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Abstract :

Blooms of the dinoflagellate Alexandrium spp., known as producers of paralytic shellfish toxins (PSTs),
are regularly detected on the French coastline. PSTs accumulate into harvested shellfish species, such
as the Pacific oyster Crassostrea gigas, and can cause strong disorders to consumers at high doses.
The impacts of Alexandrium minutum on C. gigas have often been attributed to its production of PSTs
without testing separately the effects of the bioactive extracellular compounds (BECs) with allelopathic,
hemolytic, cytotoxic or ichthyotoxic properties, which can also be produced by these algae. The BECs,
still uncharacterized, are excreted within the environment thereby impacting not only phytoplankton,
zooplankton but also marine invertebrates and fishes, without implicating any PST. The aim of this work
was to compare the effects of three strains of A. minutum producing either only PSTs, only BECs, or
both PSTs and BECs, on the oyster C. gigas. Behavioral and physiological responses of oysters
exposed during 4 days were monitored and showed contrasted behavioral and physiological responses
in oysters supposedly depending on produced bioactive substances. The non-PST extracellular-
compound-producing strain primarily strongly modified valve-activity behavior of C. gigas and induced
hemocyte mobilization within the gills, whereas the PST-producing strain caused inflammatory
responses within the digestive gland and disrupted the daily biological rhythm of valve activity behavior.
BECs may therefore have a significant harmful effect on the gills, which is one of the first organ in
contact with the extracellular substances released in the water by A. minutum. Conversely, the PSTs
impact the digestive gland, where they are released and mainly accumulated, after degradation of algal
cells during digestion process of bivalves. This study provides a better understanding of the toxicity of A.
minutum on oyster and highlights the significant role of BECs in this toxicity calling for further chemical
characterization of these substances.
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Highlights

» Paralytic shellfish toxins (PSTs) and bioactive extracellular compounds (BECs) of Alexandrium
minutum have contrasted effects upon Crassostrea gigas oysters. » BECs affect nutrition and valve-
activity behavior. » BECs induce hemocyte mobilization in gills. » PSTs disrupt biological rhythm. »
PSTs provoke inflammation in the digestive gland.
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1. Introduction

Harmful algal blooms (HABs) are present in freshwater, brackish and marine
environments, as naturally occurring phenomena. For the last decades, there is clear evidence
confirming the geographical extension of HABs worldwide (Anderson et al., 2012a). Factors
contributing to this phenomenon are various: local hydrological events, global change through
the selection of species according to their thermal preferences, N:P ratio (possible role of
eutrophication), accidental transfer of marine species, and appearance of toxin-producing
strains caused by genetic modification of harmless strains (Lassus et al., 2016). Those factors
sometimes act in a complex interplay, and more importantly, vary among geographical areas.
Effects of HABs are expected to intensify even more as the use of coastal waters for aquaculture

and shellfish farming is globally increasing (Lassus et al., 2016).



Among the microalgae responsible for HABs, the genus Alexandrium (Halim 1960) is one
of the most important, in terms of diversity, distribution, and intensity (Anderson et al., 2012b).
Blooms of Alexandrium are globally distributed, with species present in tropical, temperate and
subarctic regions (Tillmann et al., 2016). Species of Alexandrium are known to produce
Paralytic Shellfish Toxins (PSTs), composed of saxitoxin (STX) and approximately 50
derivatives of STX (Wiese et al., 2010). This group of toxins have a particularly acute toxicity
(Kodama, 2010), causing neurotoxic syndromes. PSTs block the conduction of action potential
by binding to the voltage-gated sodium channels that play an essential role in membrane
excitability in nerve and muscle fibers cells (Cestéle and Catterall, 2000). In human seafood
consumers, paralytic shellfish poisoning (PSP) causes dizziness, tingling sensation of the
mouth, headache, nausea, vomiting, diarrhea and in severe cases death by asphyxiation
(Etheridge, 2010). Blooms of Alexandrium can also have ecological consequences by alteration
of marine trophic structure, and death of marine fish, seabirds, and mammals, but also have
dramatic economic effects, causing impairment of tourism and recreational activities, fishery
closure and sell prohibition of shellfish (Anderson et al., 2012b). Filter-feeder bivalves
including several commercial species, such as the Pacific oyster Crassostrea gigas, are known
to accumulate PSTs by feeding on toxic algae (Bricelj and Shumway, 1998).

Many studies have also highlighted that A. minutum impacts oyster behavior and physiology.
Laboratory experiments demonstrated that exposure to A. minutum deeply modified valve
behavior (Tran et al., 2010; Haberkorn et al., 2011) and disrupted biological rhythms of oysters
(Tran et al., 2015; Payton et al., 2017a). Functioning and structure of digestive organs (Lassus
et al., 1999; Haberkorn et al., 2010a), and oyster defense responses were negatively affected
(Haberkorn et al., 2010b; Hégaret et al., 2011; Mat et al., 2013; Mello et al., 2013).

From the above studies, relationships between A. minutum effects and PST microalgae
content or PST bioaccumulation by oysters could not be established. Alexandrium species,
however, were also shown to produce bioactive extracellular compounds (BECs) excreted in
the surrounding seawater, independently from PSTs. The BECs produced by Alexandrium
species can be allelopathic (Fistarol et al., 2004; Lelong et al., 2011; Zheng et al., 2016),
cytotoxic (Ford et al., 2008; Flores et al., 2012), haemolytic (Arzul et al., 1999; Yang et al.,
2010), or ichthyotoxic (Ogata and Kodama, 1986; Mardones et al., 2015). To date, knowledge
on the chemical nature and the mode of action of the BECs produced by Alexandrium spp. is
still scarce. Cytotoxic extracellular compounds produced by Alexandrium spp were suggested
to act primarily on cell membranes, with a high lysis potential (Emura et al., 2004; Tillmann et

al., 2007, 2008). The lytic allelochemical activity of different strains of Alexandrium spp.
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studied on various protists appeared not related to the cellular PST content or composition
(Tillmann and John, 2002; Tillmann et al., 2009).

An exposure of Pecten maximus juveniles to a non-PST BEC-producing strain of A. minutum
(strain CCMI1002) resulted in a decrease of daily shell growth, tissues alterations and an
increased reaction time when exposed to predators (Borcier et al., 2017). Similarly, this A.
minutum non-PST strain induced dramatic effects on oyster hemocytes and spermatozoa, and
strongly affected feeding behavior of oyster C. gigas and clam Ruditapes philippinarum,
presumably because of BECs (Contreras, 2011; Lambert et al., 2013). These harmful effects of
non-PST producing strains on marine organisms raise the question of the respective
involvement of PSTs and BECs in the toxicity of A. minutum.

To discriminate the respective effects of PSTs and BECs produced by A. minutum, we
analyzed, under controlled conditions, the effects of different strains of A. minutum on the
oyster C. gigas. To address this question, we selected three A. minutum strains with very
different toxicity in terms of both PSTs and BECs: the “PST” strain (Daoulas1257 strain,
isolated from the Bay of Brest in France; (Boullot et al., 2017) producing only PSTs; the
“PST+BEC” strain (AM89BM strain, isolated from the Bay of Morlaix in France; (Erard-Le
Denn et al., 1990) producing both PSTs and BECs; and the “BEC” strain (CCMI1002 strain,
isolated from Irish waters; (Tillmann and John, 2002) producing only BECs. This work clarifies
the respective effects of PSTs and BECs produced by A. minutum on valve behavior and

physiology of the oyster.

2. Materials and methods

2.1 Oyster characteristics and general conditions

Diploid pacific oysters, Crassostrea gigas (Magallana gen. nov.; Salvi and Mariottini,
2017), used in this study came from a single cohort produced in March 2014 in the Argenton
Ifremer facilities (France). At the time the experiment began (January 2015), oysters were 10
months old, measured 56 £ 1 mm length (mean + SE), and weighed 25.1 £ 0.9 g (total wet
weight; mean + SE). Three hundred and sixty oysters were randomly distributed into nine 30-
liter tanks, including 2 or 3 oysters equipped with valvometric electrodes per tank (n = 6-7 per
condition) for valve activity measurements. Each tank was continuously supplied with 1-um
filtered UV-treated seawater and algae at a total flow of 19 ml mint, allowing a renewal of the
volume of the tank every day. Every tank was equipped with a circulation pump to homogenize
microalgae and seawater. Experiments were carried out with a photoperiod of 10 h light (8 am

to 6 pm) and 14 h dark (6 pm to 8 am) and seawater was maintained at a temperature of 16 £ 1
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°C. Oysters were maintained in the same tanks during the experiment, in a blind room to

minimize any external influences and disturbance due to handling on animal behavior.

