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Abstract

Green seawater discolorations caused by the marine dinoflagellate Lepidodinium
chlorophorum are frequently observed during the summer along the southern coast
of Brittany, France. Although there is no evidence that L. chlorophorum produces
toxins, green seawater discolorations are related to mortalities of filter feeding

animals. Here, we investigate the ecophysiological response of the Pacific oyster



Crassostrea gigas exposed to L. chlorophorum. Oysters were exposed for 48 hours
to a low concentration (500 cells mL™) and a bloom concentration (7500 cells mL™) of
L. chlorophorum and compared to controls fed with the haptophyte Tisochrysis lutea.
The direct consequences of L. chlorophorum exposure were assessed through
semiquantitative histochemical analysis. Thereafter, a 24h-recovery phase with a diet
based on T. lutea was studied using an individual ecophysiological measurement
system. We found that oysters successfully filtered L. chlorophorum cells with
increased mucus secretion in all tissues analyzed. Animals previously exposed to a
bloom concentration of L. chlorophorum exhibited significantly lower clearance rates
shortly after the exposition, probably reflecting the effect of exopolymer particles
produced by L. chlorophorum cells, and the subsequent production of mucus in the
mantle and gills. However, their absorption efficiency was two-fold higher than control
oysters exposed to T. lutea. The increase in absorption efficiency during the recovery
phase could be a compensation for a decrease of clearance rate occurred during the
exposure phase, interpreted as physiological depletion of C. gigas during green
seawater discolorations. For the first time, laboratory experiments showed how high

concentrations of L. chlorophorum can affect oyster physiology.

Key-words: harmful algae blooms, dinoflagellate Lepidodinium chlorophorum,

oysters Crassostrea gigas, ecophysiological impairment.
1. Introduction

Blooms of the marine dinoflagellate Lepidodinium chlorophorum (Elbrachter and
Schnepf, 1996; Hansen et al., 2007) have been recorded annually along southern
Brittany (North East Atlantic, France) since the last four decades and are responsible

for green seawater discolorations in affected coastal areas (Sournia et al., 1992;



Siano et al., 2020; Belin et al., 2021; Roux et al., 2022, 2023). Nonetheless, this
phenomenon and the responsible species have been observed in estuarine-coastal
waters worldwide (e.g., McCarthy, 2013; Géarate-Lizarraga et al., 2014; Rodriguez-
Benito et al., 2020; Siano et al., 2020; Serre-Fredj et al., 2021). Massive proliferations
of L. chlorophorum can reach densities greater than 10° cells L™ (Sourisseau et al.,
2016; Roux et al., 2022) and tend to occur particularly during the summer on the
southern coast of Brittany, with maximum abundances between June-July, persisting
for up to a few months (Siano et al., 2020; Belin et al., 2021; Roux et al., 2022).
Although L. chlorophorum is not known to produce toxins (Sournia et al., 1992),
green seawater discolorations could be considered harmful algae blooms (HABS),
since proliferations of this dinoflagellate have been frequently associated with mass
mortality events of fishes and cultured bivalves (Sournia et al., 1992; Chapelle et al.,
1994; Siano et al., 2020). Recently, it was suggested that L. chlorophorum post-
bloom hypoxic conditions, due to the recycling of organic matter and bacterial
remineralization process, might contribute to mass bivalve mortality events (Siano et

al., 2020; Roux et al., 2022).

Energetic condition of marine bivalves varies with food quality and availability
(Delaporte et al., 2006; Pernet et al., 2012; Garcia-Corona et al., 2018). High
abundances of some phytoplankton species can impair the feeding behavior of
bivalves (Bayne, 2002), potentially by over-loading their ingestion capacity (Beninger
and St-Jean, 1997) or by decreasing clearance rates (Hégaret et al., 2007).
Furthermore, it has been reported that the oyster Crassostrea gigas could reduce its
clearance, ingestion, and biodeposition rates when exposed to HABs species, such
as the dinoflagellate Alexandrium minutum (Bougrier et al., 2003; Lassus et al., 2004;

Pousse et al., 2018). In an attempt to contribute to the understanding of the main



physical and chemical assumptions related to oyster’s energy allocation, Pouvreau et
al. (2006) developed a Dynamic Energy Budget model. This approach described the
rates at which C. gigas could assimilate and use energy from phytoplankton to invest
it in primarily physiological traits, such as growth and reproduction (Bourlés et al.,
2009; Alunno-Bruscia et al., 2011; Thomas et al., 2016). The ecophysiological
Dynamic Energy Budget modeling suggested that L. chlorophorum did not contribute
to oyster’s growth probably reflecting low assimilation (Pouvreau et al., 2006).
However, this hypothesis still needs to be validated experimentally as Lepidodinium
chlorophorum has an equivalent spherical diameter of 20 um (Garcia-Oliva et al.,
2022), which corresponds to a diameter that can be filtered by C. gigas oysters

(Dupuy et al., 2000).

Beyond its ability to form large blooms in coastal waters, another potentially harmful
effect of green seawater discolorations is the excretion of large amounts of
transparent exopolymer particles (TEPs) by L. chlorophorum cells (Claquin et al.,
2008; Roux et al., 2021, 2022). TEPs are defined as particles > 0.22 um in size which
may affect filtration rates in bivalves (Riisgard and Larsen, 2007). Moreover, TEPs
can alter the ingestion rates of oysters, as previously observed for C. virginica
exposed to high densities of Aureoumbra lagunensis, a non-toxic pelagophyceae
which cause brown tides (Gobler et al., 2013; Galimany et al., 2017). Roux et al.
(2022) suggested that the recycling of TEPs excreted by green seawater
discolorations could accentuate hypoxia likely contributing to fauna mortalities. It is
also questionable whether high TEP concentrations produced by L. chlorophorum
could alter the filtration, ingestion, and absorption rates of the oyster C. gigas. To our
knowledge, no study has investigated whether L. chlorophorum can be filtered by the

oyster C. gigas, especially at high concentrations such as those assessed during



green seawater discolorations, and whether oysters are physiologically affected by

the ingestion of this dinoflagellate.

