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ARTICLE INFO ABSTRACT
Editor: Daniel Wunderlin Warming could facilitate the intensification of toxic algal blooms, two important stressors for marine organisms that

are predicted to co-occur more frequently in the future. We investigated the immediate and delayed effects of a
K'eywordf: ] o heatwave and a simulated bloom (3 x 10° cells L' of the diarrhetic shellfish toxin (DST)-producing benthic dinofla-
Diarrhetic shellfish poisoning gellate Prorocentrum lima on the survival, physiology (oxygen consumption rate, condition index, immune parameters),
Harmful algal blooms . L . .
Heatwave and toxin accumulation in the Pacific rock oyster Magallana (Crassostrea) gigas. Oysters exposed to both stressors
Prorocentrum lima contained higher mean DST concentrations (mean + 1 SE: 173.3 + 19.78 ug kg~ ! soft tissue) than those exposed
Magallana gigas to P. lima bloom alone (120.4 + 20.90 g kg~ ') and exceeded the maximum permitted levels for human consumption.

Climate change Exposure to individual stressors and their combination modified the physiology of M. gigas. Oysters exposed to
heatwave alone had significantly higher oxygen consumption rates (0.7 + 0.06 mg O, h™' g~ 1) than the control
(0.3 = 0.06 mg O, h™! g~ 1). However, this was not observed in oysters exposed to both heatwave and P. lima
(0.5 * 0.06 mg O, h~ ! g~ 1). This alteration of the metabolic response to warming in the presence of P. lima may affect
the ability of rock oysters to adapt to environmental stressors (i.e., a heatwave) to ensure survival. Inmunomodulation,
through changes in total hemocyte count, was observed in oysters exposed to P. lima alone and in combination with
warming. Individual stressors and their combination did not influence the condition index, but one mortality was re-
corded in oysters exposed to both stressors. The findings of this study highlight the vulnerability of rock oysters to the
predicted increased frequency of heatwaves and toxic algal blooms, and the increased likelihood of shellfish contain-
ing higher than regulatory levels of DST in warming coasts.
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1. Introduction

Planktonic microalgae are an important food source for primary con-
sumers in the marine food web, including suspension-feeding bivalves.
However, when microalgae proliferate, they can lead to ‘algal blooms’
that have both positive and negative impacts (Lloyd et al., 2013). Algal
blooms can benefit aquaculture and wild fisheries, but they can also be-
come harmful algal blooms (HAB) that cause economic damage to aquacul-
ture, fisheries, and tourism, and negatively affect the environment, animal,
and human health (Turner et al., 2021). There are 80 phytoplankton species
that are known to produce harmful toxins that can bioaccumulate in finfish
and shellfish, and cause disease and physical harm to a range of other ani-
mals, including humans (Turner et al., 2021). Often these toxin-producing
phytoplankton have low biomass “blooms” where low cell densities of the
toxic species can lead to the intoxication of shellfish, normally without de-
tection via water discoloration or lack of specific dominance in the phyto-
plankton community (Berdalet et al., 2015; Hallegraeff et al., 2003).

One of the potentially harmful genera is the cosmopolitan dinoflagel-
late Prorocentrum, which includes several toxin-producing species. In tem-
perate areas, they commonly become densely abundant in eutrophic
marine waters in summer (Heil et al., 2005; Tiirkoglu, 2010; Tiirkoglu
and Erdogan, 2010), but blooms are also observed in late winter and
early spring (Hu et al., 2022; Li et al.,, 2021; Tas and Okus, 2011).
Prorocentrum lima, one of the genus' potentially harmful species, is an
epiphytic-benthic dinoflagellate and is common in UK waters (Coates
et al., 2014, 2015; Harrison et al., 2016, 2017; Leftley and Hannah, 2009;
Parks et al., 2018, 2019). It has been found to be associated with
macroalgae and macrophytes in the Fleet Lagoon, Dorset, where shellfish
production sites occasionally have to close their operation due to levels of
diarrhetic shellfish poisoning (DSP)-associated toxins in shellfish above
regulatory limits (Foden et al., 2005). This dinoflagellate produces okadaic
acid (OA) and dinophysistoxins (DTXs), toxins that cause DSP in humans
when ingested at high enough levels (Nishimura et al., 2020).

Although not yet fully established and understood, research has demon-
strated the ability of climate-change co-stressors, specifically high CO, con-
centrations in seawater and coastal/ocean warming, to intensify and
increase the frequency of HAB (Anderson et al., 2012; Brandenburg et al.,
2019; Gobler et al., 2017; Hallegraeff, 2010; Moore et al., 2008). It is sug-
gested that HAB occurrences are likely to increase at high latitudes as
these areas become warmer and more suited for algal growth and decrease
at lower latitudes as they become too warm (Brandenburg et al., 2019). Re-
gardless of how they are affected by climate change, HAB have drawn at-
tention in coastal communities worldwide because of their impact on
marine ecosystems and human health (Wang and Wu, 2009), as well as
aquaculture.