2.2 Algal culture

The three strains of the dinoflagellate Alexandrium minutum (Daoulas1257, AM89BM and
CCMI1002 strains) were cultured in 6-L batch culture using seawater filtered to 0.2 pum
supplemented with L1 medium. Cultures were maintained at 17 = 1 °C with a dark:light cycle
of 12:12 h. According to the bioassay developed by Long et al. (personal communication), the
BEC strain is more cytotoxic than the PST+BEC strain. The PST+BEC strain is known to
produced more PSTs (10.6 fmol cell™* which corresponds to 1.3 pg STX eq. cell* (Haberkorn
etal., 2010a)) than the PST strain (0.63 fmol cell* which corresponds to 0.053 pg STX eq. cell™
(Pousse et al., 2018)), whereas no PSTs were detected in the BEC strain (Borcier et al., 2017).
The dinoflagellate Heterocapsa triquetra (Ehrenberg, 1840; strain HT99PZ) was grown in 150-
L cylinders containing 1-um filtered, UV-treated seawater enriched with L1 nutrients (Guillard
and Hargraves, 1993) and cultures were maintained at 19 + 1 °C with continuous light. Cultures
of A. minutum and H. triquetra were not axenic, grown without antibiotics, and harvested in

exponential growth phase for the experiment.

2.3 Experimental design of A. minutum exposure

Oysters were acclimated for 7 days with increasing H. triquetra densities from 1.65 x 103 to
3.3 x 10° cells mL™. The non-toxic H. triquetra was chosen for acclimation because of its
similarity to A. minutum in terms of size and shape: H. triquetra cell size (19-28 um) is similar
to A. minutum cell size (23-29 um). After the 7-day acclimation, oysters were fed continuously
with the A. minutum strains for 4 days at 19 mL min. Each A. minutum strain was distributed
to three replicate tanks at a density of 3.1 x 103 cells mL™.. This algal density and exposure time

were environmentally realistic (Chapelle et al., 2015).

2.4 Measurement of A. minutum concentrations by flow cytometry

During the exposure phase, A. minutum cell concentration in the seawater was monitored
from the inflow and outflow of the tanks from all conditions. Cell counts were performed using
a FACScalibur (BD Sciences, San Jose, CA, USA) flow cytometer with a 488 nm argon blue
laser. Threshold was set to FL3 (red fluorescence 670 nm Long pass filter, i.e. > 670 nm) to
detect only chlorophyll-containing cells. Concentrations of A. minutum were estimated using
cell counts during 30 seconds of flow-cytometer acquisition and flow rate, measured according
to Marie et al. (1999).

2.5 OQyster behavioral analysis



2.5.1 Valve activity measurement

Valve activity of C. gigas was studied using High Frequency Non Invasive valvometry (n =
2-3 oysters per tank). Lightweight electromagnets were glued on each valve of each animal and
connected to a lab valvometer by flexible wires (Tran et al., 2003; Chambon et al., 2007). The
sampling frequency for each individual was 0.2 Hz. Data were processed using LabView 8.0
software (National Instruments, Austin, TX, USA). The record of valve activity started 4 days
before exposure to define oyster behavior under reference conditions (non-toxic H. triquetra
feeding). Following initiation of experiments, valve activity was measured continuously during
the 4 days of exposure to the A. minutum strains.

Several parameters of valve activity were analyzed. Hourly opening duration of each
individual was expressed as the percentage of time oysters spent with their valves opened, and
ranged from 100% (valves open for the entire hour) to 0 % (valves closed throughout the hour).
Additionally, hourly valve-opening amplitude and hourly number of valve micro-closures,
which corresponds to the number of partial and fast valve closures, were measured for each
individual. For each valve activity parameter, mean hourly values for the condition were

calculated as the mean of hourly individual values of each condition.

2.5.2 Chronobiological analysis

Chronobiological analyses were made with the software Time Series Analysis Seriel Cosinor
6.3 (http://www.euroestech.net/mainuk.php). Different steps were performed to validate a
biological rhythm in oysters (see Tran et al. (2011) and Mat et al. (2012)). Briefly, the quality
of the dataset was checked by controlling the absence of randomness using the autocorrelation
diagram and the absence of any stationary character by a partial autocorrelation function
calculation. The periodicities in the recorded data were tested with the spectral method of the
Lomb and Scargle periodogram. These methods give a threshold of probability (p = 0.95)
defining the limit below which the signal can be regarded as "noise". The confidence interval
of the period was calculated with the method of Halberg (1969). The rhythmicity was then
modeled with the Cosinor model, which uses a cosine function calculated by regression
(Bingham et al., 1982). To validate the model two tests must be validated: the elliptic test must
be rejected and the probability (p-value) for the null amplitude hypothesis must be lower than
0.05. Finally, the percent rhythm (PR), i.e., percentage of the cyclic behavior explained by the

model, was calculated.

2.6 Oyster sampling



At the end of the exposure period, 12 oysters per tank were sampled and used as follows: for
each tank, 7 oysters including oysters equipped with electrodes were analyzed for individual
hemocyte variable measurements and condition index, and 5 oysters for histology. A 3-mm
cross-section of soft tissues including digestive gland, gills, mantle, gonad, and a section of
adductor muscle were taken for each of the 45 oysters sampled for histopathology. Hemolymph
was withdrawn from the adductor muscle of each oyster (400 pL minimum) with a syringe
before oysters were shucked. Total and soft tissues weights were measured for condition index
measurement. Digestive glands were dissected, weighted individually, and were ground with a
“MM 400 mixer mill (Retsch) in liquid nitrogen and stored at -80 °C for further toxin analyses.
Condition index (CI) was determined for 62 individuals as follows (Bodoy et al., 1986): Cl =
(wet flesh weight / total weight) x 100.

2.7 Histopathology

Dissected tissues were fixed immediately in modified Davidson’s fixative (Latendresse et
al., 2002) for 24 h at 4°C. Tissues were processed and observed as described by Hermabessiere
et al. (2016). The histopathological figures observed per organ were classified as follows:

- Gills: (i) presence of mucus, (ii) hemocyte infiltration, (iii) hemocytes outside the gills;

- Digestive gland (stomach, intestine, digestive ducts and tubules): (i) hemocyte infiltration,
(if) hemocytes in diapedesis in the digestive epithelium, (iii) presence of A. minutum cells
in the lumen.

Intensity of each histopathological observation was rated using a three-level semi-quantitative

scale and the sum calculated for each organ. Each pathological condition was graded as stage 0

(absence or very light), stage 1 (light-moderate), and stage 2 (heavy). Based upon this scale,

mean intensity of each histopathological figure were calculated for each specific tissue as

follows:
> (stage individual 1 + StAQe individual 2+ ... * Stage individual n)/N

(where n is the number of diagnosed animals per condition).

2.8 Analyses of hemolymph variables

The quality of hemolymph sample (absence of contamination) was checked using
microscope and then stored temporarily on ice before flow-cytometric analysis. Mortality
(percentage of dead hemocytes) and characteristics determined in live circulating hemocytes,
i.e. total and differential hemocyte counts (granulocytes, hyalinocytes and small agranulocytes)
(in cell mL™), size, and internal complexity (in arbitrary units a.u.), were assessed following
Haberkorn et al. (2010b) with an Easy-Cyte-Plus flow-cytometer (Guava-Millipore).



Functional variables, i.e. production of Reactive Oxygen Species (ROS) (specifically H>O> and
0O3) by unstimulated hemocytes, mitochondrial membrane potential (MMP) and phagocytosis
were determined as described in Lambert et al. (2003), Donaghy et al. (2012) and Haberkorn et
al. (2010b), respectively. Hemocyte functional analyses were performed with a FacsVerse flow-
cytometer (BD Biosciences, San Jose, C.A., USA) for ROS production and a FACScalibur (BD
Biosciences) for MMP and phagocytosis.

2.9 Toxin quantification by liquid chromatography/fluorescence detection

The digestive glands of 14 oysters exposed to the PST strain and of 14 oysters exposed to
the PST+BEC strain (2-6 per tank) were sampled for toxin content measurement. Toxins were
also assayed in pooled digestive glands of 6 oysters (2 oysters per tank) exposed to the BEC
strain to verify that the BEC strain did not produce PSTs. Acetic acid (1 ml of 0.1 N) was added
to 100 mg of ground digestive gland and the sample was frozen at -20 °C until extraction and
analysis were performed. Toxin quantification were performed in triplicate for each sample
using the liquid chromatography with fluorescence detection (LC/FD), as described by Boullot
et al. (2017). The molar concentration (umol L) was converted to pg STX equivalent 100 g
of digestive gland wet weight using the conversion factors of EFSA (EFSA Journal, 2009).

2.10 Statistical analyses

Differences between microalgal treatments were investigated using One-Way ANOVA
followed by Tukey HSD post hoc test, after checking assumptions (normality of data and equal
variance tests). When assumptions were not validated, the non-parametric Kruskal-Wallis test
(non-nested — comparison of three conditions categorized by algal treatment) was applied,
followed by the Nemenyi—Damico—-Wolfe-Dunn (NDWD) post hoc test. For each condition
and each valve activity parameter, Mann Whitney tests were used to compare the mean hourly
values of the condition between the last 4 days of acclimation (n = 96 hours) and the 4-day A.
minutum exposure period (n = 96 hours). Intensity of each pathological condition was compared
statistically using the Kruskal-Wallis test. For the sum of binary pathological data
(presence/absence), One-Way ANOVA was used. Differences were considered significant
when p < 0.05. Statistical analyses were performed using R version 3.2.2 (R Core Team, 2012).

