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Abstract :

The distribution of benthic Ostreopsis species is poorly known in the Moroccan coasts. The current study
is aiming to investigate: i) the distribution of Ostreopsis spp. cells on macroalgae and in the seawater
column of the Cape Ghir area (North-West of Agadir) during the summer season of Ostreopsis from July
15 to November 17, 2020; ii) the toxic profile at the level of the three matrices (benthic Ostreopsis attached
to macroalgae, Ostreopsis in the water column and mussels) via chemical analysis using mass
spectrometry. A taxonomic study of Ostreopsis spp. was carried out using the light and inverted optical
microscopes. Chemical analysis showed the presence of ovatoxins (OvTX-A and OvTX-B) in Ostreopsis
samples in low quantities, in the order of fg.cell =1 and at levels below the limit of quantification (0.04
g.mL —1) in mussels. Morphological observations showed that the cells were ovoid and flattened, large,
and ventrally pointed with a dorsoventral diameter (DV) and width (W) of 57- and 33-, respectively, and a
dorsoventral/anteroposterior diameter (DV/AP) of about 3.23.
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AP: Anteroposterior diameter
DV: Dorsoventral diameter
Fg: Femtogram

FW: Fresh Weight

HAB: Harmful Algae Bloom
LOD: Limit Of Detection
LOQ: Limit Of Quantification
McTXs: Mascarenotoxins
OSTs: Ostreocins

OsTXs: Ostreotoxins

OvTX: Ovatoxins

PITX: Palytoxin

Po: Apical pore

W: Wide



28

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

1. INTRODUCTION

Primarily considered as a tropical dinoflagellate genus described from the Gulf of Thailand
(Siam), the genus Ostreopsis was described as Ostreopsis siamensis by Schmidt (1901).
This genus did not receive major attention until the taxonomic study by Fukuyo (1981),
who redefined the type species with the description of two new species, Ostreopsis ovata,
and Ostreopsis lenticularis. Since then, eight new species of Ostreopsis have been
described: O. heptagona D.R. Norris, J.W. Bomber & Balech (Norris et al., 1985), O.
mascarenensis J.P. 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, O. marina M.A. Faust
(Faust, 1999), O. fattorussoi Accoroni, Romagnoli & Totti (Accoroni et al., 2016) and O.
rhodesiae Verma, Hoppenrath & Murray (Verma et al., 2016). The taxonomic
identification of these species has been controversial due to the variability found within the
different species and original descriptions using mainly morphological characters such as
thecal plate pattern, cell shape, and size for identification (Chomérat et al., 2019).

To date, 20 analogs of PLTX-like compounds have been discovered, including, Ostreocins,
Ovatoxins, and Isobaric Palytoxins (Ajani et al., 2017; Gémin et al, 2020).

Massive blooms of Ostreopsis threaten human health in some urbanized temperate areas
and are responsible for health problems and beach closures (Tester et al., 2020). Indeed,
since 2005, in the Mediterranean Sea, Ostreopsis has bloomed frequently which caused
detrimental effects on marine benthic communities (Neves et al., 2018; Pavaux et al.,
2019a) and on human health through skin contact (Tichadou et al., 2010; Tubaro et al.,
2011), toxic aerosols (Durando et al., 2007; Villa et al., 2016; Berdalet et al., 2017) and
contaminated seafood (Aligizaki et al., 2008; Amzil et al., 2012). These effects have been
associated to Ovatoxins, which are analogs of palytoxin (PLTX), a highly toxic, water-
soluble molecule originally described from the zoanthid Palythoa toxica (Moore and

Scheuer, 1971). In the last 10 years, O. cf. ovata and O. cf. siamensis have been found in
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abundance in the Atlantic Ocean (Penna et al., 2010; Rodriguez et al., 2010; Silva et al.,
2010; Nascimento et al., 2012; David et al., 2012; 2013; Gomez et al., 2017; Mendes et al.,
2017; Machado et al., 2018; Santos et al., 2019; Solino et al., 2020; Drouet et al., 2021;
Chomerat et al., 2022). Ostreopsis spp. has been detected in the Northeast Atlantic, on
macroalgal samples from Madeira and Canary Islands (Penna et al., 2010). In Portugals
mainland, Ostreopsis cf. siamensis was identified for the first time in the southwestern
upwelling coast of Sines in seawater and on macroalgae in June 2008, October 2008, and
September 2009 (Amorim et al., 2010). In the same year (2008) , these species were
detected in the Portuguese mid-Atlantic archipelago of the Azores, along with O.
heptagona and O. ovata (Silva et al., 2010). In 2019, O. cf. siamensis and O. cf. ovata were
detected in Lagos and Lisbon (Santos et al., 2019).

