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Abstract

Background: Crassostrea gigas accumulates paralytic shellfish toxins (PST) associated with red tide species as Gymnodinium
catenatum. Previous studies demonstrated bivalves show variable feeding responses to toxic algae at physiological level;
recently, only one study has reported biochemical changes in the transcript level of the genes involved in C. gigas stress
response.

Principal Findings: We found that 24 h feeding on toxic dinoflagellate cells (acute exposure) induced a significant decrease
in clearance rate and expression level changes of the genes involved in antioxidant defense (copper/zinc superoxide
dismutase, Cu/Zn-SOD), cell detoxification (glutathione S-transferase, GST and cytochrome P450, CPY450), intermediate
immune response activation (lipopolysaccharide and beta glucan binding protein, LGBP), and stress responses (glutamine
synthetase, GS) in Pacific oysters compared to the effects with the non-toxic microalga Isochrysis galbana. A sub-chronic
exposure feeding on toxic dinoflagellate cells for seven and fourteen days (30x10°> cells mL™") showed higher gene
expression levels. A significant increase was observed in Cu/Zn-SOD, GST, and LGBP at day 7 and a major increase in GS and
CPY450 at day 14. We also observed that oysters fed only with G. catenatum (3x10° cells mL™") produced a significant
increase on the transcription level than in a mixed diet (3 x10° cells mL™" of G. catenatum+0.75x10° cells mL~" . galbana) in
all the analyzed genes.

Conclusions: Our results provide gene expression data of PST producer dinoflagellate G. catenatum toxic effects on C. gigas,
a commercially important bivalve. Over expressed genes indicate the activation of a potent protective mechanism, whose
response depends on both cell concentration and exposure time against these toxic microalgae. Given the importance of
dinoflagellate blooms in coastal environments, these results provide a more comprehensive overview of how oysters
respond to stress generated by toxic dinoflagellate exposure.
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bivalves’ feeding physiology in the presence of toxic dinoflagel-
lates is an important research topic especially on areas where
HABs frequently occur. Previous studies show that bivalves have
variable feeding responses to toxic algae, which may be related
to their HAB exposure history [1,6,7], toxin bioaccumulation
[1,3,6], dinoflagellate toxicity [6,8], exposure time, and bivalve

Introduction

Marine bivalves accumulate toxins during harmful algal
bloom events (HABs), acting as principal vectors posing a health
hazard to humans who consume them [1,2]. The Pacific oyster
Crassostrea gigas may accumulate paralytic shellfish toxins (PSTs),

a class of well-known neurotoxins closely associated with HABs,
which may be highly toxic and are present over wide coastal
areas [2-6].

Paralytic shellfish toxins consist of more than 20 structurally
related derivatives with dissimilar toxic potencies. Saxitoxin
(STX) is the representative compound that has a tricyclic
guanidine linked to a hydromethyluracil group [2,3]. PSTs exert
their effect by binding reversibly to voltage-sensitive sodium
channels on excitable cell membranes and blocking neurotrans-
mission [1,3]; Alexandrium, Pyrodinium, and Gymnodinium genera
are the dominant sources of marine PSTs [7]. Consequently,
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mollusk species [1,6,9].

Several bivalve behavioral, physiological, and cell responses to
harmful algae have already been described, such as filtration
activity reduction [1,9], pseudo-feces production [9,10], metabolic
rate increase [11], reproductive development anomalies [12], and
oxygen consumption changes [13]. Immune system alteration has
been reported by phagocytic capacity inhibition and hemocyte
adhesion [14-16]. Effects of Alexandrium minutum exposure caused
generalized tissue inflammation, principally of digestive organs,
and biochemical alterations, such as amylase activity changes,
reactive oxygen species production, and phenol oxidase activities
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[15]. However, few studies have addressed gene expression
changes in C. gigas in response to toxic algal exposure or to their
toxins. These studies revealed high heat shock protein 70 (Hsp70),
cytochrome P450 isoform 356A1 (CYP356Al), and fatty acid
binding protein (FABP) expression levels on hemocytes exposed to
brevetoxin (PbTx-2) [16]; also, other researchers have reported
that level expression of the genes involved in antioxidant defense,
detoxification, and stress response (GS, GST, Hsp70, and Cu/Zn-
SOD) changed in response to Prorocentrum lma (diarrheal toxin
producer, DSP) [17].