All values are expressed as mean + standard error (SE).



3. Results

3.1 Paralytic shellfish toxin content in the digestive gland of Crassostrea gigas

The mean PST toxicity in the digestive glands of oysters after a 4-day exposure to A.
minutum was 3.3-fold higher (p < 0.01, t test) in oysters exposed to the PST strain (174.2 £ 40.3
1g STX eq. 100 g wet digestive gland, n = 14) compared to oysters exposed to the PST+BEC
strain (52.2 + 17.2 ug STX eq. 100 g wet digestive gland, n = 14). The mean total PST load
in the digestive glands of oysters from the PST condition (39.3 * 8.8 umol kg™ wet digestive
gland, n = 13) was significantly higher (4.9-fold; p < 0.001, t test) compared to oysters from
the PST+BEC condition (8.1 + 2.4 pmol kg* wet digestive gland, n = 14). No PSTs were
detected in the digestive glands of oysters exposed to the BEC strain.

Toxin composition of oyster digestive glands were similar in oysters exposed to the PST or
the PST+BEC strains: carbamates C2 and C1, N-sulfocarbamoyls GTX3 and GTX2, plus a
minor quantity of decarbamoyls dc-GTX3 and dc-GTX2 (Fig. 1). Very low levels of saxitoxin
(STX) and dc-STX were also detected in tissues of 4 oysters exposed to the PST strain (= 0.2%)
and only in one oyster exposed to the PST+BEC strain (= 0.5%). The mean proportions of C1,
GTX3, GTX2, dc-GTX3 and dc-GTX2 were significantly higher (p < 0.01, Mann-Whitney)
and the proportion of C2 was significantly lower (p < 0.001, Mann-Whitney) in oysters exposed
to the PST+BEC strain compared to oysters exposed to the PST strain (Fig. 1). The proportions
of the other STX derivatives in digestive gland of oysters were not significantly different
between the PST+BEC and PST conditions.

3.2 Oyster valve-activity behavior

Behavioral analyses were conducted on oysters during the 4 last days of acclimation and
during the 4-day exposure to A. minutum. After acclimation period, valve behavior of oysters
varied depending on the A. minutum strain they were exposed to (Table 1). During exposure to
the PST strain, oysters showed no significant modifications of valve-activity behavior, in terms
of hourly valve-opening duration, hourly valve-opening amplitude and hourly micro-closure
activity (i.e. number of micro-closures per hour) as compared to the acclimation period (Table
1). On the contrary, oysters fed the PST+BEC or the BEC strains during the 4 days of A.
minutum exposure were opened hourly for a significantly longer time (p < 0.001 in both
conditions, Table 1) and with a higher amplitude (p < 0.05 and p < 0.001, respectively; Table
1) than during the acclimation period. Additionally, oysters from the PST+BEC and the BEC
conditions exhibited significantly more valve micro-closures than during acclimation (1.84 and

3.46 fold higher, respectively; p < 0.001 in both conditions).



3.3 Daily rhythm of oyster behavior

Chronobiological analyses were performed on the mean valve hourly opening duration in
each condition before and during the A. minutum exposure. Spectral analysis (Lomb and Scargle
periodogram) allows the determination of significant rhythmic periodicity in valve behavior.
The results show a daily valve activity with a circadian period (range: 20-28 h) during the
acclimation period with H. triquetra in the three groups (Fig. 2). All the significant periods
were tested in the chronobiological model (Cosinor model), which validated the existence of a
circadian rhythm. During the A. minutum exposure, valve activity of oysters exposed to the
BEC strain still showed a significant circadian period (p < 0.05), whereas no significant period

were found in oysters exposed to the PST+BEC or PST strains (Fig. 2).

3.4 Alexandrium minutum consumption

During the exposure, the percentage of A. minutum cells filtered by oysters from the PST
condition was 93.6% the first day and then reached 100% during the 3 following days of
exposure (Table 2). The percentage of A. minutum cells filtered by oysters ranged from 61.3%
to 95.6% in the PST+BEC condition, while for the BEC condition this percentage increased
from 14.8% to 53.2% at the end of the exposure (Table 2).

3.5 Condition index

At the end of the exposure, wet weights of oyster digestive glands were not statistically
different between the three conditions. Condition index in oysters exposed to the BEC strain
(14.9 £ 0.5, n = 21) was, however, significantly lower (p < 0.05 and p < 0.001, Tukey HSD
test) compared to oysters of the two groups, exposed to the PST+BEC strain (17.1 £ 0.7, n =
21) and to the PST strain (18.2 + 0.6, n = 21).

3.6 Histopathology

Histology revealed hemorrhages between the gills filaments in 53% and 27% of oysters
exposed to the BEC (Fig. 3A) and PST+BEC (Fig. 3C) strains respectively (Table 3).
Hemocytes migrated outside gill tissue via diapedesis (Fig. 3A) and aggregated around A.
minutum cells (Fig. 3B). In the gills, hemocyte infiltration, diapedesis and hemorrhage were
significantly more intense in oysters exposed to the BEC strain compared to oysters exposed to
the PST strain (Table 3). Although gill tissue was not altered, mucus production was
significantly higher in oysters from the BEC condition compared to oysters from the PST
condition (Fig. 3C, Table 3). Intensity of histopathological observations in the gills of oysters
from the PST+BEC condition was not significantly different from the other conditions, except
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for the intensity of hemocyte diapedesis which was intermediate between BEC and PST
conditions (Table 3).

All oysters from the three conditions were actively feeding, as indicated by star-shaped
digestive tubules (Fig. 3E). A relatively large number of intact A. minutum cells were observed
in stomach and intestine lumen in oysters of the 3 conditions (Table 3). No A. minutum cell was
detected in digestive ducts or tubules, except in the tubules of one oyster of the PST condition.
Pathological alterations observed in the digestive gland consisted of inflammatory responses
characterized by intense hemocyte diapedesis, mainly through the epithelium of the stomach
and digestive tubules, and hemocyte infiltrations detected mostly in digestive ducts and tubules
(Fig. 3D, E). In the stomach, hemocyte diapedesis was significantly more intense (p < 0.05,
Kruskal-Wallis test) in oysters exposed to the PST strain (1.7 £ 0.1) compared to oysters
exposed to the BEC strain (1.1 £ 0.2, Table 3). More rarely, hemocytes were observed in the
lumen of the stomach, intestine and digestive ducts, in oysters exposed to the PST or the
PST+BEC strain, but never in oysters exposed to the BEC strain.

The sum of mean intensities of pathological figures observed in the gills revealed that
hemocyte responses were more intense in oysters exposed to the BEC strain (3.8) compared to
oysters exposed to the PST strain (2.3), oysters from the PST+BEC condition being
intermediate (1.1, Fig. 4A).

3.7 Hemocyte characteristics and functioning analyzed by flow cytometry

Total hemocyte count of oysters at the end of the experiment was significantly affected by
algal exposure (p < 0.05, one-way ANOVA) (Fig. 5A). This effect was mainly attributable to
variation in small agranulocyte counts between the conditions (p < 0.01, Kruskal Wallis): small
agranulocyte count of oysters from the PST condition (1.1 + 0.1 x 10°) was significantly lower
compared to oysters exposed to the PST+BEC (2.5 + 0.6 x 10°) and BEC strains (2.4 + 0.5 x
10°). The composition of hemocyte subpopulations also appeared impacted: the percentage of
small agranulocytes and granulocytes was significantly different in the three conditions (p <
0.01, Kruskal-Wallis, and p < 0.01, ANOVA) (Fig. 5B, C). Hemolymph from oysters exposed
to the PST strain contained a significantly lower (p < 0.01, Kruskal-Wallis) percentage of small
agranulocytes (24.6 + 1.4%) compared to oysters from PST+BEC (35.2 + 2.3%) and BEC
condition (34.0 £ 2.8%), and a significantly higher (p < 0.01, ANOVA) percentage of
granulocytes (22.2 £ 2.0%) compared to oysters from the PST+BEC condition (14.1 £ 1.4%)
(Fig. 5B, C). Lastly, mortality of hemocytes (percentage of dead hemocytes) in oysters exposed
to the PST strain was significantly higher (9.6 £ 2.5%) compared to oysters exposed the
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PST+BEC strain (2.3 £ 0.3%) and the BEC strain (2.8 £ 0.6%) (Fig. 5D). No significant
difference in MMP, phagocytosis, ROS production, and morphological parameters was
observed between the three conditions.