Our main objective was to investigate the ecophysiological response of the oyster C.
gigas to L. chlorophorum exposure. We first evaluated the direct impact of the L.
chlorophorum exposure on oyster tissues though histological analysis. Then we
investigated the short-term consequences of L. chlorophorum exposure on oysters
through measurements of clearance and respiration rates and absorption efficiency
during the recovery phase. We expected that oysters exposed to L. chlorophorum
would reduce their metabolic rate, as is usually the case with a poor quality (or toxic
or fasting) diet and thus compensate during the recovery period. This experiment is
the first attempt to understand to the issue oyster mortalities caused by green

seawater discolorations observed in the natural environment.

2. Materials and methods

2.1.Source and management of oysters

The 195 oysters necessary for this study were produced in September 2020 at the
Ifremer hatchery facilities in Argenton, France, following the procedures described by
Petton et al. (2015). The juveniles (40 days old, 30.1 £ 8.4 mm, 9 + 2.3 g) were
maintained for 30 days in a 500 L nursery running system continuously supplied with
filtered seawater (1 um) at 18 = 1 °C. The animals were daily fed with a mixed diet
consisting of the Prymnesiophycidae Tisochrysis lutea (CCAP927/14), and the
diatom Chaetoceros gracilis (CCAP 1010/3), 1:1 dry weight. These conditions were
adapted for the animals between experiments in order to reduce the food intake
according to the natural growth of the animals. More specifically, oysters were fed

with the mixed diet of the two micro-algae equal to 2% dry weight algae / dry weight



oyster per day and per oyster (50% Tisochrisis lutea and 50% Chaetoceros gracilis),

as described in Fabioux et al (2005).
2.2.Microalgae cultures

The dinoflagellate L. chlorophorum strain RCC6911 (RCC: Roscoff Culture
Collection; http://roscof-culture-collection.org/) isolated in the Vilaine Bay (southern
Brittany, France) in 2019 was grown in several 500 mL batch cultures using
autoclaved filtered (1 um) seawater supplemented with L1 medium (Guillard and
Hargraves, 1993) for a total of 120 L of culture (40 L per experiment) which was the
maximum feasible volume for the laboratory facilities. Cultures were maintained at 21

+ 1 °C and 70 umol photon m? s, with a dark: light cycle of 12:12 h.

The strains of T. lutea were obtained from the Argenton hatchery (Ifremer — France)
and cultures were produced in 300 L cylinders containing 1 um-filtered seawater
enriched with Conway medium (Walne, 1970) and maintained at 22 + 1 °C, air-CO,
(0.45 %), and continuous aeration and light (78 umol photon m? s™). Both cultures
(L. chlorophorum and T. lutea) were harvested in the exponential growth phase (8
days; ~ 13 x 10° cells mL™, and 6 days; ~ 9000 x 10° cells mL™, respectively) for the

feeding experiments.
2.3. Experimental design
2.3.1 Exposure experiment

On the 12" April 2021, a laboratory experiment was performed 1) to determine
whether the oysters could filter cells of L. chlorophorum and, 2) to investigate the
impact of the dinoflagellate on oyster’s physiology (Fig. 1). Our experimental design
consists of two phases: an initial exposure of 48h to different diets followed by a

recovery period of 24h under a standard diet. Prior to the start of experiment, initial



biometric analyses (length, width, fresh and dry flesh, and shell weight) were
performed (N=10; Table S1). Oysters were fasted for 72h to clear their gut and

randomly placed in tanks and exposed to different diets.

For the exposure phase, 65 oysters were placed in 7 L tanks and exposed to three
feeding conditions (Fig. 1A): 1) a control condition with T. lutea (59,796 cells mL™; T.
lutea), 2) L. chlorophorum in low concentration (640 cells mL™; L. chlorophorum-low),
corresponding to the same bio-volume as T. lutea and, 3) L. chlorophorum in high
concentration (7,440 cells mL™; L. chlorophorum-bloom). For each feeding condition,
an additional tank, without oysters, was used as control in order to follow the growth
dynamic of phytoplankton cultures throughout the experiment (Fig. 1A). All tanks
were equipped with a pump (Aqua-power 200, SuperFish, at 200 L h™) to limit the
sedimentation of phytoplankton cells, and an oxygen bubbler (Hobby; 50 mm). The
temperature of the room was 20 + 1°C and light was continuous (78 pmol photon m™
s™ on average in the room). The oysters were fed twice daily, 5 hours apart.
Seawater temperature, salinity, pH, oxygen saturation and phytoplankton cell
concentrations were measured every 10 min for 90 min after each feeding (Oh, 5h,
24h and 29h) both in the oyster tanks and in the control tanks (Fig. 1). In order to
estimate the photo-physiological status of phytoplankton cells, the maximum
guantum efficiency of the photosystem Il was measured at the beginning and end of
each feeding as well as TEP concentrations (Fig. 1B). In addition, ten oysters per
condition were randomly collected for histological analysis after 48h of exposure

(N=10; Fig. 1B).

For the recovery phase, oysters previously exposed to the different diets were placed
in individual chambers of an ecophysiological measurement system (Pousse et al.,

2018). This system allows to measure continuously physiological rates of eight



individual oysters and one control blank (without oyster). The tested oysters were
continuously fed with T. lutea to measure the consequence of prior exposures on
individual clearance and respiration rates, and absorption efficiency. Oysters
previously exposed to T. lutea (N=2), L. chlorophorum-low (N=2), L. chlorophorum-

bloom (N=4) were studied (Fig. 1).
2.3.2 Additional experiments

Additional experiments were conducted under similar environmental conditions to
increase the number of replicates available for recovery analysis (Fig. S1). Before the
start of each additional experiment, we verified that oysters had similar morphological

characteristics (ANOVA, P>0.05, N=5-10; Table S1).