The aim of this study was to examine whether C. gigas
exposure to the toxic dinoflagellate G. catenatum cells promotes
changes in the transcript levels of some genes related to defense
mechanisms, stress, and cell detoxification, and whether these
changes are correlated with cell dose and/or exposure time. C.
gigas was exposed to G. catenatum cells under experimental
conditions: oysters were fed with the dinoflagellate, analyzed for
acute (24 h) and sub-chronic (14 days) periods, and compared to
those that received an innocuous microalga (Isochrysis galbana) as
food; two dinoflagellate doses were tested: $x10° and 30x10°
cells mL ™", Exposure to dinoflagellate PST-producers (Alexan-
drium and Gymnodinium genera) at a cell density from 10* to 10°
cells L™ is reported as causative of toxic manifestations in wild
mollusks [1,3,18].

Materials and Methods

Microalgal culture

The planktonic dinoflagellate Gymnodinium catenatum  strain
GCCV6, which produces paralyzing shellfish poisons (PSP) that
include dc-saxitoxin (STX), gonyautoxins (GTX2,3), saxitoxin
(STX), gonyautoxins (GTX1,4), and neo-saxitoxin (neo-STX), was
obtained from the CIBNOR Collection of Marine Dinoflagellates;
the strain produces between 25.7-101 pg STXeq cell ' [19,20].
G. catenatum was grown in Fernbach flasks with modified {/2-
medium [21]. Culture medium was prepared using seawater (35
psu), filtered with 0.45 p membrane, and sterilized at 121°C, 15 1b
for 20 min. Dinoflagellate cultures were maintained at
24°C=1°C, under light/dark and 150 pmol photons m™ % s~
light intensity 12 h:12 h, and were harvested by centrifugation
(2500 ¢ 10 minfl) during the late exponential growth phase (17—
19 days after inoculation) [22] to obtain biomass for oyster assays.
For the bioassays, cell density was adjusted using cell-counting
data of each culture on Sedgwick-Rafter slides (Microscope
Olympus BX41, Tokyo, Japan) after sample fixation with Lugol’s
solution [23].

Isochrysis galbana strain ISG-1, routinely used in aquaculture as
food for bivalves [24], was provided by the Live Food Laboratory
and used in our work as control diet. Cultures were grown in
plastic bags with f/2-medium [21] and maintained at 20°C*1°C
under constant illumination, 150 pumol photons m™ % s~ " light
Intensity.

Oysters

Diploid juvenile individuals of Pacific oysters (3*1 mm,
0.022£0.008 g) were obtained from the hatchery “Acuacultura
Robles” at Las Botellas (Bahia Magdalena), Baja California Sur,
Mexico. Organisms were divided into groups and kept in plastic
aquariums (20 L) for acclimation in aerated filtered seawater
(1 pm) at 21°C and 34 psu in the Wet Biological Safety Laboratory
at CIBNOR for 10 days. The maintenance diet, according to the
tables reported for the age [25], consisted of bacteria-free 1. galbana
(ISG-1) at 1.5x10° cells mL ™" obtained from the Live Food
Laboratory (CIBNOR).
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Experimental design and sample collection

The test-dinoflagellate doses (concentrations) were based on
field HAB observations of G. catenatum cells [18,22,26,27] and
toxic-effect reports of PST producers (Alexandrium and Gymnodinium
genera) [1,3,7,26,27].

Oysters were exposed to two G. catenatum (3 and 30x10° cell
mL ™" cell suspensions combined with a fixed amount of 1. galbana
(0.75x10° cell mL™". Control diet (toxin-negative) consisted only
of I galbana (0.75x10° cell mL™") to identify both normal oyster
behavior and microalgal ingest. Also, another control (toxin-
positive) was included consisting only of G. catenatum dict (3x10°
cell mL ™) to identify the single effect of the toxic dinoflagellate by
ingestion and/or starvation. Groups of 25 oysters (in triplicate)
were maintained in 100 mL transparent polypropylene containers
with a 1:1 microalgal mixture in a final volume of 50 mL.
Microalgal ration was provided each day as a single dose; aeration
was used during feeding experiments to avoid cell sedimentation.