4. Discussion

Although the effects of the toxic dinoflagellate A. minutum on bivalves have been well
described, addressing specific oyster response to either paralytic shellfish toxins (PSTs) or
bioactive extracellular compounds (BECS) is still challenging, since most studies either did not
assess the production of BECs (Bricelj et al., 1993; Bricelj and Shumway, 1998) or often used
strains producing both types of toxins (Haberkorn et al., 2010a, 2010b, 2011; Tran et al., 2010,
2015; Mat et al., 2013; Payton et al., 2017a). The present work investigated the effects of the
different types of toxic compounds produced by the dinoflagellate A. minutum, the PSTs and
the BECs, which chemical nature is still unknown, on the behavior and physiology of adult C.
gigas. The most striking responses in this experiment were observed in oysters exposed to the
BEC strain of A. minutum, on feeding activity, valve activity behavior, and on tissue and cellular

gill parameters.

4.1 BECs reduce algal consumption of oyster and thus PST accumulation
In this study, the PST+BEC A. minutum strain appeared more toxic than the PST strain
regarding cellular PST content and toxicity. However, oysters exposed to the PST+BEC strain
accumulated less PSTs in their digestive glands than oysters exposed to the PST strain. This
could be the result of a reduced feeding activity. Reduced feeding activity is supported by the
reduction of algal consumption observed for oysters of the PST+BEC condition compared to
the PST condition, this reduction being even more drastic in the BEC condition. The BECs
might be responsible for the reduction of feeding activity, as this response was only observed
in oysters exposed to the BEC producing strains and more marked with the BEC strain, which
is the most cytotoxic strain tested. Similarly, the BEC strain elicited a stronger decrease in
clearance and ingestion rates, and a lower absorption rate than the PST+BEC strain in C. gigas
and R. philippinarum (Contreras, 2011). Feces production also seemed to be lower in the BEC
condition than in the PST and PST+BEC conditions, and a noticeable production of
pseudofeces was observed in the BEC condition (data not shown). Pseudofeces has been
described as a secondary regulatory mechanism of ingestion rate in marine bivalves and also a
mechanism for pre-ingestive selection (Shumway and Cucci, 1987; Navarro and Widdows,
1997; Wildish et al., 1998). Previous studies showed that C. gigas reduced filtration, ingestion
12



and biodeposition rates when exposed to different Alexandrium species (Bardouil et al., 1993;
Lassus et al., 1999, 1996; Bougrier et al., 2003). Lassus et al. (2004) and Laabir et al. (2007)
reported partial inhibition of filtration rate in oysters exposed to the PST+BEC A. minutum
strain compared to non-toxic Skeletonema costatum, related to a decreased feeding time activity
and a lower biodeposit production rate. The decreased filtration rate coupled with pseudofeces
production would be at the origin of the significantly-reduced condition index of oysters of the
BEC condition, compared to oysters of the PST and PST+BEC conditions. This reduced feeding
activity might consist in an avoidance response after direct contact between Alexandrium cells

and oyster external organs.

4.2 BECs disturb valve-activity behavior

Valve activity behavior analysis showed increased hourly valve-opening duration and hourly
micro-closure activity in oysters exposed to the BEC strain and, to a lesser extent in oysters
exposed to the PST+BEC strain. Concerning the PST+BEC strain, similar results were already
obtained by Tran et al. (2010, 2015), but without defining the respective effects of PSTs and
BECs produced by the strain. These behavioral responses may be mostly related to the
production of BECs by A. minutum. Indeed, the non-PST producing BEC strain caused more
intense behavioral changes in oysters than the PST+BEC strain, whereas the PST strain did not
induce any significant changes in oyster behavioral parameters. The frequency of micro-
closures during a 2-day exposure to the PST+BEC strain of A. minutum was positively
correlated to the A. minutum concentration in the ambient water and not to the PST content in
the digestive gland of oysters (Haberkorn et al., 2011). This supports our hypothesis, as a higher
A. minutum concentration would imply a greater quantity of bioactive extracellular compounds
in the water resulting in a higher impact on oyster micro-closure activity.

The BECs excreted in the water could activate chemoreceptors of the mantel edge or directly
affect oyster gills when A. minutum cells come into contact with the tissues in the pallial cavity,
responsible for the quick increase in frequency of valve micro-closures. Conversely,
intracellular PSTs are mainly released in the digestive gland, once dinoflagellate cells have been
digested by oysters. During the toxification phase, the digestive gland is considered as the initial
repository of toxic cells following ingestion and is the organ where PST are initially
accumulated in bivalves (Bricelj and Shumway, 1998). The hypothesis that behavioral changes
might be caused by internal contamination by PSTs released after A. minutum cell digestion is
not supported by our results, as behavioral changes were mostly observed in response to the
BEC strain.
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The increase in frequency of valve micro-closures is probably a protective behavior to
increase intervalvar water renewal and minimize contact with BECs, potentially irritant to gill
tissues. Increased closures and expulsions observed in Pecten maximus exposed to the
PST+BEC strain was also hypothesized to serve as a reaction to expulse A. minutum cells from
the mantle cavity (Coquereau et al., 2016). Exposing juvenile Pecten maximus to the BEC strain
of A. minutum led to a less effective escape response after a contact with a predator supposedly
due to direct tissue damage caused by BECs (Borcier et al., 2017). Given the noteworthy oyster
behavioral changes in response to BEC-producing strains, C. gigas gills integrity could be

impaired.

4.3 BECs induce hemorrhage and inflammation in gills

The BECs induced hemorrhage in gills and aggregation of hemocytes around A. minutum
cells. These symptoms are indeed stronger with the BEC strain, whereas these pathologies were
not observed in gills of oysters exposed to the PST strain, which had no detectable cytotoxic
activity. Aggregation of hemocytes surrounding toxic algal cells had already been observed in
Argopecten irradians irradians and Mercenaria mercenaria respectively exposed to
Prorocentrum minimum which also produce uncharacterized cytotoxic compounds (Wikfors
and Smolowitz, 1993; Hégaret et al., 2011).

Besides, the intensity of hemocyte infiltration, diapedesis, and mucus production in the gills
was significantly higher for oysters in the BEC condition than in the PST condition. The
pathologies could be interpreted as defensive inflammation responses against A. minutum cells
and bioactive compounds released by those algal cells. Haberkorn et al. (2010a) previously
reported an increased mucus production in C. gigas exposed to the PST+BEC strain of A.
minutum, probably reflecting tissue irritation and/or defense reaction to BECs. Indeed, mucus
contains lytic enzymes that play an important role in defense against a wide range of stressors
(Fisher, 1992). Similarly, contact with the non-PST producing Alexandrium ostenfeldii led to
edema in the mantle, associated with hemocyte infiltration in the gills of Manila clams
(Lassudrie et al., 2014). This inflammatory response in external organs was hypothesized to be
partly induced by uncharacterized extracellular compounds produced by A. ostenfeldii shown
to be lytic to protists (Tillmann et al., 2007).

In the present study, the higher counts of hemocytes in circulating hemolymph may reflect
hemocyte de novo production or mobilization from connective tissues to hemolymph to supply
responses in specific tissues. Particularly, hemocyte participation in wound repair has been

suggested based upon the observation of tissue lesions caused by toxic dinoflagellate exposure
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associated with hemocyte aggregates or infiltrations, a typical response to Alexandrium spp.

exposure in bivalves.

4.4  PSTsdisrupt biological rhythm

The two PST-producing strains disrupted the daily rhythm of oyster valve activity.
Biological rhythms allow synchronization and anticipation of environmental cycles, allowing
the temporal organization of biological processes and maximizing the fitness of organisms with
their biotope (Yerushalmi and Green, 2009). Oyster behavior is known to follow circadian,
ultradian, and infradian rhythms (Tran et al., 2011; Bernard et al., 2016). Their daily rhythm is
driven by a circadian clock (Mat et al., 2012, 2013; Payton et al., 2017b), which genetic
components, i.e. clock genes, have been recently identified (Perrigault and Tran, 2017). The
clock genes are involved in the generation and/or synchronization of circadian rhythmic
activities (Chaves et al., 2011). Additionally, A. minutum exposure (PST+BEC strain) can
deeply modify temporal organization of gills transcriptome and induce a loss of daily cycle in
oyster valve behavior, crystalline style length, and expression of genes involved in
detoxification and oxidative stress (Tran et al., 2015; Payton et al., 2017a). These disruptions
have been linked to the repression of the transcription of most of the clock genes in oysters
exposed to A. minutum (Mat et al., 2013; Payton et al., 2017a).

PSTs are presumably responsible for the disappearance of the valve cyclic activity observed
in the present study via down-regulation of clock gene expression, as showed in Payton et al.
(2017a) . Indeed, saxitoxin and its derivatives have a mechanism of action close to tetrodotoxin,
targeting the same voltage-gated sodium channels (Heggeness and Starkus, 1986); and

tetrodotoxin is known to repress clock gene expression (van den Pol and Obrietan, 2002).