On the Moroccan coasts, in particular in the south Atlantic coast of Cape Ghir (North of
Agadir), specifically in 2004, the species of toxic microalgae in the marine environment
were monitored within the framework of the HABs monitoring network set up by the
National Institute of Fisheries Research (INRH). Ostreopsis species have become more
frequent in the recent years and appears with densities that sometimes were alarming,
(ranging from 3.7 x 10 cells.L in 2004 to 9.8 x 10°cells.L ™ in 2007 and 1.2 x 10*cells.L"
1in 2008 to reach densities of about 10° cells.L™* in 2009), which led to their inclusion since
2010 in the list of potentially toxic species monitored along the Moroccan coast (Bennouna
et al., 2010). Apart from its identification by molecular biology (Bennouna et al., 2010;
2013), no study in Morocco has focused in the’ distribution of Ostreopsis cf. siamensis in
the different compartments of the marine environment and on the toxin profile as well as
on the possible presence of other accompanying species in the environment.

The objective of this study is to: i) understand the occurrence of Ostreopsis in benthic and
pelagic forms in the Cape Ghir area during the July 2020 bloom; ii) determines the toxin
in the different biological matrices that were collected in the same area (Ostreopsis present

in benthic and pelagic forms, mussels).
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2. MATERIALS AND METHODS

2.1. Sampling of seawater, macroalgae, and mussels

The study was carried out in the Cape Ghir site (30°39',024N09°53',676W) that was located
in the north of Agadir (Morocco) (Figure 1). It was selected through the Moroccan HAB
and phycotoxins national monitoring program. This site contains natural mussel Mytilus
galloprovincialis deposits and is a major tourist attraction. Temperature, salinity, and pH
of the area range from 15.18 to 22.53°C, 36.1 to 38.08 psu, 7.83 to 8.75 respectively based
on 2020 monitoring results. The geographical position of Morocco near the Canary Islands
gives it the privilege of being influenced by one of the five global upwelling currents: The
California Current, the Peru Current, the Canary Current, the Benguela Current, and the
Somali Current (Makaoui et al., 2005). Upwelling activity is greater in summer than in

winter when deep water reaches the surface (Salah et al., 2012; Bessa et al., 2018 et 2019).

Cape GhirQ

000501 02 03 04
o — — 0007005 MAURITANIA 0081 2 |3 4
20 i —— 0091005 |

Figure 1: Map of Morocco (North Atlantic Ocean) and Agadir, showing the location of
the Cape Ghir area where Ostreopsis spp were observed and collected as well as the

mussels.
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Seawater sampling was conducted at high tide (£ 2 hours from the peak of high tide) at a
depth of 0.5 to 1 meter between July 15 and November 17, 2020, using a sampling bottle.
A volume of 25 mL of seawater sample was fixed to Lugol's for observation and
enumeration. In addition, seawater samples were filtered through a GF/C filter and stored
at -80°C for toxin analysis in pelagic Ostreopsis cells.

To detach the epiphytic community, the sampling, collection, and cell counting method
was described by (Jauzein et al., 2018). For benthic Ostreopsis cells, the macroalgae Jania
sp. were carefully collected at 1 meter depth in 250 mL plastic bottles.

Briefly, macroalgae were shaken vigorously in the sample bottle for one minute and the
resulting water was sieved through 100 and 250 pm mesh to remove large particles. The
filtrate was collected, placed in plastic bottles, filtered through GF/C filters and stored at -
80 °C for toxin analysis in benthic Ostreopsis cells. Macroalgae were placed in plastic bags
for fresh weight (FW) determination (Moreira and Tester, 2016). The FW of macroalgae
varied from 53 to 230 g.