Five organisms of each experimental unit were randomly
sampled after 6, 12, and 24 h (acute response) and 7-14 days (sub-
chronic response). The sampled organisms corresponding to each
sample time were replaced on each experimental unit by oysters
exposed in the same experimental conditions (mirror exposure
units used for replacement only). Samples were placed on
Eppendorf® tubes, then washed with sterile seawater, and finally
frozen at —80°C until use.

Clearance rate (CR)

Feeding rate (clearance rate, CR) was defined as the cleared
water volume per unit time. In the bioassay, CR was measured by
Coughlan’s method [28]. Water-cell samples for cell counting were
taken after 24 h of G. catenatum exposure, then fixed with Lugol’s
solution [23] and allowed to stand (at room temperature) for
sedimentation and subsequent counting.

Total RNA preparation and first strand cDNA synthesis
Samples were thawed on ice and total RNA was extracted with
TRIzol® Reagent manufacturers’ protocol (Life Technologies,
Carlsbad, California). Samples (n =5) were homogenized using a
glass pestle; later, two consecutive TRIzol® extractions were done
at each sample. RNA quality was verified by visual inspection of
18S and 288 ribosomal RNA bands on agarose-TBE gels, as well
as absence of visible genomic DNA contamination. Nucleic acid
purity and concentration were determined by spectrophotometry
Nanodrop 2000® (Thermo Scientific, Chicago, IL). To ensure
complete DNA absence, a direct PCR was done with 1 uL of each
RNA preparation using 28S ribosomal specific primers (Table 1)
as a no-amplification control. Afterwards, from each verified RNA
sample, 0.5 pg were used for cDNA synthesis using The Super-
Script™ TIT First-Strand  Synthesis System  SuperMix® (Life
Technologies, Carlsbad, California). Total RNA was reverse-
transcribed by oligo-dT, and resulting cDNA was stored at —80°C

until use.

Gene expression analysis by Quantitative real-time PCR
(GPCR)

A set of five primer pairs was designed based on partial
sequences reported for each evaluated gene (Table 1) sharing the
following characteristics: primer length from 18 to 20 bp, Tm
from 59°C to 61°C, and GC% from 40% to 60%; primer
sequences and expected length of each amplicon. Prior to gene-
expression quantification, efficiency of each primer pair was
determined using the standard curve method [29]. Amplification
efficiencies (E) for each primer (reference or target gene) were
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determined by slope calculation of 4-fold serial dilutions, starting
with 80 ng/uL of cDNA and using a fixed fluorescence threshold
value of 0.0355.

All gPCR reactions were conducted in triplicate in holding Strip
Tubes® (0.1 mL) (Qiagen™™), using a Rotor gene 6000 Real-Time
PCR detection system® (Qiagen™™). A qPCR cocktail-mix was
carefully prepared in our laboratory. The mix contained 50 mM
MgCl,, 2 mM dNTP (each), 0.3 U of Platinum Taq DNA
polymerase® (Life Technologies, Carlsbad, California), 0.05 pM
of each primer, 20x EvaGreen fluorescent dye® (Biotium™,
Hayward, CA), and 3.2 ng/pL of cDNA in 15 pL of final volume
per reaction.

Amplification conditions were: 95°C (5 min), 40 cycles of 95°C
(60 s), 61°C (30 s), and 72°C (5 s) acquiring fluorescence at 79°C
(1 s); finally, a dissociation step from 65°C to 95°C (1°C/s) was
done. A melting curve analysis of amplification products was
performed at the end of each qRT-PCR reaction to confirm that
only one PCR product was amplified and detected.