4.5 PSTs provoke inflammation in the digestive gland

Toxin accumulation measured in the digestive gland, the main storage organ for PSTs
(Lassus et al., 2007; Guéguen et al., 2008), indicated that the PST-producing strains were
ingested. Oysters exposed to the PST strain had higher PST burden in their digestive glands,
where the strongest inflammatory response was also observed. Hemocyte infiltration and
diapedesis across digestive epithelium were more intense in the PST condition than in the BEC
condition, and intermediate in the PST+BEC condition. These typical hemocyte responses in
bivalves exposed to Alexandrium spp. (Galimany et al., 2008; Lassudrie et al., 2014; Borcier et
al., 2017) have been linked to the presence of PSTs (Haberkorn et al., 2010a). Saxitoxin and its
derivatives could be directly released within the organ by lysis of Alexandrium cells, or

assimilated and biotransformed within the tissues. Hemocytes could participate to toxin
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depuration by eliminating toxins through the lumen of the intestine and/or isolating
Alexandrium cells.

Indeed, the percentage of dead circulating hemocytes was higher in the PST condition.
Mortality of oyster hemocytes was already noticed in vitro in response to toxic Alexandrium
fundyense and A. minutum (PST+BEC strain) (Hégaret et al., 2011). In the lion-paw scallop
Nodipecten subnodosus, a lower count of hemocytes was attributed to the elicited caspase-
dependent apoptosis of hemocytes (Estrada et al., 2010, 2014). Similarly, in vitro exposure of
oyster hemocytes to different saxitoxin analogs (STX and C1/C2) caused apoptosis in
hemocytes in a dose dependent manner, a process dependent on caspase activation (Abi-Khalil
et al., 2017). Since these PST derivatives were detected in oysters of the PST condition (data
not shown), we suggest that the large amount of accumulated PSTs induced hemocyte apoptosis

responsible of the higher mortality of circulating hemocytes.

5. Conclusions

In the present study, behavioral and physiological responses of oysters greatly differed
depending on the A. minutum strain they were exposed to, and thus potentially on the type of
bioactive substances produced by the strains. The results showed for the first time that the
cytotoxic BECs produced by A. minutum could impair oyster feeding, by altering valve activity
and gill tissues. These findings highlight the urgent need to characterize the bioactive
extracellular compounds in toxic algae, as Alexandrium spp. The PSTs produced by A. minutum
have disrupted the biological rhythm of oyster behavior, with significant impacts on the
digestive gland. The potential genotoxic impacts of PSTs on clock genes, potentially leading to

the loss of rhythmicity is to further investigate.

Acknowledgments

This project was supported by the National Research Agency ANR CESA (ACCUTOX
project ANR-13-CESA-0019). The authors gratefully acknowledge all the colleagues who
provided a valuable help during the experiment, dissections, discussions and advices: Korian
Lhaute, Georges Rovillon, Adeline Bidault, Audrey Mat, and Emilien Pousse. Authors thank

Aswani Volety for his help with editing the English and his advice on the manuscript.

16



References

Abi-Khalil, C., Finkelstein, D.S., Conejero, G., Du Bois, J., Destoumieux-Garzon, D.,
Rolland, J.L., 2017. The paralytic shellfish toxin, saxitoxin, enters the cytoplasm and induces
apoptosis of oyster immune cells through a caspase-dependent pathway. Aquat. Toxicol. 190,
133-141. https://doi.org/10.1016/j.aquatox.2017.07.001

Anderson, D.M., Cembella, A.D., Hallegraeff, G.M., 2012a. Progress in understanding
harmful algal blooms (HABs): Paradigm shifts and new technologies for research, monitoring
and management. Annu. Rev. Mar. Sci. 4, 143-176. https://doi.org/10.1146/annurev-marine-
120308-081121

Anderson, D.M., Alpermann, T.J., Cembella, A.D., Collos, Y., Masseret, E., Montresor, M.,
2012b. The globally distributed genus Alexandrium: Multifaceted roles in marine ecosystems
and impacts on human health. Harmful Algae 14, 10-35.
https://doi.org/10.1016/j.hal.2011.10.012

Arzul, G., Seguel, M., Guzman, L., Erard-Le Denn, E., 1999. Comparison of allelopathic
properties in three toxic Alexandrium species. J. Exp. Mar. Biol. Ecol. 232, 285-295.
https://doi.org/10.1016/S0022-0981(98)00120-8

Bardouil, M., Bohec, M., Cormerais, M., Bougrier, S., Lassus, P., 1993. Experimental study
of the effects of a toxic microalgal diet on feeding of the oyster Crassostrea gigas Thunberg. J.
Shellfish Res. 12, 417-422.

Bernard, 1., Massabuau, J.-C., Ciret, P., Sow, M., Sottolichio, A., Pouvreau, S., Tran, D.,
2016. In situ spawning in a marine broadcast spawner, the Pacific oyster Crassostrea gigas:
Timing and  environmental  triggers. Limnol.  Oceanogr. 61, 635-647.
https://doi.org/10.1002/In0.10240

Bingham, C., Arbogast, B., C, G., K, J., Halberg, F., 1982. Inferential statistical methods for
estimating and comparing cosinor parameters. Chronobiologia 9, 397-4309.

Bodoy, A., Prou, J., Berthome, J.-P., 1986. Etude comparative de différents indices de
condition chez I’huitre creuse (Crassostrea gigas) 15, 173-182.

Borcier, E., Morvezen, R., Boudry, P., Miner, P., Charrier, G., Laroche, J., Hegaret, H., 2017.
Effects of bioactive extracellular compounds and paralytic shellfish toxins produced by
Alexandrium minutum on growth and behaviour of juvenile great scallops Pecten maximus.
Aquat. Toxicol. 184, 142-154. https://doi.org/10.1016/j.aquatox.2017.01.009

Bougrier, S., Lassus, P., Bardouil, M., Masselin, P., Truquet, P., 2003. Paralytic shellfish

poison accumulation yields and feeding time activity in the Pacific oyster (Crassostrea gigas)

17



and king scallop (Pecten maximus). Aquat. Living Resour. 16, 347-352.
https://doi.org/10.1016/S0990-7440(03)00080-9

Boullot, F., Castrec, J., Bidault, A., Dantas, N., Payton, L., Perrigault, M., Tran, D., Amzil,
Z., Boudry, P., Soudant, P., Hégaret, H., Fabioux, C., 2017. Molecular characterization of
voltage-gated sodium channels and their relations with paralytic shellfish toxin
bioaccumulation in the Pacific oyster Crassostrea gigas. Mar. Drugs 15, 21.
https://doi.org/10.3390/md15010021

Bricelj, V., Greene, M., Lee, J., Cembella, A., 1993. Growth of the blue mussel Mytilus
edulis on toxic Alexandrium fundyense and effects of gut passage on dinoflagellate cells, in:
T.J. Smayda, Y. Shimizu (Eds.), Toxic Phytoplankton Blooms in the Sea, Elsevier Science
Publishers B. V. pp. 371-376.

Bricelj, V.M., Shumway, S.E., 1998. Paralytic shellfish toxins in bivalve molluscs:
Occurrence, transfer kinetics, and biotransformation. Rev. Fish. Sci. 6, 315-383.
https://doi.org/10.1080/10641269891314294

Cestele, S., Catterall, W.A., 2000. Molecular mechanisms of neurotoxin action on voltage-
gated sodium channels. Biochimie 82, 883-892.

Chambon, C., Legeay, A., Durrieu, G., Gonzalez, P., Ciret, P., Massabuau, J.-C., 2007.
Influence of the parasite worm Polydora sp. on the behaviour of the oyster Crassostrea gigas:
a study of the respiratory impact and associated oxidative stress. Mar. Biol. 152, 329-338.
https://doi.org/10.1007/s00227-007-0693-1

Chapelle, A., Le Gac, M., Labry, C., Siano, R., Quere, J., Caradec, F., Le Bec, C., Nezan,
E., Doner, A., Gouriou, J., 2015. The Bay of Brest (France), a new risky site for toxic
Alexandrium minutum blooms and PSP shellfish contamination. Harmful Algae News 51, 4-5.

Chaves, I., Pokorny, R., Byrdin, M., Hoang, N., Ritz, T., Brettel, K., Essen, L.-O., van der
Horst, G.T.J., Batschauer, A., Ahmad, M., 2011. The cryptochromes: blue light photoreceptors
in plants and animals. Annu. Rev. Plant Biol. 62, 335-364. https://doi.org/10.1146/annurev-
arplant-042110-103759

Contreras, A., 2011. Effect of PSP-toxins producing dinoflagellates upon molluscan
shellfish feeding behaviour: An assessment of the toxins role. Post-doctoral Report - Ifremer-
Nantes.