Oysters are suspension-feeding, sessile benthic inhabitants of the coast
and, inevitably, challenged by the increased co-occurrence of HAB and
climate-change stressors. One of the many climate-change stressors that
threaten oysters is atmospheric heatwaves, which cause seawater tempera-
tures to increase for several days via air-sea heat flux, one of the primary
causes of marine heatwaves (Cronin et al., 2019). In recent years, mass mor-
talities of oysters and other bivalves have been reported during summer
after an atmospheric heatwave (Colletta and Westfall, 2021; Hagenbuch,
2021; Timms, 2019; Troost, 2018). A number of studies suggest that such
heatwaves are occurring more frequently and with greater intensity be-
cause of climate change (Herring et al., 2019; Meehl and Tebaldi, 2004;
Schiermeier, 2018).

Despite the evidence of frequent co-occurrence of climate-change co-
stressors with HAB in coastal zones, very little is known of how their com-
bination affects aquatic organisms (Griffith and Gobler, 2017; Wells et al.,
2015). It is in consideration of this knowledge gap that this study was initi-
ated. This study investigated the combined effects of increased temperature
(through a simulated heatwave) and the presence of the diarrhetic shellfish
toxin (DST)-producing benthic dinoflagellate P. lima on the widely cultured
and commercially important Pacific rock oyster Magallana gigas. This study
aimed to test the immediate and delayed effects of these stressors.
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Specifically, this work assessed the physiological response of M. gigas in-
cluding toxin accumulation, metabolic activity (through the measurement
of oxygen consumption rate), body condition, immune function (total he-
mocyte count, hemocyte neutral red uptake, hemolymph protein concen-
tration), and survival. The findings of this study offer some insight into
the effect of heatwaves and DST algal blooms and provide baseline informa-
tion for coastal managers and stakeholders for their evaluation of the de-
pendability and viability of bivalve aquaculture in coastal seas affected by
anthropogenic stressors.

2. Methods
2.1. Animal collection and husbandry

The experimental procedures in this study were reviewed and approved
by the University of Essex Ethics Review and Management System under
Application number ETH2021-1358. Adult Pacific rock oysters (M. gigas)
(mean length: 92.0 + SD: 17.24 mm) were obtained from Mersea Island,
Essex, UK on 2 October 2021 and acclimated in the laboratory for
14 days in locally collected seawater, filtered through a polypropylene
felt filter bag (pore size 25 pm; Cole-Palmer, UK), set to a controlled temper-
ature of 14 °C, matching the field water temperature during collection.
Starting from the second day of the acclimation period, the water tempera-
ture in the acclimation tank was raised by 1 °C every day until it reached
20 °C, the average water temperature of Pyefleet Creek, Mersea, in August
2020 (Funesto, 2023), and the control temperature in this experiment. Sa-
linity was measured using the Practical Salinity Scale and adjusted to a sa-
linity of 35 daily using reverse osmosis water. Concentrations of nitrate,
nitrite, and ammonia were monitored every other day using a colorimetric
test kit (Red Sea Marine Care Test Kit, Tel Aviv, Israel). During the acclima-
tion period, the oysters were fed a commercial feed (Shellfish Diet 1800®;
Reed Mariculture, California, USA).

2.2. Microalgae

The P. lima used in this study was isolated from Vigo, Spain; and pur-
chased from the Centre for Culture of Algae and Protozoa (CCAP, Oban,
Scotland, UK) in 2018. The dinoflagellate cultures were maintained at the
University of Essex in Erlenmeyer flasks with 1 L K medium (Keller et al.,
1987), at 15 °C and under a 12:12 light-dark cycle at mean light intensity
(+ standard error) of 221 + 12 pmolm™ 2571 measured using a light sen-
sor (Li-Cor Li-250A, California, USA) (Edullantes et al., 2023). In these stan-
dard culture conditions, we have quantified the total toxin concentration of
the algae as 2.26 pg cell ! (OA: 1.84 pg cell ~*; DTX1: 0.42 pg cell " !). The
diatom Thalassiosira pseudonana, maintained in the same culture conditions
as P. lima, was used as a non-toxic diet in the control treatment. Cell counts
for both microalgal cultures were determined using a Neubauer hemocy-
tometer and a compound microscope (Olympus BH-s BHT; Shinjuku,
Japan) at 100 X magnification. Cells were harvested by centrifugation
(800 x g for 10 min) and adjusted to the required concentrations with fil-
tered seawater (FSW).

2.3. Experimental design

The experiment consisted of five-day exposure of oysters to each of the
four treatment combinations of two conditions: with or without the simu-
lated heatwave; and with or without P. lima (Fig. 1). The work was con-
ducted in a static system, with constant aeration, in 6 L plastic tanks (Exo
Terra Faunarium; Montreal, Canada) with 5 L seawater. Each condition in-
cluded three replicate tanks, and each tank contained six oysters (3 repli-
cates each to quantify short-term and long-term effects, N = 72). The
temperature in the tanks was maintained using independent thermostats
(Ink bird Temperature Controller, Guangdong, China).