In parallel to the sampling of Ostreopsis, mussels Mytilus galloprovincialis were collected
from the same study area. These mussels were washed, shelled, the digestive glands were

collected, crushed, and stored also at -80 °C for toxin analysis.
2.2. Cell abundance

The abundance of Ostreopsis spp. cells was carried out at the phytoplankton laboratory of
INRH in Agadir by decanting 25 mL of planktonic samples and 5 mL of benthic samples
using the Utermoéhl method (1958). The samples were analyzed with an inverted
microscope equipped with phase-contrast (Leica microsystems, DMi8).
Epiphytic Ostreopsis abundance was expressed as cells.g? FW of macroalgae and
planktonic concentrations as cells.L™.
In order to make a statistical comparison between benthic and planktonic species, an
analysis was made by ANACONDA an open source tool for Python, PANDAS and SciPy
a Python library dedicated to correlation and p-value data analysis and Excel a spreadsheet
program available in the MS Office stack.

2.3. Analysis of Ostreopsis toxins by liquid chromatography coupled to a

tandem mass spectrum (LC-MS/MS)
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Pelagic, benthic and mussel samples were examined for the presence of palytoxin (PLTX)
(isobaric PLTX) and its known analogs Ovatoxins (OVTXs), Ostreocins (OSTSs),
Mascarenotoxins (McTXs), Ostreotoxins (OsTXs) at the IFREMER PHYTOX Unit
(Nantes, France). Samples were analyzed according to the method described by Chomérat
et al., (2019). Ostreopsis and mussel digestive gland samples were subjected to an
extraction step with methanol 100% (quality for LC/MS-MS with a purity > to 99,9%). For
the Ostreopsis samples, 5mL of methanol was added to the GF/C filters, then after
homogenization, passed to the ultrasonic bath for 5 minutes. Four successive extractions
were performed with methanol 100%. After centrifugation at 4300G for 5 minutes at 4°C,
the supernatants obtained were pooled, evaporated to dryness under nitrogen flow, and
finally recovered in 2 mL of methanol 100%. For the mussel samples, 1 g of crushed
digestive glands were extracted with three times 3 mL of methanol 100%, homogenized,
centrifuged at 4300G for 5 minutes at 4°C. The collected supernatants were evaporated to
dryness under nitrogen flow and then resumed in 3 mL of methanol. Before analysis, the
methanolic extracts were ultrafiltered on 0.2 um (Nanosep MF, Pall). Two LC-MS/MS
analysis methods using MRM (Multiple Reaction Monitoring) acquisition mode and one
LC-UV-MS/MS method were performed to detect isobaric PLTX, 42-OH-PLTX, 12
OVTXs (-ato -k), 4 OSTs (OST-A, -B, -D and -E1), 3 McTXs (-A to -C) and OTX-1 and
-3. The analyses were performed on a system using a Nexera UFLC chromatographic chain
(Prominence UFLC-XR, Shimadzu, France), coupled to a API 4000QTRAP tandem mass
spectrometer (AB Sciex, France) equipped with an electrospray source. The applied
parameters are described by Chomérat et al, (2019). Toxins were separated on a Poroshell
120 EC-C18 column (100 x 2.1 mm, 2.7 pm, Agilent) equipped with a pre-column at 25°C.
The mobile phases consisted of (A) water and 0.2% acetic acid and (B) 95% acetonitrile
and 0.2% acetic acid. The injection volume was 5 pL. Calibration was performed using a
Palytoxin standard (Wako Chemicals GmbH, Germany) with a 9-level concentration range.
The limit of detection (LOD) and limit of quantification (LOQ) of the system was 0.02 and
0.04pg PLTX /mL, respectively, which is 0.1 and 0.2ng of PLTX injected on the column.

3. RESULTS
3.1. Morphology of Ostreopsis spp.
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Cells were ovoid and flattened (Fig. 2-A), pointed toward the ventral region in apical view,
with numerous golden to brown peridinin-chloroplasts. The epitheca and the hypotheca
were about equal in size. The apical pore (Po) is long and narrow, curved parallel to the
cell outline (Fig. 2-A). Plate 1' large and hexagonal, located in the center of the epitheca.
Live cells swim with a geotropic orientation around the dorsoventral axis, remaining
attached to a substrate most of the time.