Coquereau, L., Jolivet, A., Hegaret, H., Chauvaud, L., 2016. Short-term behavioural
responses of the great scallop Pecten maximus exposed to the toxic alga Alexandrium minutum
measured by accelerometry and passive acoustics. PLoS ONE 11, e0160935.
https://doi.org/10.1371/journal.pone.0160935

18



Donaghy, L., Kraffe, E., Le Goic, N., Lambert, C., Volety, A.K., Soudant, P., 2012. Reactive
oxygen species in unstimulated hemocytes of the Pacific oyster Crassostrea gigas: a
mitochondrial involvement. PLoS ONE 7, e46594.
https://doi.org/10.1371/journal.pone.0046594

EFSA Journal, 2009. Scientific opinion of the panel on contaminants in the food chain on a
request from the European Commission on marine biotoxins in shellfish: Summary on regulated
marine biotoxins. EFSA J 1306, 1-23.

Emura, A., Matsuyama, Y., Oda, T., 2004. Evidence for the production of a novel
proteinaceous hemolytic exotoxin by dinoflagellate Alexandrium taylori. Harmful Algae 3, 29—
37. https://doi.org/10.1016/j.hal.2003.08.004

Erard-Le Denn, E., Morlaix, M., Dao, J.C., 1990. Effects of Gyrodinium cf. aureolum on
Pecten maximus (post larvae, juveniles and adults), in: Graneli, E., Sudnstrom, B., Edler, L.,
Anderson, D.M. (Eds.), Toxic Marine Phytoplankton, Elsevier Science Publishing. Amsterdam,
pp. 132-136.

Estrada, N., Rodriguez-Jaramillo, C., Contreras, G., Ascencio, F., 2010. Effects of induced
paralysis on hemocytes and tissues of the giant lions-paw scallop by paralyzing shellfish poison.
Mar. Biol. 157, 1401-1415. https://doi.org/10.1007/s00227-010-1418-4

Estrada, N., Ascencio, F., Shoshani, L., Contreras, R.G., 2014. Apoptosis of hemocytes from
lions-paw scallop Nodipecten subnodosus induced with paralyzing shellfish poison from
Gymnodinium catenatum. Immunobiology 219, 964-974.
https://doi.org/10.1016/j.imbio.2014.07.006

Etheridge, S.M., 2010. Paralytic shellfish poisoning: Seafood safety and human health
perspectives. Toxicon, Toxins in Seafood 56, 108-122.
https://doi.org/10.1016/j.toxicon.2009.12.013

Fisher, W.S., 1992. Occurrence of agglutinins in the pallial cavity mucus of oysters. J. Exp.
Mar. Biol. Ecol. 162, 1-13. https://doi.org/10.1016/0022-0981(92)90121-P

Fistarol, G.O., Legrand, C., Selander, E., Hummert, C., Stolte, W., Granli, E., 2004.
Allelopathy in Alexandrium spp.: effect on a natural plankton community and on algal
monocultures. Aquat. Microb. Ecol. 35, 45-56. https://doi.org/10.3354/ame035045

Flores, H.S., Wikfors, G.H., Dam, H.G., 2012. Reactive oxygen species are linked to the
toxicity of the dinoflagellate Alexandrium spp. to protists. Aquat Microb Ecol 66, 199-209.

Ford, S.E., Bricelj, V.M., Lambert, C., Paillard, C., 2008. Deleterious effects of a nonPST
bioactive compound(s) from Alexandrium tamarense on bivalve hemocytes. Mar. Biol. 154,
241-253. https://doi.org/10.1007/s00227-008-0917-z

19



Galimany, E., Sunila, 1., Hégaret, H., Ramon, M., Wikfors, G.H., 2008. Experimental
exposure of the blue mussel (Mytilus edulis, L.) to the toxic dinoflagellate Alexandrium
fundyense: Histopathology, immune responses, and recovery. Harmful Algae 7, 702-711.
https://doi.org/10.1016/j.hal.2008.02.006

Guéguen, M., Bardouil, M., Baron, R., Lassus, P., Truquet, P., Massardier, J., Amzil, Z.,
2008. Detoxification of Pacific oyster Crassostrea gigas fed on diets of Skeletonema costatum
with and without silt, following PSP contamination by Alexandrium minutum. Aquat. Living
Resour. 21, 13-20. https://doi.org/10.1051/alr:2008010

Guillard, R.R.L., Hargraves, P.E., 1993. Stichochrysis immobilis is a diatom, not a
chrysophyte. Phycologia 32, 234-236. https://doi.org/10.2216/i0031-8884-32-3-234.1

Haberkorn, H., Lambert, C., Le Goic, N., Moal, J., Suquet, M., Guéguen, M., Sunila, I.,
Soudant, P., 2010a. Effects of Alexandrium minutum exposure on nutrition-related processes
and reproductive output in oysters Crassostrea gigas. Harmful Algae 9, 427-4309.
https://doi.org/10.1016/j.hal.2010.01.003

Haberkorn, H., Lambert, C., Le Goic, N., Guéguen, M., Moal, J., Palacios, E., Lassus, P.,
Soudant, P., 2010b. Effects of Alexandrium minutum exposure upon physiological and
hematological variables of diploid and triploid oysters, Crassostrea gigas. Aquat. Toxicol. 97,
96-108. https://doi.org/10.1016/j.aquatox.2009.12.006

Haberkorn, H., Tran, D., Massabuau, J.-C., Ciret, P., Savar, V., Soudant, P., 2011.
Relationship between valve activity, microalgae concentration in the water and toxin
accumulation in the digestive gland of the Pacific oyster Crassostrea gigas exposed to
Alexandrium minutum. Mar. Pollut. Bull. 62, 1191-1197.
https://doi.org/10.1016/j.marpolbul.2011.03.034

Halberg, F., 1969. Chronobiology. Annu. Rev. Physiol. 31, 675-726.
https://doi.org/10.1146/annurev.ph.31.030169.003331

Hégaret, H., Silva, P.M. da, Wikfors, G.H., Haberkorn, H., Shumway, S.E., Soudant, P.,
2011. In vitro interactions between several species of harmful algae and haemocytes of bivalve
molluscs. Cell Biol. Toxicol. 27, 249-266. https://doi.org/10.1007/s10565-011-9186-6

Heggeness, S.T., Starkus, J.G., 1986. Saxitoxin and tetrodotoxin. Electrostatic effects on
sodium channel gating current in crayfish axons. Biophys. J. 49, 629-643.
https://doi.org/10.1016/S0006-3495(86)83690-6

Hermabessiere, L., Fabioux, C., Lassudrie, M., Boullot, F., Long, M., Lambert, C., Le Goic,
N., Gouriou, J., Le Gac, M., Chapelle, A., Soudant, P., Hégaret, H., 2016. Influence of

gametogenesis pattern and sex on paralytic shellfish toxin levels in triploid Pacific oyster

20



Crassostrea gigas exposed to a natural bloom of Alexandrium minutum. Aquaculture 455, 118-
124. https://doi.org/10.1016/j.aquaculture.2016.01.001

Kodama, M., 2010. Paralytic shellfish poisoning toxins: Biochemistry and origin. Aqua-
Biosci. Monogr. 3, 1-38. https://doi.org/10.5047/absm.2010.00301.0001

Laabir, M., Amzil, Z., Lassus, P., Masseret, E., Tapilatu, Y., De Vargas, R., Grzebyk, D.,
2007. Viability, growth and toxicity of Alexandrium catenella and Alexandrium minutum
(Dinophyceae) following ingestion and gut passage in the oyster Crassostrea gigas. Aquat.
Living Resour. 20, 51-57. https://doi.org/10.1051/alr:2007015

Lambert, C., Soudant, P., Choquet, G., Paillard, C., 2003. Measurement of Crassostrea gigas
hemocyte oxidative metabolism by flow cytometry and the inhibiting capacity of pathogenic
vibrios. Fish Shellfish Immunol. 15, 225-240. https://doi.org/10.1016/S1050-4648(02)00160-
2

Lambert, C., Lelong, A., Chambouvet, A., Le Goic, N., Soudant, P., Hégaret, H., 2013. Non-
PSTs producing Alexandrium minutum have deleterious effects on Crassostrea gigas
haemocytes or spermatozoa, in vitro, and allelopathic effects on Chaetoceros neogracile, in:
Aquaculture, February 21-25, Nashville, Tennessee, USA.

Lassudrie, M., Soudant, P., Richard, G., Henry, N., Medhioub, W., da Silva, P.M., Donval,
A., Bunel, M., Le Goic, N., Lambert, C., de Montaudouin, X., Fabioux, C., Hégaret, H., 2014.
Physiological responses of Manila clams Venerupis (=Ruditapes) philippinarum with varying
parasite Perkinsus olseni burden to toxic algal Alexandrium ostenfeldii exposure. Aquat.
Toxicol. 154, 27-38. https://doi.org/10.1016/j.aquatox.2014.05.002

Lassus, P., Wildish, D.J., Bardouil, M., Martin, J.L., Bohec, M., Bougrier, S., 1996.
Ecophysiological study of toxic Alexandrium spp. effects on the oyster Crassostrea gigas.
Harmful Toxic Algal Blooms 409-412.