To simulate the local heatwave conditions observed in Pyefleet Creek,
Essex in 2020 (Funesto, 2023), the water temperatures of the tanks
assigned to the heatwave treatment were raised from 20 to 22 °C on day
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Fig. 1. Schematic diagram of the experimental design. The experiment had four
treatment combinations of two conditions: with or without the simulated
heatwave; and with or without P. lima. Each 6 L tank contained six oysters (M.
gigas) exposed to experimental conditions for five days. All four conditions had
three replicate tanks. Three oysters from each tank were evaluated for responses
immediately after exposure and the rest were allowed to recover for 21 days to
investigate possible delayed responses.

1, then increased to 24 °C on day 2, and then on day 3 raised to 25 °C, the
peak of the heatwave. The tanks assigned to heatwave conditions were
maintained at this temperature until the end of the experiment on day 5.
The control treatment temperature was maintained at 20 °C.

Oysters in the toxic algal-bloom treatment were exposed to a daily sus-
pension of P. lima at 3 x 10° cells L™ !, simulating cell densities occurring
during a natural bloom (Tiirkoglu, 2016). The control group was exposed
to at an estimated equivalent cell concentration T. pseudonana of
27 x 10° cells L~ ?, which was calculated based on the ratio of the equiva-
lent spherical diameter (ESD) of P. lima (ESD: 35 pm) and T. pseudonana
(ESD: 3.9 pm) cells. In addition, a fixed amount of T. pseudonana was
added to all tanks (1 x 10° cells L™ ") to stimulate feeding. Before the
microalgae were provided as a single dose once every 24 h, 100 % water
changes (water adjusted to appropriate temperatures) were performed in
all tanks. Other environmental parameters such as light cycles and salinity
were maintained the same as during the acclimation period.

At the end of the exposure, on day 6, half of the oysters from each tank
(i.e., three oysters) were haphazardously chosen for the measurement of
their immediate response to experimental conditions, and the other half
were transferred to fresh seawater at 20 °C and allowed to recover for
21 days and fed with the commercial feed every day. After the recovery pe-
riod, their delayed response to the experimental conditions was evaluated.

2.4. Metabolic response - oxygen consumption rate

Oxygen consumption measurements were done with recirculating
sealed chambers maintained in a water bath at the incubation temperature
using FSW. The chambers were placed inside a water bath, where temper-
atures were maintained using a thermostat-linked heater (Schego 300 W ti-
tanium heater, D-D The Aquarium Solution Ltd., Germany). During the
measurement, a single empty chamber was included, acting as a control
to determine any microbial oxygen consumption associated with the cham-
ber over time (background oxygen consumption).
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Before observation, the oysters were placed in individual chambers
overnight to acclimate to handling and were not fed to reduce digestion
and feeding-associated metabolic responses. Using a PreSens O, sensor
dot affixed inside the glass chamber and a Polymer Optical Fiber and
Fibox system (PreSens Precision Sensing GmbH, Regensburg, Germany),
the percentage oxygen saturation inside the chamber was measured every
2 s for 1 min, every hour. O, saturation was measured for a maximum of
3 h, and when a decline of 50 % saturation was observed in a chamber,
the recording of oxygen consumption rates in that oyster was stopped.
This gave rise to a time series of oxygen concentrations inside the chamber
over a three-hour period.

The oxygen consumption rate (MO,) of individual oysters was calcu-
lated using the following Eq. (1) (Bayne and Widdows, 1978; Sawusdee,
2015):

(Cto — Ctl)(%) <11 6—0t[,)

M =
0. AFDW

@®

where MO, is the oxygen consumption rate in mg O, h ™! g™, Cty is the ox-
ygen concentration (mg L~ ') at the starting time (t,), Ct; is the oxygen con-
centration at the end time point (t;), V. is the chamber volume and
associated tubing volume (680 mL), and V, is the mean volume of the oys-
ter measured by three repeated measures of water displacement in mL. The
background oxygen consumption rate from control chambers without oys-
ters was subtracted from individual oyster oxygen consumption rates to cal-
culate an oyster-only MO,. The MO, was then divided by the ash-free dry
weight of the soft tissue (AFDW) to calculate the oxygen consumption
rate per ¢ AFDW. The determination of AFDW is described in Section 2.5.