On the 16™ March 2021 (Fig. S1A), 65 oysters were placed in 7 L tanks and exposed
to T. lutea (59,276 cells mL™) or L. chlorophorum-low (622 cells mL™) conditions. For
the recovery phase, oysters previously exposed to T. lutea (N=3) and L.

chlorophorum-low (N=3) were investigated (Fig. S1A).

Finally, an additional experiment was conducted on the 27" April 2021 (Fig. S1B).
Due to the limited amount of L. chlorophorum available, only 25 oysters were placed
in 3.5 L tanks and exposed to the three feeding conditions: T. lutea (52,058 cells mL"
1, L. chlorophorum-low (742 cells mL™), L. chlorophorum-bloom (7,148 cells mL™).
For the recovery phase, oysters previously exposed to T. lutea (N=8), L.

chlorophorum-low (N=8) and L. chlorophorum-bloom (N=8) were studied (Fig. S1B).
2.4.Environmental parameters

Temperature (°C), pH, salinity (PSU), and oxygen saturation (%) were measured
using a multi-parameter probe (WTW Multi 3430) in all tanks during the 48 h of

exposure to ensure that environmental conditions were favorable for the



development of oysters. After each feeding, we estimate phytoplankton cell
concentrations in each tank (pm3 mL ™) using a Beckman Coulter Multisizer (range: 0-
200 pm? for T. lutea, and 400-6000 pm? for L. chlorophorum). Furthermore, the
photo-physiological status of phytoplankton cells was controlled by measuring the
maximum quantum efficiency of the photosystem Il at 455 nm (Flash Pulse = 20%),
using an Aquapen-C 100 fluorimeter (Photon Systems Instruments), maintaining 3
mL by triplicate in the dark for 15 min (Kromkamp and Forster, 2003), before

measurement.

The concentration of TEPs was determined using a semi-quantitative method based
on the colorimetric determination of the amount of dye conjugated with extracellular
particles (Claquin et al., 2008 adapted from Passow and Alldredge, 1995). Briefly,
triplicate samples of 20 mL of seawater were gently filtered through 0.4 um
polycarbonate membrane filters (Whatman® Nuclepore™ Track-Etched Membrane).
Subsequently, particles retained on the filter were stained with Alcian Blue solution
(Sigma). After one night of drying at 50 °C, 6 mL of 80% H,SO, were added, and 2 h
later, the absorption of the supernatant was measured using a spectrometer at 787
nm (Shimadzu UV-2600). Alcian blue absorption was calibrated using a solution of

Xanthan gum. The TEP concentrations were expressed in pg Xeq L.
2.5.Semiquantitative histochemistry

After 48 h of exposure 10 oysters per feeding condition were sampled (N=10). The
meat was carefully excised from the shell, and cross-sections of the mid-visceral
mass (~1 mm?®) from each oyster were fixed in Davidson solution (Kim et al., 2006)
for 48h, and preserved in ethanol 70 % until processing. Tissue samples were
dehydrated in ethanol, embedded in paraffin (Paraplast Plus, Leica Biosystems,

Richmond, IL, USA), and thin-sectioned (4-um) using a rotary microtome (Leica RM



2155, Wetzlar, DE). Then, sections were mounted on glass slides, deparaffinized and

cleared in xylene, and rehydrated in regressive series of ethanol before staining.

A series of 2 consecutive sections were performed for each sample, which were used
for (i) multichromic staining using a combination of Alcian Blue and Periodic Acid-
Schiff’s for the demonstration of acid mucopolysaccharides and neutral
glycoconjugates, in blue and magenta tones, respectively, and hematoxylin blueing
for nuclear materials (Costa and Costa, 2012; Garcia-Corona et al., 2022), and (ii)
Hematoxyline/eosin staining (Kim et al., 2006) to analyze the general morphology
and potential histopathologies of the tissues. Slides were mounted in DPX resin and

examined under a Zeiss Axio Observer Z1 light microscope.

The histological sections stained with the multichromic technique were digitalized at
high resolution (600 dpi; 40x), and three randomly selected images from each tissue
(mantle, gills, stomach, intestine, and digestive gland) were processed with the
Image-Pro Premier v.9.0 software (Media Cybernetics, Bethesda, MD, USA). The
software relies on automatic calculations of the area occupied by acid and neutral
glycoconjugates (Diaz et al., 2008) based on the segmentation of pixels in the image
in relation to the intensity of the specific color of each biochemical component
according to the staining procedure mentioned above (Rodriguez-Jaramillo et al.,
2008). The Acid GLycoConjugates index (AGLC) and the Neutral GLycoConjugates
index (NGLC) were calculated based on the formula described by Garcia-Corona et

al. (2018):

area occupied by acid or neutral glycoconjugates

AGLC/NGLC (%) = % 100

area occupied by the tissues

Furthermore, a three-level semi-quantitative scale (0 = absent, 1 = low presence, 2 =

moderate presence, and 3 = high presence) was established to assess the intensity



of the histopathological features evaluated on the different tissues of the oysters, as

described in Fabioux et al. (2005).
2.6.Ecophysiological measurements

We overall measured the individual clearance (L h™ g™ dw std) and respiration (mg
0, h™* g* dw std) rates of oysters after 48h of exposition to T. lutea (N=13), L.
chlorophorum-low (N=13) and L. chlorophorum-bloom (N=12). The ecophysiological
measurement system consists of nine identical 0.54 L flow-through acrylic chambers
supplied with T. lutea culture pumped from a tank (Pousse et al., 2018). Each
chamber contained one single oyster, except for an empty chamber kept as a control
(Fig. 1A). Flow rate in the chamber was adjusted to 40 mL min™ using two peristaltic
pumps (Masterflex L/S 7551, Cole Parmer, USA). The temperature (°C) and
fluorescence (FFU) of the seawater were measured for 15 min in the outflow of each
chamber using a WTW multiparameter meter (WTW Multi 3430) and a fluorometer
(WETstar chlorophyll, WETLABS, Philomath, USA), respectively. Calibration lines
obtained from cell counts allowed recalculating phytoplankton cell concentrations
from fluorescence values. These instruments were connected to a computer for the
visualization and acquisition of high-frequency time series data. The fluorescence of
the water out-flowing from chambers was monitored sequentially for a 15 min cycle.