Lassus, P., Bardouil, M., Beliaeff, B., Masselin, P., Naviner, M., Truquet, P., 1999. Effect
of a continuous supply of the toxic dinoflagellate Alexandrium minutum Halim on the feeding
behavior of the Pacific oyster (Crassostrea gigas Thunberg). J. Shellfish Res. 18, 211-216.

Lassus, P., Baron, R., Garen, P., Truquet, P., Masselin, P., Bardouil, M., Leguay, D., Amzil,
Z., 2004. Paralytic shellfish poison outbreaks in the Penzé estuary: Environmental factors
affecting toxin uptake in the oyster, Crassostrea gigas. Aquat. Living Resour. 17, 207-214.
https://doi.org/10.1051/alr:2004012

Lassus, P., Amzil, Z., Baron, R., Séchet, V., Barillé, L., Abadie, E., Bardouil, M., Sibat, M.,
Truquet, P., Bérard, J.-B., Gueguen, M., 2007. Modelling the accumulation of PSP toxins in

Thau Lagoon oysters (Crassostrea gigas) from trials using mixed cultures of Alexandrium

21



catenella and Thalassiosira weissflogii. Aquat. Living Resour. 20, 59-67.
https://doi.org/10.1051/alr:2007016

Lassus, P., Chomérat, N., Hess, P., Nézan, E., 2016. Toxic and harmful microalgae of the
world ocean / Micro-algues toxiques et nuisibles de I’océan mondial, International Society for
the Study of Harmful Algae / Intergovernmental Oceanographic Commission of UNESCO. ed,
IOC Manuals and Guides. Denmark.

Latendresse, J.R., Warbrittion, A.R., Jonassen, H., Creasy, D.M., 2002. Fixation of testes
and eyes using a modified Davidson’s fluid: Comparison with Bouin’s fluid and conventional
Davidson’s fluid. Toxicol. Pathol. 30, 524-533. https://doi.org/10.1080/01926230290105721

Lelong, A., Haberkorn, H., Goic, N.L., Hégaret, H., Soudant, P., 2011. A new insight into
allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom
Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry.
Microb. Ecol. 62, 919-930. https://doi.org/10.1007/s00248-011-9889-5

Mardones, J.l., Dorantes-Aranda, J.J., Nichols, P.D., Hallegraeff, G.M., 2015. Fish gill
damage by the dinoflagellate Alexandrium catenella from Chilean fjords: Synergistic action of
ROS and PUFA. Harmful Algae 49, 40-49. https://doi.org/10.1016/j.hal.2015.09.001

Marie, D., Brussaard, C.P.D., Thyrhaug, R., Bratbak, G., Vaulot, D., 1999. Enumeration of
marine viruses in culture and natural samples by flow cytometry. Appl. Environ. Microbiol. 65,
45-52.

Mat, A.M., Massabuau, J.-C., Ciret, P., Tran, D., 2012. Evidence for a plastic dual circadian
rhythm in  the oyster Crassostrea gigas. Chronobiol. Int. 29, 857-867.
https://doi.org/10.3109/07420528.2012.699126

Mat, A.M., Haberkorn, H., Bourdineaud, J.-P., Massabuau, J.-C., Tran, D., 2013. Genetic
and genotoxic impacts in the oyster Crassostrea gigas exposed to the harmful alga Alexandrium
minutum. Aquat. Toxicol. 140-141, 458-465. https://doi.org/10.1016/j.aquatox.2013.07.008

Mello, D.F., Silva, P.M. da, Barracco, M.A., Soudant, P., Hégaret, H., 2013. Effects of the
dinoflagellate Alexandrium minutum and its toxin (saxitoxin) on the functional activity and gene
expression of Crassostrea gigas hemocytes. Harmful Algae 26, 45-51.
https://doi.org/10.1016/j.hal.2013.03.003

Navarro, J.M., Widdows, J., 1997. Feeding physiology of Cerastoderma edule in response
to a wide range of seston concentrations. Mar. Ecol. Prog. Ser. 152, 175-186.
https://doi.org/10.3354/meps152175

Ogata, T., Kodama, M., 1986. Ichthyotoxicity found in cultured media of Protogonyaulax
spp. Mar. Biol. 92, 31-34. https://doi.org/10.1007/BF00392742

22



Payton, L., Perrigault, M., Hoede, C., Massabuau, J.-C., Sow, M., Huvet, A., Boullot, F.,
Fabioux, C., Hegaret, H., Tran, D., 2017a. Remodeling of the cycling transcriptome of the
oyster Crassostrea gigas by the harmful algae Alexandrium minutum. Sci. Rep. 7.
https://doi.org/10.1038/s41598-017-03797-4

Payton, L., Perrigault, M., Bourdineaud, J.-P., Marcel, A., Massabuau, J.-C., Tran, D.,
2017b. Trojan horse strategy for non-invasive interference of clock gene in the oyster
Crassostrea gigas. Mar. Biotechnol. 19, 361-371. https://doi.org/10.1007/s10126-017-9761-9

Perrigault, M., Tran, D., 2017. Identification of the molecular clockwork of the oyster
Crassostrea gigas. PLoS ONE 12, e0169790. https://doi.org/10.1371/journal.pone.0169790

Pousse, E., Flye-Sainte-Marie, J., Alunno-Bruscia, M., Hégaret, H., Jean, F., 2018. Sources
of paralytic shellfish toxin accumulation variability in the Pacific oyster Crassostrea gigas.
Toxicon 144, 14-22. https://doi.org/10.1016/j.toxicon.2017.12.050

Salvi, D., Mariottini, P., 2017. Molecular taxonomy in 2D: a novel 1TS2 rRNA sequence-
structure approach guides the description of the oysters’ subfamily Saccostreinae and the genus
Magallana  (Bivalvia:  Ostreidae). Zool. J. Linn.  Soc. 179, 263-276.
https://doi.org/10.1111/z0j.12455

Shumway, S.E., Cucci, T.L., 1987. The effects of the toxic dinoflagellate Protogonyaulax
tamarensis on the feeding and behaviour of bivalve molluscs. Aquat. Toxicol. 10, 9-27.
https://doi.org/10.1016/0166-445X(87)90024-5

Tillmann, U., John, U., 2002. Toxic effects of Alexandrium spp. on heterotrophic
dinoflagellates: an allelochemical defence mechanism independent of PSP-toxin content. Mar.
Ecol. Prog. Ser. 230, 47-58. https://doi.org/10.3354/meps230047

Tillmann, U., John, U., Cembella, A., 2007. On the allelochemical potency of the marine
dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists. J.
Plankton Res. 29, 527-543. https://doi.org/10.1093/plankt/fom034

Tillmann, U., Alpermann, T., John, U., Cembella, A., 2008. Allelochemical interactions and
short-term effects of the dinoflagellate Alexandrium on selected photoautotrophic and
heterotrophic protists. Harmful Algae 7, 52-64. https://doi.org/10.1016/j.hal.2007.05.009

Tillmann, U., Alpermann, T.L., da Purificacdo, R.C., Krock, B., Cembella, A., 2009. Intra-
population clonal variability in allelochemical potency of the toxigenic dinoflagellate
Alexandrium tamarense. Harmful Algae 8, 759-769. https://doi.org/10.1016/j.hal.2009.03.005

Tillmann, U., Krock, B., Alpermann, T.J., Cembella, A., 2016. Bioactive compounds of

marine dinoflagellate isolates from western Greenland and their phylogenetic association

23



within the genus Alexandrium. Harmful Algae 51, 67-80.
https://doi.org/10.1016/j.hal.2015.11.004

Tran, D., Ciret, P., Ciutat, A., Durrieu, G., Massabuau, J.-C., 2003. Estimation of potential
and limits of bivalve closure response to detect contaminants: Application to cadmium.
Environ. Toxicol. Chem. 22, 914-920. https://doi.org/10.1002/etc.5620220432

Tran, D., Haberkorn, H., Soudant, P., Ciret, P., Massabuau, J.-C., 2010. Behavioral
responses of Crassostrea gigas exposed to the harmful algae Alexandrium minutum.
Aquaculture 298, 338-345. https://doi.org/10.1016/j.aquaculture.2009.10.030

Tran, D., Nadau, A., Durrieu, G., Ciret, P., Parisot, J.-P., Massabuau, J.-C., 2011. Field
chronobiology of a molluscan bivalve: How the moon and sun cycles interact to drive oyster
activity rhythms. Chronobiol. Int. 28, 307-317. https://doi.org/10.3109/07420528.2011.565897

Tran, D., Ciutat, A., Mat, A., Massabuau, J.-C., Hégaret, H., Lambert, C., Le Goic, N.,
Soudant, P., 2015. The toxic dinoflagellate Alexandrium minutum disrupts daily rhythmic
activities at gene transcription, physiological and behavioral levels in the oyster Crassostrea
gigas. Aquat. Toxicol. 158, 41-49. https://doi.org/10.1016/j.aquatox.2014.10.023

van den Pol, A.N., Obrietan, K., 2002. Short circuiting the circadian clock. Nat. Neurosci.
5, 616-618. https://doi.org/10.1038/nn0702-616

Wiese, M., D’Agostino, P.M., Mihali, T.K., Moffitt, M.C., Neilan, B.A., 2010. Neurotoxic
alkaloids: Saxitoxin  and its  analogs. Mar. Drugs 8, 2185-2211.
https://doi.org/10.3390/md8072185

Wikfors, G.H., Smolowitz, R.M., 1993. Detrimental effects of a Prorocentrum isolate upon
hard clams and bay scallops in laboratory feeding studies, in: Smayda T.J., Shimizu Y. (Ed.),
Toxic Phytoplankton Blooms in the Sea, Elsevier, New York. pp. 447-452.