Figure 2: Field samples of Ostreopsis spp. A: Cell with an oval shape (vegetative cell).

B: Cyst with a double membrane. C: Cyst of pairs of round cells covered by a membrane.
Scale bars represent: A and B, 20um; C, 10 pm.

The dorsoventral diameter (DV) of Ostreopsis spp ranged from 57.24-83.70 um (72.44 £
6.21; n = 60), the width (W) ranged from 33.56-51.61 um (46.65 * 6.20; n = 60), the DV/W
ratio ranged from 1.10 - 1.91 (1.57 + 0.17; n = 60). The DV/AP ratio between 1.5-3.95
(3.23 £ 0.78; n = 17). The apical pore (Po) appeared relatively curved on the left dorsal
side of the epitheca (Fig. 3-A) with a length between 10.02 and 14.3 (12.18 + 1.35; n = 15).
Plate 1' was hexagonal, elongated, and relatively narrow, contacting plates 2, 3', 5°°, 1",
2", 6", and 7" (Fig. 3-A). The 3' was pentagonal and located toward the left dorsal side of
the epithelium (Fig. 3-A). The eight (8) precision plates differed in size and shape. The 2"
and 6" were dorsoventrally elongated. The 6" was the largest of the pre-cingulate. The 2"
was the smallest. The 2°”*” was dorso-ventrally elongated. The 2" plate and 5" plate are
nearly parallel, the latter being smaller. The 3" and 4™ were the largest post-cingular and
quadrangular-shaped plates (Fig. 3-B). The 1" is the smallest post-cingular while the 1"
was quadrangular (Fig. 3-B).
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Figure 3: Thecae of field samples of Ostreopsis spp. collected from Cape Ghir fixed with

Lugol's. (A) Epitheca with a curved apical pore (Po), (B) Hypotheca.
3.2. Monitoring of Ostreopsis spp.

During 2020, Ostreopsis spp occurrences started in mid-July until early November, with
three peaks blooms for planktonic cells 6.2 x 10* cells.L%; 4.3 x 10* cells.L " and 9.2 x 10*
cells.L in late July, early August and mid-August respectively (Figure 4). For benthic
cells, three peaks are distinguished in early August, mid-August and late September with
concentrations of 647 cells.g™ FW, 1536 cells.g™* FW and 1066 cells.g™* FW respectively
(Figure 4). These bloom periods coincide with those generally observed at Cape Ghir each
year.

The concentrations of pelagic and benthic Ostreopsis spp cells are shown in Figure 4. The
maximum values (both concentration in water and number of cells on macrophytes) were
recorded on August 19, 2020, as 9.2 x 10* cells.L ™ and 1.5 x 10° cells.g* FW respectively.
After this peak, the abundance of Ostreopsis spp decreased with several fluctuations both
in the water column and on macrophytes until it disappeared completely during the second
week of November (Figure 4). During the last weeks of Ostreopsis occurrence, cysts were
observed in the samples (Fig. 2-B-C). The correlation between benthic and planktonic cells
during this study shows a positive correlation of r=0.68 and p <0.05 (Figure 5), which

explains that when benthic cells increase, planktonic cells also increase.
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Figure 4: Cell concentrations of Ostreopsis on the macroalgae Jania sp. (Cells. g FW),

in the water column (Cells.L™?) and the temperature (°C) observed and measured at Cape

[ Planctonic concentration # Benthic concentration

100000
90000
80000
T0000
¢ 60000
50000
40000
30000
20000

200 10000
Y L

by 0
\:] e ' ] N ] o b ] o e ] Al ) M Ry b
PP AP I SN I AL L S A G S L

Date

Ghir during the period from 07/15/2020 to 11/17/2020.