This protocol allowed the monitoring of each chamber every 3.5 h for 24 hours.

For each chamber, the individual clearance rate (CR) of each oyster was estimated

as:

Cec X C
CR:flxM



where fl is the flow rate through the chamber (L h™), Ccc is the concentration of
phytoplankton in the control chamber (CC) and Cy is the concentration of

phytoplankton in a chamber with an oyster (Bayne, 2017; Tallec et al., 2021).
The individual respiration rate (RR) is defined as:
RR= fl X(OCCXON)

where fl is the flow rate through the chamber (L h™), Occ and Oy are the
concentrations of O, (mg O? L) in the control chamber and in a chamber with the
oyster, respectively (Savina and Pouvreau, 2004; Tallec et al., 2021). At the end of
each run, oysters were sacrificed and stored at -20°C before measuring the dry flesh
weight in order to calculate mass standardized clearance and respiration rates for an

equivalent individual of 1 g dry tissue (Bayne et al., 1987; Tallec et al., 2021).

After 24h, absorption efficiency (AE, %) of organic matter (OM) from ingested T. lutea
cells (OM+ uea = 94%) was calculated according to Conover’'s method by collecting

feces from each chamber:

A= —L 7% w100
T d-oxf

where f corresponds to the organic fraction of the diet and e is the organic fraction of

the feces (Conover, 1966; Iglesias et al., 1998).

2.7.Statistical analysis

The data were statistically analyzed using command lines in the R language (R v.
4.0.2, R Core Team, 2020). Shapiro—Wilk and Bartlett tests were applied to confirm
the normality of frequencies and homogeneity of variances of the residuals of the
data, respectively (Hector, 2015). Separate unifactorial analyses of variance

(ANOVA) and Chi-square test (x°) were applied to each tissue of analyzed by



histochemistry to detect significant differences in quantitative indices (AGLC and
NGLC), and histopathological features, respectively, as a function of the three
experimental food regimes. As needed, Tukey’'s HSD test were applied to identify
differences between means (Zar, 2010). Mixed model ANOVAs were performed to
determine differences in the clearance and respiration rates as a function of food
regime, time and experiment. Main factors were food regime (L. chlorophorum-low, T.
lutea, L. chlorophorum-bloom) and time. The experiment was considered as a
random factor. The repeated option was applied to the time to take into account
temporal dependence. Furthermore, a one-way ANOVA was run to measure
significant differences in the food-absorption efficiency data as a function of food
regime. Prior to analysis, an angular transformation (arcsine VP) was applied to the
values expressed in percentages, but data are reported untransformed as the mean
+ standard deviation (SD) except when indicated. The level of statistical significance

was set at P <0.05 for all analyses (Zar, 2010).

3. Results

3.1 Physicochemical parameters

Physicochemical parameters were monitored in the six tanks (three oyster tanks and
three control tanks without oysters) for each food-regime during the 48 h of the
exposure experiment (Fig. 2). Temperature and salinity remained stable during the
48 h in both controls and treatments, with values of 20.6 + 0.6 °C (Fig. 2A, B) and
35.4 £ 0.4 (Fig. 2C, D), respectively. As shown in Fig. 2E, no major changes were
observed in the pH of the control tanks during the 90 min after each feeding,
nonetheless, values of pH decreased according to respiration and consumption of

phytoplankton cells by the oysters (Fig. 2F). Oxygen saturation remained stable for



the three control tanks (98.7 £ 1.8%, Fig. 2G). In contrast, oxygen showed a higher
temporal variability in the L. chlorophorum-low and L. chlorophorum-bloom

conditions, ranging from 86.1% to 105.3% (Fig. 2H).
3.2 Phytoplankton and TEP concentrations

Microalgae concentrations in the controls were up to 10-fold higher in the L.
chlorophorum-bloom condition than in the L. chlorophorum-low and T. lutea
conditions during the first 24 h of the exposure experiment (Fig. 3A). Nonetheless,
after 90 min of each feeding, cell concentration drastically decreased in the oyster
tanks from 14 x 10° + 1.6 x 10° um® mL™ to 0.49 x 10° £ 0.16 x 10° um® mL™ in the
L. chlorophorum-bloom condition (Fig. 3B). Similarly, cell concentration decreased
from 1.3 x 10% + 0.18 x 10° um® mL™? t0 0.17 x 10° + 0.071 x 10° pm®* mL ' in the L.
chlorophorum-low condition, and from 2.6 x 10° + 0.36 x 10° um® mL™ to 0.11 x 10° +
0.048 x 10° um® mL™* in the T. lutea condition (Fig. 3B). For the three conditions,
oysters filtered more than 85% of the available phytoplankton prior the subsequent
feeding (Fig. 3B). On the other hand, the maximum quantum efficiency of the
photosystem Il was 0.6 = 0.1 for L. chlorophorum cultures, and 0.7 = 0.0 for T. lutea
throughout the experiment (data not shown), which indicates the good physiological

state of the algae during experimental conditions.