Statistical analysis

Data of gqRT-PCR were based on CT values. CT is defined as
the PCR cycle at which the fluorescence signal crossed a threshold
line that was placed in the exponential phase of the amplification
curve. The comparative CT method [30] was used to analyze gene
expression levels. The CT for the gene target amplification and the
CT for the internal controls 28S ribosomal RNA (28S) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were de-
termined for each sample. The negative control group was used as
the reference sample (calibrator). The expression was quantified
through 9-AACT [31], which represents an n-fold difference relative
to the calibrator.

Data were analyzed using two-way ANOVA; significant
differences were obtained with the Fisher’s multiple test compar-
ison (¢=0.05). All analyses were performed with Statistic 8.0®
software (StatSoft, Tulsa, OK). Significant differences were set at
£<<0.05.

Results

Crassostrea gigas feeding behavior

Opysters showed immediate changes in their feeding behavior
after their contact with G. catenatum. After a few minutes of
dinoflagellate exposure, clearance rate was significantly reduced
(data not shown). During the next two hours, organisms showed a
partial valve closure with diet mix of 3x10% cells mL ™! and with
only G. catenatum diet (positive control), but shell valve closure was
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Table 1. Primer details of target genes used on real-time PCR analysis and reference genes (*).
Amplicon  Primer

Genes 5'-3' primer sequence size (pb) efficiency R? Genbank ref.

Forward primer Reverse primer
Cg-285* GGAGTCGGGTTGTTTGAGAATGC GTTCTTTTCAACTTTCCCTCACGG 114 1.97 099  AY632555
Cg-GAPDH* GTTCAAATATGATTCAACTCACGG TGGATCCCGTTCGCAATATACG 109 2.00 099  AB122066
Cg-GS CAAACCCCAAAAGAATGCCCTGT GAAGACCTCACACATCACCAGC 153 1.88 0.97 AJ558239
Cg-GST GACCCCAGATGACCCTTACCG CCGAAACAAACTGAGAGAAGACC 71 1.90 0.99  CB617406
Cg-Cu/znSOD GACAAAATGATTGACTTGGCCGG CACTCCACAAGCCAATCGTCCG 144 1.85 0.97 AJ496219
Cg-CPY450 ACAGGGACTTCATTGACAGCATG ATTGTGAAACGAGTACTGTCTACC 151 1.90 0.99  EF645271
Cg- LGBP y B TTGTCCAGTTCTCCCAGCTTCC GACACTGGAATGGGATGAAGAAC 108 1.95 0.99 CB617438
1-3 glucan
doi:10.1371/journal.pone.0072323.t001

total in addition to an evident mantle retraction (away from the
shell edge) with diet mix of 30x10° cells mL™'. However, at 3 h
exposure oysters produced pseudo-feces, and only after 4 h
exposure did they appear to filtrate normally, principally at
3x10° cells mL™".

Clearance rate was significantly different among treatments and
negative control (1. galbana diet). At 24 hours, CR data of oysters
exposed to different experimental conditions are shown in Figure 1.
Opysters fed with negative control had a clearance rate of
0.91%0.03, while with specific dinoflagellate, CR was reduced to
0.36+0.03 and 0.16+0.03, with 3x10° cells mL~! and 30x10°
cells mL™', respectively. CR showed significant differences
(ANOVA, p<0.05). It is important to highlight that CR of the
positive control (only G. catenatum diet) was 0.3%+0.05, similar to
that of diet mix of 3x10° cells mL ™.

Opysters fed with dinoflagellates (positive control and treatments)
exhibited a low feeding activity when compared with those fed
with non-toxic microalgae (toxin negative control). At 24 h, oysters
fed on negative control had completely consumed their food, while
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Figure 1. Clearance rate of Crassostrea gigas fed Gymnodinium
catenatum and/or Isochrysis galbana.
doi:10.1371/journal.pone.0072323.g001
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those fed with toxic dinoflagellates had not. No deaths occurred
under the experimental conditions tested.

Gene expression analysis in oysters after acute exposure

Toxic dinoflagellate diet effects on C. gigas were evaluated by
analyzing expression levels of 5 genes that were chosen since they
are involved in stress responses (GS), intermediate immune
response activation (LGBP), antioxidant defense (Cu/Zn-SOD),
and cell detoxification (GST and CPY450).