Benthic concentration

Planktonic concentration

5
u
c
=
0
u
5

-10
_EIEI
0.68
_[;lEI
-0.8
-0.8
g 0.68 -

Benthic concentration  Planktonic concentration

Benthic concentration Planktonic concentration

Benthic concentration 0.00000 0.00198

Planktonic concentration 0.00198 0.00000
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3.3. Toxin analysis by LC-MS/MS

Cells.L-1
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Among all metabolites targeted in the study, only two molecules, OvTX-A end —B were

quantified in two matrices of Ostreopsis (pelagic and benthic forms) (Table 1). Total
OVTXs (OVTX-A and OvTX-B) ranged from 4.1 to 60.4 fg.cell* (Table 1). The toxin
profile was dominated by OvTX-A (>90%), followed by OvTX-B in the analyzed samples

(Figure 6). In mussels, the concentration of OvTX-A was below the limit of quantification
(0.04 pg.mL™?, or 0.2ng PLTX injected).

As no commercially standards for OvTXs are available, confirmation of the identity of

OvTXs was done by mass spectrometry.

Table 1: Amount of Ovatoxins (OvTXs) present in the different matrices (LOD = 0.02

ug.mL* and LOQ = 0.04 pg.mL™).

Date
29/07/2020
18/08/2020
29/07/2020

04/08/2020
18/08/2020
01/09/2020

12/08/2020

Matrix OVTX-A (fg.cellt) OVTX-B (fg.cell?)
60.4 <LOQ
Pelagic Ostreopsis
<LOQ <LOQ
<LOQ <LOD
9.4 4.1
Benthic Ostreopsis
11.7 <LOQ
<LOQ <LOD
Mussels (digestive
<LOQ <LOD

glands)
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Figure 6: Chromatogram of a LC/MS-MS analysis representing the different compounds

identified. A:

Ovatoxins

Standard Palytoxin (PITX) at 0.3 ug.mL* (i.e. 1.5 ng PLTX on column); B:
(OvTX-A and OvTX-B) in the benthic Ostreopsis sample of 08/18/2020.

4. DISCUSSION

4.1. Morphology of Ostreopsis spp. cells

The taxonomy of Ostreopsis species is based mainly in cell morphology and thecal plate

pattern. However, morphological descriptions of these dinoflagellates are sometimes
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contradictory, as reported by several authors (Penna et al., 2005 ; Aligizaki and Nikolaidis,
2006). Currently, to distinguish these two species, cell size and especially cell shape
expressed as dorsoventral/transdiameter (DV:W) and dorsoventral/anteroposterior
(DV:AP) diameter. Ratios have been proposed as distinguishing characteristics for
morphological identification supported also by molecular analysis (Penna et al., 2005 ;
Aligizaki and Nikolaidis, 2006). In particular, cells of O. cf. siamensis appear more
flattened than those of O. cf. ovata, showing DV:AP > 4 (Penna et al., 2005) whereas for
O. cf. ovata DV:AP < 2 or ~2 (Penna et al., 2005 ; Aligizaki and Nikolaidis, 2006 ; Selina
and Orlova, 2010).

In this study, Ostreopsis spp exhibited sizes (DV: 57 - 84 um, W: 33 - 52 um, DV:W: 1.1
- 1.9) roughly similar to the Ostreopsis siamensis (including Ostreopsis cf. siamensis)
presented elsewhere (Chang et al., 2000 ; Penna et al., 2005 ; Selina and Orlova, 2010 ;
David et al., 2013) as well as field Ostreopsis cf. ovata measured by David et al. (2013)
and ostreopsis cf.ovata in culture measured by Abdennadher et al. (2017) (Table 2). Our
cells are shorter than field O. cf. siamensis measured by Fukuyo (1981) and Faust et al.
(1996) and longer than Ostreopsis cf. ovata measured by Fukuyo (1981) ; Tognetto et al.
(1995) ; Chang et al. (2000) ; Aligizaki and Nikolaidis, (2006) ; Monti et al. (2007) and,
Selina and Orlova (2010) (Table 2). The DV:AP ratio: 3.2 higher than O. ovata and O. cf.
ovata mentioned in Table 2 and close to the ratios of O. cf. siamensis calculated by Penna
et al. (2005) ; Aligizaki and Nikolaidis (2006) and, Selina and Orlova (2010). Moroccan
O. cf. siamensis was previously identified in the coastal waters of Cape Ghir by
epifluorescence microscopy and confirmed by molecular biology based on the
amplification of the 5,8S-1TS and LSU ribosomal genes (Bennouna et al., 2013). The “Po”
was close to that measured by David et al. (2013) in O. cf. siamensis and O. cf. ovata from
a field found northeast of the Atlantic Ocean (Table 2) as well as that measured by
Abdennadher et al. (2017) in the Ostreopsis cf. ovata in culture collected from the South-
Eastern Mediterranean Sea, and smaller than that found in O. cf. siamensis in eastern China
by Faust et al. (1996) (Table 2).
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256  Table 2: Morphological data and potential toxicity of Ostreopsis siamensis, O. cf. siamensis, Ostreopsis ovata in the world