2.5. Condition index and ash-free dry weight determination

Every morning (0900), the tanks were inspected for dead oysters, and
those that died were immediately placed in a labelled bag in a freezer
(—20 °C). Animals that were alive at the end of the study were first opened
(shucked) and soft tissues and shells of oysters were separated. The wet
weight of the soft tissue (WWrjssue) Was determined using an analytical bal-
ance. After weighing, the soft tissue was homogenized with mortar and pes-
tle, and two grams of the soft tissue for each oyster were taken for toxin
accumulation determination described in Section 2.6. The remaining soft tis-
sue and shells were oven-dried at 80 °C on pre-dried foil dishes for 48 h. An-
imals from the freezer were recovered and included in this process. The dry
weight of the shell (DWgpey) and the tissue (DW-2) were determined using
an analytical balance. DWg,; and DW-2 measurements were used to obtain
the condition index of each oyster, described below. Accounting for the 2 g
reduction in soft tissue used for toxin quantification, the ratio of the wet
weight after 2 g reduction (WW-2), the quantified dry weight of soft tissue
(DW-2), and the true wet weight of the soft tissue (WWr;ssue) Were used to
obtain the true dry weight of soft tissue (DW rissue), following Eq. (2):

DW -2

DW rissue = 5 X wwi 2)

The CI was calculated using Eq. (3):

D .
_ DWrswe 109

CI =
DWgpen

3

To obtain the AFDW, the dried soft tissues were placed in a muffle fur-
nace for 6 h at 500 °C to remove organic content and reweighed for the ash
weight. The ash weight was subtracted from the DWryg,e to obtain the
AFDW of the soft tissues.

2.6. Measurement of immune response
Immune response measurements were based on the work of Matozzo

et al. (2012) with minor modifications. By prying the oysters open, approx-
imately 700 pL of hemolymph per individual was collected from the
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adductor muscle of the bivalves using a 19-gauge needle with a one mL dis-
posable syringe and stored on ice. Total hemocyte count (THC) was deter-
mined using 5 pL of the hemolymph, and 500 pL was used for the neutral
red (NR) uptake assay. As for the total protein concentration in the cell-
free hemolymph (CFH) 190 pL of the pooled hemolymph was used.

To dilute samples and prevent clogging, 5 pL of the hemolymph was
added to 195 pL of 0.38 % sodium citrate in filtered seawater (pore size:
0.45 pm) with a pH of 7.5. Twenty microliters of the hemolymph and so-
dium citrate mixture were placed on a hemocytometer. The number of he-
mocytes was quantified using a compound microscope (Olympus BH-s
BHT; Shinjuku, Japan) at 100 X magnification.

The hemolymph used for NR uptake was centrifuged at 780 X g for
10 min. Hemocytes were then resuspended in an equal volume of
8 mg L ™! NR dye (Merck) solution in FSW and incubated at room temper-
ature for 30 min. After this, the solution of hemocytes and NR dye was cen-
trifuged at 780 X g for 10 min, resuspended in distilled water, and lyzed
using Precelly's ® Evolution homogenizer (Bertin Technologies Montigny-
le-Bretonneux, France) at 6.5 m s~ ! for 2 min, and centrifuged at 780 xg
for 10 min. The supernatant, corresponding to hemocyte lysate (HL), was
then collected for the NR uptake assay. Absorbance at 550 nm was recorded
on a microplate reader. The results were then expressed as optical density
per mL hemolymph (OD mL ™! hemolymph).

The hemolymph used to determine protein concentration in CFH was
first centrifuged at 780 X g for 10 min. The supernatant corresponding to
CFH was then collected for protein quantification. Through a BCA protein
assay kit (Pierce™, Pennsylvania, USA), protein concentrations in CFH
were measured using bovine serum albumin as standard. Five pL of CFH di-
luted with 20 pL deionized water were incubated at 37 °C for 30 min with
200 pL of the BCA kit working reagent. The absorbance was measured at
562 nm, and the results were expressed as mg protein mL~* hemolymph.

2.7. Diarrhetic shellfish toxin determination

A three-step extraction based on the EU Reference Laboratory for Mon-
itoring Marine Biotoxins protocol (EURL, 2015) was used. For this, 2.0 =
0.01 g aliquots of each homogenized tissue were extracted in 6.0 mL meth-
anol. After centrifugation at 2900 X g (10 min at room temperature), the su-
pernatants were removed and collected. The remaining solid pellets were
subjected to a second and third extraction step involving the addition of a
further 6.0 mL aliquot of methanol, before re-homogenization with a
multi-tube vortex mixer. The supernatants from the three extraction steps
were combined and diluted to 20.0 mL with methanol before they were fil-
tered using 0.2 pm nylon syringe filters (Phenomenex, Manchester, UK).
For Internal Quality Control purposes samples were again extracted in
batches alongside positive and negative control reference tissues. Methano-
lic extracts from all samples and controls were hydrolyzed to allow determi-
nation of acyl esters of OA-group toxins as per EURL (2015). The total
concentration of toxins, including both free form (not bound to fatty
acids) and fatty acid esters, was measured using hydrolyzed samples.