Quantitative analyses by PCR were performed to examine the
expression patterns of each selected gene during acute response.
Expression analyses were done using cDNA samples generated
from homogenates of five whole spat oysters (one homogenate for
each sampled time and experimental replica).

Expression levels of each target gene in the tested experimental
conditions (oysters fed on [lgalbana/G. catenatum mixtures) and
positive control (oysters fed on G. catenatum) were compared to the
toxin negative control condition (oysters fed on I galbana)
“baseline”. A stability analysis of a set of reference genes (data
not published) showed that the most stable gene pair was 28S and
GAPDH. No expression difference was observed between
unchallenged and challenged oysters. Hence, these genes were
used to normalize transcript levels.

On all analyzed genes, changes at transcription level occurred
as acute exposure response to toxic dinoflagellates. The expression
levels shown by the Cu/Zn-SOD gene were affected in challenged
oysters. The transcript level of mixture with 3x10° cells mL™",
increased (0.31 fold) above baseline at the first 12 h post challenge,
and these levels were maintained for 24 h. In contrast, transcript
abundance in the mixture with 30x10% cells mL™" strongly
decreased at first hours (0.4 fold below baseline), and it was equal
to baseline at 24 h (Fig. 2a). Transcript abundance increased
significantly (1.1 fold above baseline) in oysters fed only G.
catenatum after 12 h.

GST transcript levels were reduced in mixture with 3x10% cells
mL ™" and in positive control at first 6 h. A significant expression
level increase (p<<0.05, Fig. 2b) was observed in all treatments after
12 h post challenge. The highest transcript level was at 12 h (2.6
fold baseline) in mixture with 3x10% cells mL ™" and at 24 h (2.3
fold above baseline) in positive control. Contrary to the behavior
of the GST gen, GS showed an increase in expression levels at first
6 h in oysters fed mixture with 3x10° cells mL ™" and in those fed
with positive control diet (Fig. 2¢). However, the expression level of
these treatments returned to an expression level equal to that of
unchallenged oysters at 12 h, and the transcript level increased
significantly (0.6 fold) in oysters fed with 30x10° cells mL ™", In all
treatments a significant expression level decrease (p<<0.05) was
obtained at 24 h post challenge.

Concerning LGBP, the expression level of challenged oysters
increased significantly (p<<0.05; Fig. 2d) at 6 h post exposure; we
observed the increase of 4.8 fold above baseline. At 12 h post
challenge transcript levels were maintained from 2.3 to 3.3 fold
above baseline. The highest expression level was observed in all
treatments at 24 h. We found a higher increase (18.43 fold) in
oysters fed only G. catenatum.

The transcript levels of CPY450 gene showed an increase
during the first 6 hours principally in oysters fed with mixture of
3x10% cells mL ™" and positive control reaching values of 1.6 and
1.2 above baseline, respectively, which were maintained until
12 h. At 12 h, oysters fed mixture with 30x10® cells mL™" their
expression level increased 1.5 fold (p<<0.05; Fig. 2e). Transcript
levels returned to an expression level equal to that of unchallenged
oysters in all treatments at 24 h.
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Gene expression analysis in oysters after sub-chronic
exposure

The genes involved in antioxidant defense and cell detoxifica-
tion (Cu/Zn-SOD and GST) showed a general pattern of major
increase at 7 days post challenged and a reduction in transcript
abundance at 14 days in all treatments (Fig. 3a). Cu/Zn-SOD
transcript abundance increased in oysters fed with mixture 3x10°
cells mL™" (10 fold above baseline, $p<<0.05). Also, it strongly
increased in oysters fed with mixture 30x10% cells mL ™" (71 fold
above baseline, p<<0.05), and finally in oysters fed only G. catenatum
(18 fold above baseline, p<<0.05) at 7 days post challenge; these
expression levels decreased at 14 days, nonetheless, they remained
above baseline expression. GST transcript abundance changed 3
fold in mixture with 3x10% cells mL ™', increasing considerably
with 30x10% cells mL ™" (15 fold) and in positive control (11 fold).
Levels also decreased at 14 days (Fig. 3b). We observed a
significant increase (p<<0.05; Fig. 3c) on the expression levels of the
GS gen in all treatments (4, 5, and 8 fold) above baseline at 7 days.
However, expression level decreased in mixture with 3x10° cells
mL ™" and positive control but strongly increased in 30x10° cells
mL ™" (13 fold) at 14 days post challenge.