Species

O. siamensis

O. cf. siamensis

DV length
(Hm)

90 F
60-100 F
60-85 F

108-123 F
63-90 F

50-75C
36-66 F

63-78 F

50-62 C

52-74 F

32,3-46,9
Cc

Width
(Hm)

45-90 F

38-45F

76-86 F
34-56 F

38-62C
24-50 F

36-54 F

41-50C

27-57F

27-57C

DV:W

0,9-1,6

1,4*

13-19

11-1,3

11-2,1

12-14

DV:AP

>4

2,8

2,9%

Po plate
(Hm)

10,3-11,9

Potential

Toxicity

Not toxic

Not toxic

Compound

name

Putative
Palytoxin

Method of
analysis

Hemolytic test

LC-MS/MS

LC-MS/MS

Ocean/Sea

Gulf of Thailand

Pacific Ocean

Pacific Ocean

East China Sea

Mediterranean
sea

North Aegean
Sea
Sea of Japan,
Russia

Atlantic Ocean

Atlantic Ocean

Coral Sea

Reference

Schmidt (1901)
Fukuyo (1981)
Chang et al. (2000)

Faust et al. (1996)

Penna et al. (2005)

Aligizaki et
Nikolaidis (2006)
Selina and Orlova

(2010)

Ciminiello et al.
(2013)

David et al. (2013)

Verma et al. (2016)
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52
53
54
55
56
57
58
59
60
61
62
63
64
65

Width
(um)

25-35F
25-40 F

25-35F

19-57C
28-48F
26-41F
24-45F

30-62 F

28.7-3.7C

19-57C

33-52F

DV:W

1,2-2,3

1,2-19

11-1,8

1,11-2,2

1,1-1,9

DV:AP

15-2,8

2,12

1,21-2

3,23

Po plate
(um)

6,3-8,3

9,6-13,5

8,82-
12,14

10-14,3

Potential
Toxicity

Compound
name

Putative
Palytoxin

~ Palytoxin-like

+

compounds ,
OvTXs, and
OSTs

Ovatoxins (A
and B)

Method of
analysis

Hemolytic test

LC-MS/MS

Mouse bioassay

LC-MS/MS

Ocean/Sea

Pacific Ocean
Tyrrhenian Sea

Pacific Ocean

Mediterranean
sea

North Aegean
Sea

Adriatic Sea

Sea of Japan,
Russia

Atlantic Ocean

Coral Sea

South-Eastern
Mediterranean
Sea

Atlantic Ocean

F: Field cell; C: Cells in culture; -: No data available;*: Measured from illustrations; : Mean value; +: Toxic species.

. DV length
Species
P (km)
50-56 F
O. ovata
(Fukuyo, 1081)  3467F
38-50 F
27-65C
45-62 F
41-59 F
36-60 F
O. cf. ovata
55-84 F
30.2-48.3
Cc
27-65C
Ostreopsis spp
(siamensis and 57-84 F
ovata)
257
258

Reference

Fukuyo (1981)
Tognetto et al. (1995)
Chang et al. (2000)
Penna et al. (2005)

Aligizaki et
Nikolaidis (2006)

Monti et al. (2007)

Selina and Orlova
(2010)

David et al. (2013)

Verma et al. (2016)

Abdennadher et al.
(2017)

In this study

DV: Dorsoventral diameter; W: Width; AP: Anteroposterior diameter; Po: Apical pore. Authors in bold: Original description.
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4.2. Monitoring of Ostreopsis spp.

On the Moroccan Atlantic coast Cape Ghir, the species O. cf. siamensis was first observed
in October 2004 and the species have increased in intensity and frequency since that date.
The abundance of Ostreopsis in the coastal area of Cape Ghir has followed a marked
seasonal trend, with the appearance of these cells generally observed in early summer to
late autumn (Bennouna et al., 2010; 2013).