Both unhydrolyzed and hydrolyzed extracts were analyzed from each
sample using an Acquity I-class UHPLC system which was coupled to a
Xevo TQ-S triple quadrupole mass spectrometer (Waters Ltd., Manchester,
UK). Chromatography of toxins was conducted using an Acquity BEH C18
column (1.7 pm X 2.1 mm X 50 mm) with a Waters BEH C18 guard car-
tridge. UHPLC and MS/MS conditions utilized are described by Dhanji-
Rapkova et al. (2018, 2019). This method allowed the quantitation of the li-
pophilic toxins (LT) okadaic acid (OA), dinophysistoxins 1 and 2 together
with associated acyl esters (DTX3), pectenotoxins (PTX1,2,11), yessotoxin an-
alogues (YTX, h. YTX, 45 OH YTX, 45 OH h. YTX) and azaspiracids (AZA1-3)
using a 6-point calibration curve prepared from dilutions of certified
calibrants (NRC, Canada). Results were reported as pg toxin kg~ 1 soft tissue.

2.8. Calculation of survival-odds ratio and confidence intervals

The calculations of the survival-odds ratio (OR) and OR confidence in-
tervals were based on a method described by Szumilas (2010). OR values
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equal to one meant that treatment did not affect odds of mortality,
OR > 1 meant that the treatment was associated with higher odds of mor-
tality, while OR < 1 meant that exposure to treatment was associated
with lower odds of mortality. Since no mortality was observed in some
groups, a Haldane-Anscombe correction was employed. Haldane-
Anscombe correction adds 0.5 to all values in the OR equation if any of
the values is equal to zero (Szumilas, 2010).

2.9. Data analysis

A linear mixed-effects analysis of the relationship between the treat-
ment groups, specifically P. lima bloom alone, heatwave alone, combined
P. lima and heatwave and the response variables of oxygen consumption
rate, condition index, immune parameters, and toxin accumulation was
performed in R (R Core Team, 2021) and using the R package “Ilme4”
(Bates et al., 2015). The treatment group was entered as fixed effects, and
the term “tank” as a random or grouped effect to account for multiple
non-independent oysters in each tank. Pairwise comparisons of the re-
sponses between treatments were performed with the “emmeans” package
(Lenth, 2021). Factorial ANOVA was performed to determine whether
heatwave and P. lima have interactive effects when combined.

3. Results
3.1. DST accumulation and elimination

Soft tissues of M. gigas were evaluated for DST content one day and
twenty-one days after exposure to P. lima, under control temperature and
a heatwave. Most of the DST quantified was OA, but low levels of DTX1
were also detected. One day after exposure, oysters exposed to heatwave
and P. lima reached a total OA concentration (mean + 1 SE) of 173.3 +
19.78 pg OA kg™ ! soft tissue (Esterified: 65.3 = 17.43, Free-form:
25.9 + 6.31 pg OA kg~ ! soft tissue), higher than the maximum permitted
levels of DST in shellfish for safe consumption in Europe and other coun-
tries (160 pg OA eq. kg ™! soft tissue; Regulation EC No.853/2004, 29)
(Fig. 2A). Oysters exposed to P. lima alone had lower total OA, with a
mean of 120.3 + 20.90 pg OA kg~ soft tissue (Esterified: 44.1 + 13.35,
Free-form: 16.1 = 6.42 pg OA kg~ ! soft tissue), but this difference was
not significant (tzo = 2.22, p = 0.14). After 21 days, the total OA in the
group exposed to P. lima alone (Total: 50.6 = 14.26; Esterified: 20.9 +
5.31, Free-form: 6.39 + 3.99 pg OA kg~ ' soft tissue) and those exposed
to both stressors (Total: 57.7 *+ 9.23; Esterified: 28.5 = 6.89, Free-form:
4.0 = 1.18 pg OA kg~ ! soft tissue) did not differ significantly (t 3, =
—0.28,p = 0.99).

One day after exposure, the concentration of total DTX1 in the group
exposed to P. lima alone (Total: 21.6 = 3.94; Esterified: 8.2 + 2.57, Free-
form: 2.6 + 1.26 pg DTX1 kg~ ! soft tissue) was lower than those exposed
to both stressors (Total: 27.9 + 4.61; Esterified: 11.5 + 3.42, Free-form:
3.2 + 0.80 pg DTX1 kg~ soft tissue, respectively), but this difference
was not significant (t3; = 1.27, p = 0.59) (Fig. 2B). Twenty-one days
after exposure, the total DTX1 in oysters exposed to P. lima alone
(Total 10.3 = 2.73; Esterified: 4.5 + 1.34, Free-form: 0.6 + 0.63 pg
DTX1 kg~ ! soft tissue) and both stressors had very similar values (Total:
9.7 + 1.65; Esterified: 4.9 + 1.45, Free-form: 0.1 + 0.07 pg DTX1 kg ™"
soft tissue, respectively) and did not differ significantly (tz» = 0.11,p =
0.99).