Wildish, D., Lassus, P., Martin, J., Saulnier, A., Bardouil, M., 1998. Effect of the PSP-
causing dinoflagellate, Alexandrium sp. on the initial feeding response of Crassostrea gigas.
Aquat. Living Resour. 11, 35-43. https://doi.org/10.1016/S0990-7440(99)80029-1

Yang, W.-D., Xie, J., van Rijssel, M., Li, H.-Y., Liu, J.-S., 2010. Allelopathic effects of
Alexandrium spp. on Prorocentrum donghaiense. Harmful Algae 10, 116-120.
https://doi.org/10.1016/j.hal.2010.08.001

Yerushalmi, S., Green, R.M., 2009. Evidence for the adaptive significance of circadian
rhythms. Ecol. Lett. 12, 970-981. https://doi.org/10.1111/j.1461-0248.2009.01343.x

Zheng, J.-W., Li, D.-W., Lu, Y., Chen, J., Liang, J.-J., Zhang, L., Yang, W.-D., Liu, J.-S.,

Lu, S.-H., Li, H.-Y., 2016. Molecular exploration of algal interaction between the diatom

24



ACCEPTED MANUSCRIPT

Phaeodactylum tricornutum and the dinoflagellate Alexandrium tamarense. Algal Res. 17,
132-141. https://doi.org/10.1016/j.algal.2016.04.019

25



Figures

HH

Ny

. 50 - *kk

g oc2
g 0 40 - T mCl
:,;,%’ J mdc-GTX2
g §D 30 A mdc-GTX3
=T NGTX2
22 9. OGTX3
o
g -
2
L5 10

€

2

o

PST PST+BEC BEC

Fig. 1. Paralytic shellfish toxin accumulation (in pmol kg of wet digestive gland) in the digestive glands
of C. gigas exposed for 4 days to the PST strain (n = 14 oysters), the PST+BEC strain (n = 14 oysters),
or the BEC strain (n = 1 pool of 6 oysters) of A. minutum. Mean + SE. *** Significant difference is
indicated by p < 0.001 (Mann-Whitney test). No PSTs were detected in the pool of 6 oysters from the
BEC condition. The values are given as the mean contribution (in percentage molar concentration) of
each saxitoxin derivate to the global toxicity. STX and dc-STX were detected in digestive glands of
oysters in both conditions but are not presented because they represented less than 1% of total toxicity.
Saxitoxin (STX) and gonyautoxins (GTX2 and GTX3) belong to carbamate toxins. C-toxins (C1 and
C2) belong to N-sulfocarbamoyl toxins. dc-STX, dc-GTX2 and dc-GT X3 are decarbamoyl toxins.
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Fig. 2. Effect of three A. minutum strains producing PST, PST+BEC, or BEC, on the behavioral rhythm
of C. gigas. Chronobiological analysis was made for each condition, during the 4 last days of the
acclimation with non-toxic H. triquetra (top graphs), and during the 4-day exposure to A. minutum
(bottom graphs). To reveal significant rhythm, spectral analysis by Lomb and Scargle periodogram was
done first, the red dotted line corresponds to the significant threshold (p = 0.95), and the rhythmic
activity is characterized by the period of the condition. Then, the rhythm is validated by the p-value and
the percent rhythm (PR) of the Cosinor model. n = 4-7 oysters per condition. NS: Non-significant at p-
value = 0.05, i.e. no significant period.
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Fig. 3. Histological analysis (Hematoxylin-eosin stained paraffin sections) of gills of C. gigas exposed
to the BEC strain of A. minutum (A, B) or to the PST+BEC strain (C) and digestive gland of oysters
exposed to the PST strain (D, E). (A) Hemorrhage (Hm) between gill filaments (G), hemocyte diapedesis
(Hd) and infiltration (Hi) in gill filament, and A. minutum cells (Am) outside the gills; (B) Detail of
hemocytes surrounding (Hs) an A. minutum cell (Am); (C) Mucus (M) produced by gills (G); (D)
Moderate inflammatory responses in the stomach characterized by infiltration of hemocytes (Hi) in the
connective tissue (Ct) and intense hemocyte diapedesis (Hd) through stomach epithelium (Se), with an
A. minutum cell and hemocytes in the stomach lumen (SI); (E) Diapedesis through the epithelium of
digestive ducts (Dd) and tubules (T), and hemocyte infiltration (Hi) in the connective tissue.
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Fig. 4. Sum of mean intensities of each histopathological observations in the gills (A) and in the digestive
gland (B) of oysters C. gigas after a 4-day exposure to the PST, PST+BEC or BEC strain of A. minutum
(n =15 in each condition).
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Fig. 5. Hemocyte variables (mean £ SE) in the circulating hemolymph of oysters C. gigas after a 4-day
exposure to different strains of A. minutum: the PST strain (n = 18 oysters), the PST+BEC strain (n =
18 oysters) or the BEC strain (n = 19 oysters). (A) Total hemocyte count (cells mL?); (B) Percentage of
small agranulocytes; (C) Percentage of granulocytes; (D) Hemocyte mortality (percentage of dead
hemocytes). Letters indicate significant differences between conditions (ANOVA followed by post-hoc
Tukey HSD test).

28



Tables

Table 1
Valve activity behavior modifications of C. gigas induced by exposure to different A. minutum strains:

PST, PST+BEC and BEC strains. For each condition, Mann Whitney tests were used to compare the
mean hourly values of valve activity parameter between acclimation (n = 96 hours, i.e. 4 last days of
acclimation) and A. minutum exposure (n = 96 hours). For each condition, fold change of each valve
activity parameter was calculated by dividing the mean hourly value of the parameter for the condition
during A. minutum exposure by the mean hourly value during acclimation.

Condition  Valve-activity modifications between A. minutum exposure and acclimation

Opening duration Opening amplitude Micro-closure
Test  Fold change Test  Fold change Test Fold change
PST NS 1.06 NS 103 NS 0.88
PST+BEC *** 1.25 * 1.13 Fkk 1.84
BEC Fkk 1.55 xRk 1.23 Fkk 3.46
NS = non-significant
*p<0.05.
** < 0.01.
*x% ) < 0.001.
Table 2

Percentage (%) of A. minutum cells filtered by oysters during the 4-day exposure period to the PST,
PST+BEC and BEC strains. Mean £ SE, n = 3 tanks per condition.

Condition Day 1 Day 2 Day 3 Day 4

PST 93.6 +3.7 11000£0  1000+0  100.0+0
PST+BEC 61.3+2.0 625+23 85.0 + 0.5 95.6+ 2.6

BEC 503+ 1.7 148+2.4 418+27 532+ 4.6
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Table 3

Mean intensities of histological figures in C. gigas digestive gland and gills, after a 4-day exposure to
the PST, PST+BEC or BEC strain of A. minutum. Results are expressed as mean of stage intensity + SE
(n = 15), with stage 0 = absence or very light, stage 1 = light-moderate, and stage 2 = heavy. Letters
indicate significant differences between conditions (Kruskal-Wallis test followed by NDWD post-hoc

test).
Organs Pathologies Conditions Kruskal-
PST PST+BEC  BEC Wallis test
Digestive gland
Stomach Hemocyte infiltration 0.6+0.1 05%0.2 0.5+0.2 NS
Intestine 09+02 06+02 06+01 NS
Digestive ducts 0.9+0.2 0.7£0.2 09+£0.1 NS
Digestive tubules 1.2+0.1 1.1+0.1 11+£01 NS
Stomach Diapedesis 1.7+01* 12+02® 11+02> *
Intestine 0.9+0.2 09+0.1 05+0.2 NS
Digestive ducts 0.3+0.2 06+0.2 04+£0.1 NS
Digestive tubules 01+0.1 0£0 00 NS
Stomach Presence of A. minutum cellsin  1.1+£0.2 0.7+0.2 05+0.2 NS
Intestine the lumen 1.6+£0.1 1.2+£0.2 1.0£0.2 NS
Gills Hemocyte infiltration 06+028 0.9+0.2% 11+01°> *
Diapedesis 0.1+£0.1° 0.3+0.1° 0.8£0.1¢ ***
Hemorrhage 0+0? 0.3+02% 0.8+0.20 =**
Mucus production 05+0.1* 0.8+0.1* 11+02> *

NS = non-significant
*p <0.05.

**p <0.01.

***n < 0.001.
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