentrations of neutral lipids “NL”, glycolipids “GL” and phospholipids “PL” and
(Dd+Dt)/Chl a and DES ratios) are represented by solid arrows. Convex hulls represent
clusters of individuals grouped by temperatures (illustrative variable), with larger dots
representing their centroids.
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Figure 8: Weekly average of coastal SST in Brest and San Sebastian over the 2000 — 2019
period according to data provided by the SOMLIT and the Aquarium of San Sebastian,
respectively.
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