3.2. Physiological responses

One day after exposure, the oysters not exposed to heatwave nor P. lima
(henceforth the control group) had the lowest MO, (0.3 + 0.06 mg O,
h~! g~! AFDW) among the four treatment groups (Fig. 3A). The treatment
type had a significant main effect on MO, one day after stressor-exposure
(F3,00 = 8.52, p < 0.001) but not 21 days after exposure (F3 5o = 0.27,
p = 0.85) (Fig. 4A). Only the group exposed to heatwave alone had a signif-
icantly higher MO, than the control, with a mean of 0.7 = 0.24 mg O,
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Fig. 2. Total Okadaic acid (A) and Dinophysistoxin 1 (B) content of the soft tissue of Magallana gigas exposed under control temperature (20 °C) and a Heatwave (peak: 25 °C),
one and twenty-one days after exposure to Prorocentrum lima (3 x 10° cells L.~ !). Data presented are means with +1 SE (n = 9). Statistical groupings (p < 0.05) are indicated
by letters above the bars. The red line in panel A represents the maximum permitted level of DST in shellfish meat set by the UK Government.

h™! gf1 AFDW (tg = —4.90, p = 0.005). Specifically, P. lima alone and
heatwave alone increased MO, one day after exposure by 0.1 and 0.5 mg
0,h ™! g~ AFDW, respectively, suggesting a 0.6 mg O, h~! g AFDW ' in-
crease when applied in combination if they did not interact. Instead, put-
ting the two stressors together had an antagonistic effect, with the mean
in the combined stressors treatment showing only a 0.2 mg O, h "' g
AFDW ! increase. The factorial ANOVA revealed an interactive effect of
stressors (F1 19 = 8.76, p = 0.008), in which combined treatment had a
higher MO, than the control but less than the expected additive effect.
Results revealed that the treatment groups did not have a signifi-
cant main effect on the CI (Immediate: F 3 33 = 0.40,p = 0.75; De-
layed: F 531 = 2.39,p = 0.09), hemocyte NR uptake (Immediate:
F330 = 1.13,p = 0.35; Delayed: F 33; = 0.24, p = 0.86), and the
total protein concentration in CFH (Immediate: F3 3, = 0.18,p =
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0.90; Delayed: F 337 = 1.22, p = 0.32) of M. gigas (Fig. 3B, D, & E
and Fig. 4B, D, & E).

No effect of treatment groups was found for THC a day after exposure
(F 332 = 0.68,p = 0.57) (Fig. 3C), but a significant main effect was de-
tected after 21 days (F 33; = 4.80, p = 0.007) (Fig. 4 C). The THC of the
group exposed to P. lima alone was significantly lower than those exposed
to heatwave alone and both stressors, 21 days after exposure (t3; =
—2.69,p = 0.05; and t3; = —3.59, p = 0.006, respectively) (Fig. 4 C).
If there was no interaction, the expected additive effect of the combined
treatment 21 days after exposure is a THC decrease of 2.23 x 10° cells
mL ™ relative to the control. Instead, the combined treatment had higher
THC compared to the control, which suggests an interactive effect between
the stressors. This interaction is confirmed by the factorial ANOVA per-
formed (F 13, = 6.24,p = 0.018).
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Uptake (D), and Hemolymph total protein concentration (E) of Pacific rock oysters (Magallana gigas). Data presented are means with +1 SE (n = 9). Statistical groupings

(p < 0.05) are indicated by letters above the bars.
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3.3. Mortality

On the fifth day of stressor exposure, one mortality was observed out of
the 18 oysters assigned to heatwave and P. lima bloom. All other oysters in
the experiment survived the stressor exposure and recovery period. Calcu-
lating the survival-odds ratio in oysters exposed to both stressors gave a
value of 3.2 [95 % Confidence Interval: 0.12-83.17]. Although the calcu-
lated OR was positive, the 95 % Confidence interval includes 1.0, indicating
our experimental exposure to both stressors may not lead to a higher chance
of death in oysters over the total period of study.

4. Discussion

4.1. M. gigas exposed to P. lima and heatwave show high levels of toxins above
the safe consumption limit

The results of this study showed that exposure of Pacific rock oysters to
P. lima, with or without a concurrent heatwave, resulted in the accumula-
tion of diarrhetic shellfish toxins (DSTs) in their soft tissues. Most of the
DSTs quantified were okadaic acid (OA), with low levels of dinophysistoxin
1 (DTX1).

Although this study did not find a statistically significant difference in
the DST content of P. lima-exposed oysters with or without the presence
of a heatwave, it is noteworthy that the mean DST accumulation was higher
in oysters exposed to high temperatures. Of particular concern, one day
after exposure, the concentration of total OA in oysters exposed to both P.
lima and heatwave was higher than the maximum permitted levels of DST
in shellfish for safe consumption in Europe and other countries. This was
not the case for the oysters not exposed to heatwave. This finding highlights
the potential risk to public health, as even brief exposure to toxic blooms,
especially under stressful environmental conditions, could result in DST ac-
cumulation above regulatory limits in Pacific rock oysters.