In the control tanks, TEP concentration increased steadily over time (Fig. 3C), with
the maximum values measured in the L. chlorophorum-bloom condition after 48 h
(9,681 + 1,566 pg Xeq L™). These values were twice higher as those recorded in the
L. chlorophorum-low and T. lutea conditions at the end of the exposure experiment
(Fig. 3C). In the oyster tanks (Fig. 3D), a constant increase in TEP concentrations
was observed up to highest levels in the L. chlorophorum-low (621 + 35 to 3,527 +

402 pg Xeq L™ and T. lutea conditions (1,034 + 161 to 4,331 + 577 pg Xeq L™) after



48 h of exposure. Notwithstanding, during the first 24 h of exposure, TEP
concentrations were higher in the L. chlorophorum-bloom condition (3,031 + 936 ug
Xeq L™ than in the L. chlorophorum-low and T. lutea conditions (1,217 + 483 g Xeq
L, and 1,201 + 605 pg Xeq L™, respectively). Afterwards, TEP’s in the L.
chlorophorum-bloom condition decreased by 60% after 90 min of the first feeding,
and remained stable until the end of the exposure experiment (3,327 + 245 ug Xeq L’

! Fig. 3D).
3.3 Histochemical analysis after exposure

The microanatomical inspection of the oysters collected after 48h of exposure to the
three different food-regimens allowed to observe the presence of some
histopathologies, as well as the production of acid glycoconjugates (AGLC = mucus)
and the storage of neutral glycoconjugates (NGLC = glycogen) in some tissues such
as the mantle, gills, stomach, intestine, and digestive gland (Fig. 4A-0O). In the
mantle, the strongest amount of mucus-producing globose cells was observed in
oysters exposed to the L. chlorophorum-bloom condition (Fig. 4A), while the
presence of glycogen granules was observed in the vesicular connective tissue of
animals fed with T. lutea (Fig. 4C). A similar pattern was found in the gills, with the
highest number of mucus cells in the gill filaments of oysters exposed to the L.
chlorophorum bloom (Fig. 4D) and the lowest in animals exposed to T. lutea (Fig.

4F).

As shown in figs. 4G and 4l, a significant hemocytic infiltration was found in the
stomach epithelium of oysters fed with the L. chlorophorum-bloom and T. lutea
regimens, with an important mucus production by the globose cells in oysters
exposed to L. chlorophorum bloom (Fig. 4G). In the intestinal epithelium, a large

amount of mucus-producing cells was observed in the conditions where the oysters



were exposed to L. chlorophorum cells (Fig. 4J-K), while the inclusion of glycogen
granules in the intestinal epithelium was found in the oysters fed with the L.
chlorophorum-bloom diet (Fig. 4J). Finally, as seen in figs. 4M-N, the strongest
amounts of AGLC was found in the digestive cells of the digestive diverticula of
oysters exposed to L. chlorophorum. Notwithstanding, no globose mucus-producing
cells were observed embedded in the epithelium of the digestive diverticula. Whereas
the presence of NGLC was mainly observed in the digestive glands of oysters fed
with the L. chlorophorum-bloom and T. lutea regimens (Fig. 4M and 40,

respectively).

After a semiquantitative immunohistochemical evaluation, no differences (P >0.05)
were found in the deformation and vacuolation in the epithelia of any of the tissues
between the different experimental conditions analyzed in this work (Table 1).
Nonetheless, a significant hemocyte infiltration was measured in the stomach
epithelium of oysters exposed to the L. chlorophorum-bloom and T. lutea feeding
regimes (Table 1). The highest amounts (P< 0.05) of AGLC were found in the mantle,
gills, stomach, and digestive gland of oysters fed with the L. chlorophorum-bloom
diet, where the digestive gland was the organ with the highest AGLC index, followed
by the intestine and stomach (Table 1). Furthermore, as shown in Table 1, the
highest amounts of NGLC were observed in the stomach, intestine, and digestive
gland of oysters fed with the L. chlorophorum-bloom diet, while the largest amounts

(P <0.05) of NGLC in the mantle where quantified in animals fed with T. lutea.
3.4 Ecophysiological response during recovery

Food and time interacted in their effect on clearance rate (Table S2). At the beginning
of the recovery phase, clearance rate was 2.3-2.7 time higher in the T. lutea condition

than in the L. chlorophorum-low and L. chlorophorum-bloom conditions (Fig. 5A).



Clearance rate of oysters in the T. lutea condition declined gradually throughout the
experiment and became similar to that observed in the other conditions after 11 h for
which it was stable (Fig. 5A). The respiration rate varied as a function of time and
food regime (Table S2 and Fig. 5B). Respiration was stable throughout the recovery
period but increased slightly at the end (Fig. 5B). Overall, respiration rate of oysters
was lower in animals fed L. chlorophorum-low. Finally, absorption efficiency of
oysters previously exposed to L. chlorophorum-bloom and L. chlorophorum-low

conditions was twice as high as that of the T. lutea condition (P<0.05; Fig. 6).

4. Discussion

For the first time, we suggest that the oyster successfully filters and ingests L.
chlorophorum but there is a physiological cost to this. In particular, we have observed
that this dinoflagellate produces TEPs which may be the cause of a decrease in
filtration activity and generalized tissue lesions, with a negative impact on energy

reserves.

Here we show that L. chlorophorum produces TEPs but still, oysters can ingest the
dinoflagellate. However, it has been documented that benthic suspension feeders are
capable to produce significant amounts of TEPs under field and laboratory conditions
(Li et al., 2008), such as the oyster C. virginica (McKee et al., 2005). While TEP
production by C. gigas cannot be completely excluded, the concentrations measured
in the control tanks allowed to confirm that L. chlorophorum was the main producer of
TEPs during the experiment, without the inhibition of filtration rates in L.
chlorophorum-bloom condition after 48 h. Nevertheless, these results were obtained

under controlled conditions, with sequential feedings. In estuarine-coastal



ecosystems, biological and physical processes can deeply affect the coagulation of
TEPs (Alldredge et al., 1993; Passow et al., 2001) and therefore strongly modify the
particles size spectrum available for oysters during a green seawater discoloration.
Hence, the ecophysiological response observed in this work remains to be confirmed

under green seawater discolorations in the field.