The LGBP gene showed a very particular expression behavior
(Fig. 3d). Differences were related to the amount of toxic cells
present at the bioassay system; significant differences (p<<0.05)
were observed mainly in oysters fed with 30x10° cells mL™" at 7
and 14 d (12 fold above baseline). At day 14, this gene remained
overexpressed (3 fold) in oysters treated with 3%10% cells mL™",
but it was repressed in the positive control.

The CPY450 gene showed a significant increase ($<<0.05) with
3010 cells mL ™", which was higher than 15 and 35 fold at 7 d
and 14 d post challenged, respectively when compared to
unchallenged oysters (Fig. 3e). Expression levels in the positive
control were higher, 14 fold above baseline at day 7, but we found
they decreased to 7 fold at day 14.

The results indicated that the expression levels of these 5 genes
in C. gigas were affected by the presence of the toxic dinoflagellate,
and the magnitude was dependent on time and toxic cell
concentration.

Discussion

As a filter-feeder species, C. gigas may accumulate toxins
[1,4,5,32] and xenobiotics [33-35]; thus toxin presence is one of
the major determinants of its sanitary quality. Toxin mechanisms
and effects in human and other mammalian species are widely
known. However, only recently have researchers begun to study
toxic microalgal effects in mollusks (vectors for human toxins),
determining they have been mainly physiological [1,6,9]. Even less
studied are HAB impact effects on filter-feeder organisms,
considering shellfish as part of an ecosystem. Thus experiments
in this work were designed exposing C. gigas to G. catenatum cells
under experimental conditions to get new information from a
different viewpoint. Our goal was to analyze changes occurring in
a filter-feeder organism when exposed to toxins through a red tide
event (in our case PSP through G. catenatum). Finally, duration of
the bioassays was designed to determine short and medium term
effects (24 h and 14 days), emulating early and developed stages of
a red tide up to its exponential phase. Although this study is
limited since it does not consider variables such as simultaneous
presence of several phytoplankton species, succession phenomena,
and decay, we know it is a good starting point for analyzing the
effect of marine toxin producers considering G. catenatum and C.
gigas as study models given their ecological, economic, and public
health relevance.
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Figure 2. Quantitative expression (qPCR) of Crassostrea gigas target genes at acute exposure to Gymnodinium catenatum and/or
Isochrysis galbana cells. Panels: a) Copper/zinc superoxide dismutase, b) Glutathione S transferase, c) Glutamine synthetase, d) Lipopolysaccharide
and beta glucan binding protein, and e) Cytochrome p450. Each gene expression is shown as relative expression (2~ 24 with 28S ribosomal and
GAPDH as endogenous controls. Asterisk indicates significant differences between treatments and negative control (p<<0.05 in Fisher’s HSD).

doi:10.1371/journal.pone.0072323.g002

Several species of harmful algae have shown previously to affect
oysters’ and other bivalves’ feeding. For example, C. gigas reduces
its clearance rate when exposed to the toxic dinoflagellates
Alexandrium minutum, Alexandrium tamarense, and Alexandrium catenella
[11,12,36-40]. Our results revealed that during the first 2 hours,
treated oysters filtered a moderate quantity of toxic dinoflagellates,
showing a partial valve closure behavior. On the other hand, our
results showed that oysters preferentially remove 1. galbana over G.
catenatum from the mixed microalgae offered as food. In oysters fed
with a mixture of 3x10° cells mL™' a clear preference for
ingesting 1. galbana was observed but not in the mixture with
30x10° cells mL™' where only 20% of available cells were
removed, independently of the microalgal species (. galbana and/
or G. catenatum).