Remarkably, the warming conditions did not appear to affect the ability
of rock oysters to eliminate DST, as evidenced by the negligible difference
in total DST levels between oysters exposed to only P. lima and those ex-
posed to both P. lima and a heatwave, 21 days after exposure. This suggests
that, despite the challenging environmental conditions, the rock oysters
maintained their capacity to process harmful toxins. Depuration or purifica-
tion, which makes use of the bivalve's natural ability to expel bacteria or
toxins, is a technique used in many parts of the world to remove microbial

contaminants from bivalves by placing them in tanks of clean seawater, for
several hours to a few days. However, this technique is not presently consid-
ered an effective means of lowering biotoxin contamination to safe levels
due to the variation of depuration rate between the toxin and the species
of bivalves (Lee et al., 2008). The Food and Agriculture Organization
(FAO) suggests that toxin elimination in the natural environment may be
quicker than in tanks due to the presence of natural food (Lee et al., 2008).

As depuration cannot reliably remove biotoxins, and with the possibility
of toxin accumulation exceeding safe levels at high temperatures, more fre-
quent and constant monitoring of shellfish meat and toxic algal bloom in
coastal waters should be employed. For some countries in Europe, monitor-
ing of toxic algae concentration in the water is done weekly in the summer
and less frequently in other seasons. If algal cells are detected to be higher
than warning levels, shellfish meat is tested for toxins. However, there are
cases when toxins can accumulate in bivalve meat in less than a week
(Fernandes-Salvador et al., 2021; Whyte et al., 2014). One of the possible
methods for conducting constant monitoring toxic algal blooms in the
water is the use of biosensors.

To further investigate DST accumulation and elimination in oysters ex-
posed to warming, future work should involve exposing the animals to dif-
ferent concentrations of P. lima, e.g., 100 cells L~ * which is the trigger level
for P. lima cell counts in European waters, to establish whether oysters can
still accumulate high toxin levels at lower P. lima concentration.

4.2. P. lima silence oysters' metabolic response to the heatwave

This study demonstrated that exposure to both heatwave and P. lima
bloom had a negative effect on the metabolic response of M. gigas to heat
stress. The substantial upregulation of metabolic activity (demonstrated
by an increase in oxygen consumption of 133 %) of oysters exposed to a
heatwave alone is a typical response of aquatic ectotherms to higher tem-
peratures (Rubalcaba et al., 2020). However, this expected upregulation
of metabolic activity under heat stress was not observed in the oysters ex-
posed to both heatwave and P. lima. Instead, the combined stressors resulted
in only a 67 % increase in oxygen consumption, which is much lower than
the 133 % increase observed in oysters exposed to heatwave alone.

This finding suggests that exposure to DST-producing dinoflagellates
changes the metabolic response of the oysters to heat stress and may have
decreased the oysters' metabolic capacity. The toxic algae appear to silence
the physiological response of the oysters to heat stress, thus may influence
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the ability of the oysters to survive in a stressful environment that requires a
fast metabolic response (e.g., an abrupt temperature increase during emer-
sion while in a heatwave). The lack of increased metabolic rate in oysters
exposed to P. lima suggests that toxin produced by this dinoflagellate may
be inhibiting the normal metabolic response of oysters to heat stress. Simi-
lar silencing of physiological response was also observed in the clam
Meretrix meretrix exposed to the toxic dinoflagellate Alexandrium sp. (para-
lytic shellfish toxin (PST)-producer), where the clams do not respond to in-
creased temperature or combined treatments of increased temperature,
acidification, and decreased salinity (Turner et al., 2019).

It is worth noting that the metabolic response to the combined stressors
is not simply the sum of the individual responses to each stressor. Instead,
the factorial ANOVA revealed an interactive effect of stressors, in which
the combined treatment had a higher oxygen consumption rate than the
control but less than the expected additive effect. This suggests that the
combination of heatwave and P. lima has a unique effect on the metabolic
response of the oysters that cannot be predicted based on the individual ef-
fects of each stressor.

The observed lack of increase in metabolic rate in oysters exposed to
both stressors can be explained by the interaction between the two
stressors. P. lima produces potent toxins, including okadaic acid and
dinophysistoxins, that can disrupt cellular signaling pathways and impair
physiological processes such as feeding, respiration, and reproduction (He
et al., 2019; Lv et al., 2021). It is possible that exposure to these toxins,
even in the absence of a heatwave, may have already decreased the meta-
bolic capacity of the oysters, making them less able to respond to an addi-
tional stressor such as a heatwave. This is supported by previous studies
that have shown that exposure to harmful algal blooms can lead to reduced
metabolic rates (Basti et al., 2019; Bricelj and Kuenstner, 1989; Colin and
Dam, 2003; Haque et al., 2023). Therefore, the combined exposure to P.
lima and heatwave may have resulted in a synergistic effect, with the
toxic effects of the algae exacerbating the negative impact of heat stress
on the oysters' metabolism.

Finally, it is important to note that no detectable difference in oxygen
consumption was found between treatments in the delayed response mea-
surement, suggesting that exposure of the oyster to heat stress, toxic algal
bloom, and their combination do not have a long-term effect on metabolic
activity. Whether this result is maintained with longer heatwaves or differ-
ent toxins remains to be tested.