There is evidence that HABs may cause histopathological lesions in exposed
bivalves (Estrada et al., 2010; Hégaret et al., 2012; Lassudrie et al., 2020; Garcia-
Corona et al., 2022). The most common histopathological alterations observed in
bivalve tissues are sudden increases in hemocyte infiltration, cellular apoptosis,
autophagy, and vacuolation (Estrada et al., 2010; Hégaret et al., 2010, 2012; Garcia-
Corona et al., 2022; Rodriguez-Jaramillo et al., 2022), as well as melanization of gills
and mantle, edema, delamination and atrophy of the digestive tubules (Estrada et al.,
2010; Haberkorn et al., 2010; Medhioub et al., 2012; Lassudrie et al., 2014; Neves et
al., 2019), and mucus production through epithelial irritation (Gao et al., 2021). In the
present study, the exposition to the non-toxic dinoflagellate L. chlorophorum induced
some histopathological lesions (mainly hemocyte infiltration, as well as deformation
and vacuolation of epithelia) in different tissues of the oysters; but no significant

differences were observed in the intensity of these lesions among food regimes.

Notwithstanding, the histochemical analysis revealed an inflammation and
mechanical stress through the significant mucus production in most of the tissues of
oysters exposed to L. chlorophorum in both L. chlorophorum-bloom and L.
chlorophorum-low conditions, particularly in those tissues that represent a primary
barrier to the environment (mantle and gills), where the highest proliferation of
mucus-producing cells was observed. The production of mucus by marine

invertebrates has been commonly interpreted as an innate response to stressful



environmental conditions, like exposure to pathogens or contaminants (Izzetoglu et
al., 2014; Martins et al., 2014; Ghosh, 2020), but this histopathology has been also
documented as a sign of mechanical stress in C. gigas after the exposure to HABs of
the toxic dinoflagellate Alexandrium catenella (Gao et al., 2021). Additionally, high
amounts of acid glycoconjugates were observed in the cytoplasm of the digestive
cells of oysters exposed to L. chlorophorum in this work. Since the presence of
mucus-producing globose cells embedded in the epithelium of the digestive
diverticula was not observed, the blue staining in the digestive glands of C. gigas
could be attributed to the ingestion of the significant amounts of TEPs produced by L.
chlorophorum. Indeed, Gobler et al. (2008) found that the presence of the brown
dinoflagellate Cochlodinium polykrikoides induced an inflammatory response in
tissues of several shellfish species, which might be related to the extracellular
polysaccharides produced by harmful phytoplankton. This evidence suggests that the
ingestion of TEPs produced during green seawater discolorations could trigger an
inflammatory response in the digestive glands of affected C. gigas. Further research

is needed to strengthen this idea.

To our knowledge, this is the first evidence suggesting that massive proliferations of
L. chlorophorum can be detrimental to the physiological state of C. gigas. It is also
important to highlight that oysters were exposed to relatively low cell densities
compared to those generally used under experimental approaches to assess the
negative impacts of dinoflagellates on oyster tissues (Hégaret et al., 2010, 2012);
nonetheless, the concentrations of L. chlorophorum used in this study were similar to
those recorded in situ during green seawater discolorations. Furthermore, it cannot

be completely excluded that a longer exposure to L. chlorophorum (up to several



weeks as occurs during green seawater discolorations) could potentially induce

microanatomical lesions on C. gigas tissues.

The histochemical analyses revealed significantly higher amounts of neutral
glycoconjugates (= glycogen) in the digestive tissues of oysters exposed to the L.
chlorophorum-bloom condition. In marine bivalves, the assimilation and transport of
food-nutrients is mediated by the hemocytes mainly in the digestive epithelia during
periods of high food availability (Gabbott, 1975; Barber and Blake, 2006). These
results confirms that the oysters were able to ingest L. chlorophorum cells in the
same way as the cells of T. lutea. Nevertheless, in some species with a conservative
strategy (Lépez-Carvallo et al., 2017; Garcia-Corona et al., 2018), and particularly in
C. gigas (Rodriguez-Jaramillo et al., 2008, 2022), the storage of energy substrates,
such as glycogen, occurs primarily in the mantle to fuel growth and reproduction.
Thus, finding significantly lower amounts of glycogen granules in the mantle of
oysters from the L. chlorophorum-bloom condition than in those fed with T. lutea
suggest that the phytoplankton-ingestion in animals exposed to L. chlorophorum did
not contribute equally to energy reserves. These findings represent an innovative
result compared to the current literature, and corroborate the previous hypothesis
based on the Dynamic Energy Budget model, suggesting that oysters have a low
food-nutrient absorption efficiency from L. chlorophorum (Pouvreau et al., 2006;
Bourlés et al., 2009; Alunno-Bruscia et al., 2011; Thomas et al., 2016). To validate
this hypothesis, further analysis of the nutritional value of L. chlorophorum cells and

bioenergetics of C. gigas during green seawater discolorations are needed.