The distribution of Ostreopsis spp. fixed on macroalgae, was observed at depth of 1 meter,
as well as in the water column. Pelagic and benthic forms of Ostreopsis spp. have already
been reported by other authors in the Mediterranean Sea (Bomber et al., 1989; Vila et al.,
2001; Totti et al., 2010; Accoroni et al., 2011; Amzil et al., 2012; Cohu and Lemee., 2012;
Cohu et al., 2013; Brissard et al., 2014; Hachani et al., 2018; Gemin et al., 2020). In our
study, positive correlation was observed between planktonic and benthic cells (r = 0.68 and
p<0,05), which corroborates data in the literature (Aligizaki and Nikolaidis, 2006;
Mangialajo et al., 2008, 2011; Cohu et al., 2013; Jauzein et al., 2018). During the first
week of August and the first and third week of September 2020, the increase in benthic
cells and the decrease in planktonic cells can be explained by the migration of planktonic
cells to macroalgae as it was shown by Pavaux in her thesis in 2019 (Pavaux, 2019b), that
benthic Ostreopsis cells are present in abundance in the morning at the beginning of the
day between 8:00 am and 12:00 pm while maximum abundances are reached later in the
water column and at the surface (most often at 4:00pm). This coincided with the date of
sample collection between 8:35am and 1:15pm (based on the dates mentioned in the field
tags). Except for the case observed at the end of July 2020, where epiphytic cells decreased
while planktonic cells increased, this was due to the sample collection time being at 4:00pm
(based on the dates mentioned in the field tags). As in previous summers in the South
Atlantic of Morocco, the proliferation of Ostreopsis was therefore again noted in this area
during the summer of 2020 (Bennouna et al., 2010 ; 2013). Noting that this has been
recorded in several seas (lItaly, Sines, Cascais, Iberian Peninsula Selvagens Islands), where
maximum concentrations of Ostreopsis are recorded in summer-early autumn (Ciminiello
etal., 2013 ; David et al., 2013 ; Santos et al., 2019 ; Solino et al., 2020).

The presence of cysts in macroalgal samples that were collected during the decline phase

of Ostreospsis could be related to the stressful conditions of the environment, particularly
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the decrease in temperature in the late autumn-early winter period, as reported in the
literature (Aligizaki and Nikolaidis 2006; Bravo et al., 2012; Accoroni et al., 2014). Indeed,
these authors report that Ostreopsis cysts can only germinate if water temperatures reach
25°C.

4.3. Toxin analysis by LC-MS/MS

The results of physicochemical analyses by LC-UV-MS/MS from the collected Ostreopsis
samples show the presence of OvTXs, toxins produced by O. cf. ovata, and O. fattorussoi
species. Indeed, Ciminiello et al, (2010 and 2012a) showed by liquid chromatography
coupled with high-resolution mass spectrometry (LC-HRMS) that the species O. ovata is
the origin of the production of OVTXs. Tartaglione et al. (2017) showed that the species
O. fattorussoi from Cyprus (Mediterranean Sea), produces OVTX- i, -j1, -j2, and -k. In
contrast Accoroni et al. (2016) showed that Lebanese O. fattorussoi produces OVTX-a and
its structural isomers OVTX-d and -e, but does not produce OvTX-i, -j1, -j2, and -k.

The presence of the toxic species O. cf. ovata, reported by Solino et al. (2020) in the waters
of Selvagens Islands (located in the same latitude as Cape Ghir - Agadir) supports the
probability of the presence of O. cf. ovata on these Atlantic coasts of Morocco. In addition,
O. cf. ovata has already been recorded in the West Atlantic Sea, including the Caribbean
and Brazil (Moreira, 2010 ; Nascimento et al., 2012 ; Gomez et al., 2017 ; Mendes et al.,
2017 ; Machado et al., 2018). O. cf. ovata strains have been identified in temperate areas
of the eastern Atlantic, such as Madeira (Penna et al., 2010), the Azores (Silva et al., 2010),
and southern mainland Portugal (David et al., 2012 ; Santos et al., 2019).