4.3. Condition Index is not an effective tool in assessing heatwave and/or P. lima
effect on bivalve health

In this study, the treatments did not affect the CI immediately after expo-
sure and after recovery. There are no published studies investigating the
combined effects of a heatwave and toxic algal bloom on the CI of bivalves.
Yet, some studies involve heat stress alone and toxic algae alone or com-
bined with other stressors. These studies involved both short and long-
duration of exposure to stressors. Among these studies, some report a de-
crease in CI after heat stress (Hiebenthal et al., 2012; Lemasson et al.,
2018; Mackenzie et al., 2014; Shpigel et al., 1992; Taylor et al., 2017),
and one study reports an increase (Payton et al., 2016). Most studies inves-
tigating the effects of toxic algae observed no impact on bivalve CI, similar
to the findings presented here (Borcier et al., 2017; Haberkorn et al.,
2011; Hégaret et al., 2009; Lassudrie et al., 2014, 2015). One study reports
lower CI for Ruditapes philipinarum (Manila clams) that were exposed to an
Alexandrium minutum strain that contains bioactive extracellular compounds
with cytotoxic properties (BEC) only without PST (Castrec et al., 2018). Our
results demonstrate that CI may not be an effective tool for monitoring the
physiological effects of heat stress and DST-producing algae in M. gigas.

4.4. Total hemocyte count is modulated by P. lima and combined heatwave and
P. lima exposure

Hemocyte functionality is important in investigating potential impact of
environmental stressors. They indicate changes in physiological
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performance, which increase the vulnerability to diseases and decrease sur-
vival capacity (Munari et al., 2019). Hemocyte NR uptake assays indicate
damage to membranes, including lysosomes. Lysosomes serve an important
role in receiving and degrading macromolecules, be they secretory,
endocytic, autophagic, or phagocytic membrane trafficking pathways
(Zhao et al., 2011). They are responsible for detoxification and defense
against pathogens in marine organisms (Zhao et al., 2011). This study
found no difference in NR uptake, indicating that the stressors employed
did not affect the lysosomal membrane stability of the hemocytes.

As the majority of proteins found in the hemolymph play a role in im-
mune defense against microbes, fungi, protozoans, and viruses, hemolymph
protein concentration (HPC) is considered a useful biomarker when evalu-
ating changes in the immune and physiological functions of bivalves
(Gianazza et al., 2021). In the present study, the stressors were found to
have no effect on HPC for all treatment groups. However, an effect on
THC was observed in the delayed response. Oysters exposed to P. lima
bloom alone had lower THC in the delayed response compared to those ex-
posed to heatwave alone and both stressors. An interaction of stressors was
detected in the delayed effects, showing an antagonistic response. This find-
ing suggests a modulation mechanism of circulating hemocyte numbers in
the recovery period after exposure to the combined stressors. In bivalves,
an increase in THC is commonly thought to result from the production or
movement of cells from tissues to hemolymph (Matozzo et al., 2012). At
the same time, a decrease is likely because of cell lysis or the movement
of cells from hemolymph to tissues (Matozzo et al., 2012).

Mortality was observed in those oysters exposed to both stressors, but
odds ratio analysis reveals that this was not statistically different to other
treatment or control groups. As far as we are aware, the effects of DST
algal bloom and high temperature on bivalve survival has not been investi-
gated. Published studies which investigate PST algal blooms do not report
mortalities. Additional studies with higher sample size should be conducted
to confirm the effects of exposure to both stressors on survival.

5. Conclusion

This study describes the combined effects of a heatwave and DSP toxic
algal bloom on the physiology and toxin accumulation of bivalves. The re-
sults suggest that exposure to a P. lima bloom alters the normal response of
Pacific rock oysters to increased temperature during a simulated heatwave.
Additionally, the study demonstrates the immunoregulation of M. gigas
when exposed to a P. lima bloom, as well as combined heatwave and P.
lima. Notably, M. gigas exposed to higher temperatures during the simulated
heatwave accumulated more DSP-associated toxins OA and DTX1 than
those not exposed to heatwave, leading to toxin levels higher than the reg-
ulatory limit in oysters exposed to both stressors. This trend could result in
more shellfish production site closures and possibly higher DSP occurrence
under climate-change scenarios even when HAB do not become more fre-
quent or intense. Consistent and constant monitoring of toxic algal cells in
the water and shellfish product prior to sale should be imposed, especially
during warmer seasons, when they may accumulate more toxin within a
shorter period. Moreover, techniques for efficient and continuous monitor-
ing of toxic algal blooms and toxin concentrations in coastal seas should be
developed.

This study highlights the vulnerability of bivalves to warming and HAB
and the looming challenges bivalve aquaculture may face in the future,
which could impact human health, especially in areas that rely on shellfish
as a major protein source and livelihood. Further work is needed to address
whether the combined effects of heat stress and P. lima lead to higher
chances of mortality in M. gigas.
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