Several studies have investigated the direct impact of HABs exposure on oyster
physiological rates. We expected that oysters exposed to L. chlorophorum would

reduce their metabolic rates, as usually occurs with poor quality or toxic diet, and



thus compensate during the recovery period. It has been reported that the oyster C.
gigas could reduce clearance, ingestion, and biodeposition rates when exposed to
toxic Alexandrium minutum (Bougrier et al., 2003; Lassus et al., 2004; Pousse et al.,
2018). Here we found that during the 24 h of the recovery phase, the clearance rate
measured between 1.4 h and 11 h was significantly higher in the T. lutea control
condition than in the L. chlorophorum-bloom and L. chlorophorum-low conditions.
The clearance rate of suspension-feeding bivalves has been considered the main
responsive component of filter behavior under changing environmental conditions
(Hawkins et al., 2001; Cranford et al., 2005; Hégaret et al., 2007; Estrada et al.,
2010). During the 48 h exposure phase, oysters in the L. chlorophorum-bloom
condition were exposed to the highest amounts of TEPs produced by L.
chlorophorum, which could increase the viscosity of seawater (Kesaulya et al., 2008;
Seuront and Vincent, 2008). Modification of seawater viscosity could strongly affect
filtration rates in bivalves since it has been shown this controls the cilia beat
frequency in Mytilus edulis (Riisgard and Larsen, 2007). Although seawater viscosity
was not estimated in this work, a new hypothesis suggests that TEPs excreted by L.
chlorophorum at bloom concentrations could affect the oyster gills through a
significant mucus production, resulting in a decreasing clearance rate shortly after

exposure to green seawater discolorations.

Previous investigations have shown significant decreases in C. virginica clearance
rates when fed with high densities of A. lagunensis, known to excrete exopolymers
and form dense brown tides (Gobler et al., 2013). The authors suggested that
pseudo-feces production by the oysters was not enough to compensate for the high
seston loads during A. lagunensis bloom (Gobler et al., 2013). In the field, Galimany

et al. (2017) reported a decrease in clearance rate while absorption efficiency



remained constant, suggesting that C. virginica was able to sustain its feeding
requirements during the brown tides. The stickiness of TEPs could inhibit the activity
of cilia and impairs the transport of particles to the mouth (Galimany et al., 2017).
Interestingly, oysters previously exposed to L. chlorophorum bloom showed a lower
clearance rate within the first hours of the short-term recovery experiment, while
absorption efficiency was 2-fold higher compared to the control. This increase in food
absorption without pseudo-feces production during the recovery phase could suggest

a compensation response for a decrease that occurred during the exposure phase.

The exposition of C. gigas to L. chlorophorum does not appear to strongly affect the
individual respiration rate during recovery. Nonetheless, a recent field investigation
reported high TEP concentrations during green seawater discolorations, setting
hypoxia conditions following this event (Roux et al., 2022). Bacterial remineralization
might sustain bloom development for more than one month, causing hypoxia, and
likely contributing to bivalve mortality (Roux et al., 2021, 2022). The reduction of
feeding activity and oxygen consumption is a common physiological response to
hypoxia in marine bivalves (Sobral and Widdows, 1997; Hicks and McMahon, 2002).
Therefore, an increase in exposure time would provide further information on the
potential effect of L. chlorophorum blooms through the hypoxia phenomena and its

high production of TEPs.

Conclusions

For the first time, our study suggests that the presence of L. chlorophorum could
significantly affect the ecophysiology of cupped oysters (e.g., inflammatory process in
some tissues, low clearance rate measured during the recovery phase, potential

altered absorption efficiency).



Indeed, the results allowed us to formulate the new hypothesis that TEPs produced
during green seawater discolorations could have a harmful effect on oyster’s
physiology. This negative effect would have particular relevance during prolonged
blooms. The poor food-nutrient storage after the bloom is supported by the previous
hypothesis based on the Dynamic Energy Budget model, suggesting that C. gigas
has a low absorption efficiency for L. chlorophorum. Nonetheless, we cannot exclude
that hypoxia conditions after a bloom could represent an additional harmful effect on

oysters.

Therefore, the overall impairments during L. chlorophorum blooms could affect oyster
ecophysiology through several mechanisms, such as food-absorption difficulties and
clogging of the gills affecting feeding behavior, the subsequent physiological
weakening of the poorly nourished animals, making them more sensitive to external
hazards (pathogens, pollutants), or, simply by prolonged hypoxia conditions. Further
investigations must address the field study of the synergistic effect of longer
exposure and higher cell concentrations to confirm these hypotheses since these

unfavorable conditions were found as detrimental to oyster’s general physiology.
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Table 1. Mean histopathological and histochemical (AGLC = acid glycoconjugates
index, NGLC = neutral glycoconjugates index) changes in the tissues of oysters C.
gigas (n = 30) after 48h of in vivo exposure to artificial blooms of the green
dinoflagellate L. chlorophorum (L. chlorophorum-bloom), L. chlorophorum in low
concentration (L. chlorophorum-low) and T. lutea.

Condition
Tissue Feature L. L. . Statlstl_cal
chlorophorum-  chlorophorum- analysis
lutea
bloom low
Mantle Deformation 0.5 +0.2° 1.1+£0.2° 0.8+ X= _
0.3% = -
45 0.338
Vacuolation of 1.2 +0.3? 2.0+0.3° 14+ Xa= p-
6.0 '
AGLC (%) 14.5+1.7° 9.1+1.2° 57% F- _
1.3° o= N
37 g 0.000
NGLC (%) 29+04° 26+0.3° 127 Fg- _
e 2) = N
122 266 0000
Gills Vacuolation 0.6 +0.2° 0.7+0.3° 1.0 Xu@r= p_
0.3 = N
55 0841
Hemocyte 1.2 +£0.2° 1.0 £ 0.4° 09+ Y= o
infiltration 022 ¢= N
8g 0175
AGLC (%) 19.8  2.5° 4.2 +0.5° 3.5 F- _
0.5° 3= N
375 0.000
NGLC (%) 0.3+0.2° 0.0 £0.0° 3t  Fr- _
0.5 2= N
267 0-000
Stomach Hemocyte 1.9 £0.3° 0.9+0.1° 1.8 Xui- p_
infiltration 022 ¢= 0.006
125
Vacuolation of 0.8 +0.2° 04+0.3° 06+ X’ur= _
the epithelium 032 ¢= 0.255
5.3 '
AGLC (%) 12.9 + 1.6° 6.5+0.8° 3.6 F- _
04> ;= N
203 0-000
NGLC (%) 22.1+1.6° 9.8 +1.2° 15.4  Fu- _
+ 2) = -
18> 163 0000
Intestine  Hemocyte 1.5+0.2% 1.6 +0.22 14+ Y- =
infiltration 0.2% = 0.685