The absence of known toxins (Ostreocins: OST-A, -B, -D, E1) produced by O. siamensis
suggests that the Moroccan O. cf. siamensis strain is not toxic as shown by Amonim et al.
(2010) and Ciminiello et al. (2013) in O. cf. siamensis strains isolated from Sines and
Cascais in Portugal and by Verma et al. (2016) on O. cf. siamensis strains isolated in
Australia. Guerrini et al. (2010) have been shown that species toxicity is highly dependent
on geographical population differences and environmental conditions. On the other hand,
Penna et al. (2005) showed that all samples isolated from O. cf. siamensis from the
Mediterranean Sea were toxic by hemolytic test while Ciminiello et al. (2013) detected the
presence of a low amount of palytoxin (in the order of fg.cell’?) in samples from the

Mediterranean Sea.
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The presence of low concentrations of OvTX-A and OvTX-B detected by LC-MS/MS in
benthic and pelagic Ostreopsis can probably be explained by the presence of Ostreopsis
ovata with O. cf. siamensis in the Cape Ghir area. In the Northeast Atlantic, the known
distribution of O. cf. siamensis suggests that this species has a wider distribution than O.
cf. ovata (Amorim et al., 2010). Drouet el al. (2021), showed the colonization of the NE
Atlantic coasts by O. cf. siamensis from the northern part of the Bay of Biscay to the
entrance of the English Channel, as well as the formation of blooms of this species in the
southern Bay of Biscay. Laza-Martinez et al. (2011) ; David et al. (2013) ; Seoane and
Siano (2018) showed that only O. cf. siamensis has been observed in the northern part of
the coast line of the Cantabrian Sea. David et al. (2013) suggest that O. cf. siamensis may
be more adapted to colder waters than O. cf. ovata. During summer blooms of Ostreopsis
on French Basque coast (Atlantic) in 2021, Chomérat et al (2022) report, for the first time,
the presence of both O. cf. siamensis together with O. cf. ovata, for which French Basque
coast appears as a new upper distribution limit. In addition, the presence of OvTXs -A, -B,
in the field sample and in a cultivated strain in culture confirmed the toxic nature of the
bloom and allowed to identify O. cf. ovata as the producer.

The most common strain contains OvTX-A as the main analog, followed by OvTX-B
(Nascimento et al., 2012; Brissard et al., 2014; Ciminiello et al., 2012a; Garcia Altares et
al., 2015; Carnicer et al., 2016; Nincevi¢ Gladan et al., 2019).

In the Cape Ghir area, the toxin profile with a dominance of OvTX-A followed by OvTX-B,
has already been identified in strains of O. cf. ovata from the Mediterranean Sea and Brazil
(Géminetal., 2020 ; Nascimento, et al., 2020), The analysis of toxin profile of fifty-five O. cf.
ovata strains isolated from the Mediterranean Sea shows, qualitative variability (eight
different analogues of OvTXs) and intra-specific quantitative toxin content (Tartaglione et
al., 2017).

In the Cape Ghir area, in the Mytilus galloprovincialis, only OvTX-A is detected at a level
below the limit of quantification (< 0.04 ug.mL™, 0.2 ng PLTX injected on column of
LC/MS-MS).
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5. CONCLUSION
At the Cape Ghir, the screening for palytoxins like showed that only ovatoxins (OvTX-A,
-B) were quantified in field samples of pelagic and benthic Ostreopsis, and were detected
in mussels. The toxin profile with OVTX-A and -B as predominant compounds in the field
sample corroborate the presence of O. cf. ovata since these molecules have only been find
in that species and they were likely produced by this taxon in the bloom of Ostreopsis spp.
. The toxins of O. siamensis (ostreocins) were not detected.in these samples. Taxonomic
and chemical analyses of Ostreopsis spp. In field samples suggest that two of the
morphotypes, O. cf. ovata, and O. cf. siamensis, coexist at the Cape Ghir area (Agadir,
Morocco). Confirmation of these species will require a genetic approach on isolated field
cells and from cultivated strains,
Further ecological studies aiming at understanding the population dynamics and ecological
preferences of both Ostreopsis species at Cape Ghir should address this question in the
future, as it is important for bloom and risk anticipation.
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