2.3

Vacuolation of 1.1 +0.2° 1.4 +£0.3° 0.8+ Xa= _
the epithelium 012 ¢= 0.397
6.2 '
AGLC (%) 10.8 £ 1° 7.8 £1.6% 45% Fgi- _
0.5° = N
81 0.000
NGLC (%) 23.6 = 2° 15.9 £ 1.6° 16+ Fr- _
1.8° 5= n
74 0.001
Digestive Deformation 0.8 +0.3° 1.3+0.3° 1.2+ yoq4- B
gland of the 0.3% = N
epithelium 3.2 0.779
AGLC (%) 31+23° 19 £1.3° 8.2 F- _
0.7° 2= N
53 3 0.000
NGLC (%) 25.2 1.4° 4.8 +0.4° 222 Fu- o
+ 2) = -
18° 666 000

Results are expressed as mean = SE (n = 10 individuals per condition). Data of

histopathological observations, and histochemical changes, were analyzed using the
experimental condition (three levels) as factor in separate Chi-square test (x%) and
univariate ANOVA’s (P < 0.05) respectively. The x° test and the F-test statistic’s, as
well as the degrees of freedom (df) are reported. Different superscript letters indicate

significant differences at P < 0.05.
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Figure 1. Experimental design (A) and sampling schedule (B). Feedings were
represented as follows: Oh, 5h, 24h and 29h. The 48h-exposure phase consists of
three tanks containing oysters corresponding to three food regimes (L. chlorophorum-
bloom, L. chlorophorum-low and T. lutea), and three control tanks without oysters.
The direct impact of L. chlorophorum on oysters was assessed through histological
analysis (48h). During the 24h-recovery phase, oysters were fed continuously with T.
lutea within an ecophysiological measurement system composed of nine individual
chambers (including one control chamber without oyster (CC)). Clearance and
respiration rates as well as absorption efficiency were measured individually to
assess the short-term consequences of a L. chlorophorum exposure on oyster

ecophysiology.
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Figure 2. Variations in physicochemical parameters recorded during the exposure
experiment: temperature (°C; A, B), salinity (C, D), pH (E, F) and oxygen saturation
(%; G, H) in the control tanks (without oysters; open symbols) and in the oyster tanks
(containing oysters; filled symbols). After each feeding (T=0h, T+5h, T+24h, T+29h),
parameters were recorded every 10 min for 90 min. Feeding conditions are
represented as follows: L. chlorophorum bloom concentration (L. chlorophorum-
bloom; green circles), L. chlorophorum in low concentration (L. chlorophorum-low;
bleu circles) and T. lutea (orange circles).
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Figure 3. Total phytoplankton (um® mL™; A, B) et TEP concentrations (ug Xeq L™?; C,
D) measured during the exposure experiment in the control tanks (without oysters;
open symbols) and in the oyster tanks (containing oysters; filled symbols). Cell
concentration was recorded every 10 min for 90 min following each feeding (T=0h,
T+5h, T+24h, T+29h) and TEP concentration was measured only at the beginning
and end of each feeding. Feeding conditions are represented as follows: L.
chlorophorum bloom concentration (L. chlorophorum-bloom; green circles), L.
chlorophorum in low concentration (L. chlorophorum-low; bleu circles) and T. lutea
(orange circles).
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Figure 4. Microphotograps of the tissues (1 = mantle, 2 = Gills, 3 = stomach, 4 =
intestine, 5 = digestive gland) of oysters C. gigas after 48h of in vivo exposure to
artificial blooms of the green dinoflagellate L. chlorophorum (L. chlorophorum-bloom,;
N=10), L. chlorophorum in low concentration (L. chlorophorum-low; N=10) and T.
lutea (N=10). bl, basal lamina; ct, connective tissue; dc, digestive cells; dd, digestive
diverticula; gc, globose cells; glc, acid glycoconjugates; glc, glycogen; h, hemocytes;
[, lumen; mc, mucus cells; mv, microvilli; n, nucleus; ngcl, neutral glycoconjugates;
sm, smooth muscle; vct, vesicular connective tissue. Multichromic histochemical
staining for the demonstration of glycogen (magenta patches), neutral
glycoconjugates (violet tones), acid glycoconjugates (blue hues), and proteins
(yellowish dyes). Scale bar: 40 x =50 pm.
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Figure 5. (A) Individual clearance rate of oysters as a function of food regime and
time during the recovery phase: T. lutea (orange; N=13), L. chlorophorum-low (blue;
N=13) and L. chlorophorum-bloom (green; N=12). Different superscript letters denote
significant differences for the food x time interaction on clearance rate for each time
independently (repeated measures ANOVA, a = 0.05). The inset shows clearance
rate as a function of food regime only. (B) Individual respiration rate of oysters during
the recovery phase. * indicate the effect of time on the respiration rate (repeated
measures ANOVA, a = 0.05). The inset shows respiration rate as a function of food
regime only. Open circles represent individuals and solid lines represent mean.
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Figure 6. Absorption Efficiency (%) of oysters as a function of food during the
recovery phase: T. lutea (N=13), L. chlorophorum-low (N=13) and L. chlorophorum-
bloom (N=12). Data (mean = SD) were analyzed using the food regime (three levels)
as factor in a one-way ANOVA (a = 0.05). Different superscript letters denote
statistically significant differences between treatments.
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Highlights

e First evidence of the ingestion of L. chlorophorum by the oyster C. gigas.

e L. chlorophorum induced mucus production with decrease in clearance rate in
oyster.

e L. chlorophorum had a negative impact on oyster energy reserves.

e Exopolymers produced by L. chlorophorum may cause inflammatory response

in oyster.