PLOS ONE | www.plosone.org

In all treatments and positive control (only G. catenatum) filtration
rate was significantly lower than in the negative control, which
showed a CR rate of 91% at 24 h. In general, an inverse
relationship between CR and toxic cell dose level was observed.
No deaths were registered in acute and sub-chronic exposure,
which indicate that oysters can cope with adverse effects of toxic
cell consumption.

As mentioned briefly before, we observed pseudo-feces forma-
tion in treatments with toxic microalgae, finding a direct
relationship between the amounts produced with the cell number
provided (data not shown). However, in the mixture with 3x10°
cells mL™" diet G. catenatum dominated in pseudo-feces composi-
tion, indicating that oysters selectively remove it over I galbana
(Fig. 1). Under a high cell density condition (30x10% cells mL™")
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doi:10.1371/journal.pone.0072323.g003

oysters’ selectivity is lost because both species are cleared from the
system in the same proportion, which can be explained under food
availability conditions in excess or provoked by the dinoflagellate
toxicity.

In the first scenario, pseudo-feces production has been
documented as a fundamental pre-ingestion mechanism [5,8,10],
not only preventing exceeding the animal’s ingestion capacity
[10,32,37,40] but also facilitating particle selection: less nutritious
particles are rejected, thus the quality of ingested material is
proportionally improved [5,36,37,40]. However, in our work we
demonstrated that the addition of a toxic dinoflagellate as G.
catenatum in a diet added with the haptophyte /1. galbana significantly
altered C. gigas’ filtering capacity and pseudo-feces production.
Similar behavior was observed in previous studies [40—42]. Given
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the above, it is demonstrated that the oysters have a higher
sensitivity to phycotoxin-producing microalgae.

Genomic approaches allowed a better understanding on the
biochemical pathways affected by several test-conditions. For this
purpose five genes were selected considering they have different
physiological roles, and any or all could be a sensitive tool to detect
changes when oysters were exposed to toxic dinoflagellates. In
general terms, when C. gigas was exposed to G. catenatum, the
observed responses were time-dependent and exhibited a linear
dose-response relationship mainly in the sub-chronic period.
Therefore, we found statistically significant differences in the
interaction dose-exposure-time. Although basal expression levels
of the oysters fed on negative control exhibited certain variability,
changes were small with short duration over the course of the
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bioassay. In treatments, changes in transcript levels (dose-time
dependent) suggested a direct relationship to toxic algal ingestion.
Change magnitude as well as particular effects could be based on a
particular gene’s susceptibility to any component of the toxic
dinoflagellate.

Antioxidant enzymes have been proposed as environmental
impact assessment markers due to metals and some organic
xenobiotics that generate oxidative stress [43—45]. Cu/Zn- SOD is
a cytosolic enzyme that has antioxidant properties. Its function is
superoxide radical dismutation (O™?) to hydrogen peroxide
(HyOy) and oxygen, during oxidative energy processes [43,44]
diminishing destructive oxidative processes in cells.

At 6 hours, transcript levels were equal to those of unchallenged
oysters in positive control and mixture with 3x10° cells mL ™" but
increased after 12 h of exposure. This result might be interpreted
that the number of G. catenatum cells (3x10% cells mL™") causes a
net positive effect on Cu/Zn-SOD expression in spite of an
expression adaptation (increase) that balances conditions allowing
an apparent homeostasis in the oyster. We also found that
following a brief exposure period with 30x10% cells mL ™", the
Cu/Zn-SOD expression level was mainly suppressed; the harmful
effect was obvious because expression repression persisted from the
beginning of the experiment to 24 h, recovering slowly.

However, the trend observed was major under sub-chronic
exposure (Fig. 3a) where it revealed an increase in transcript
synthesis, finding significantly higher values in 30x10% cells mL ™"
and in the positive control when compared with mixture of $x10°
cells mL™". In the same figure, it draws our attention that in the
positive control Cu/Zn-SOD expression level is higher, indepen-
dently of exposure time but even higher at 7 days. The difference
between these two experimental conditions is the presence of L
galbana in the diet, which somehow mitigates damage in the oyster,
decreasing the magnitude of the impact.

Recent evidence showed that Cu/Zn-SOD are involved in
cell response to many environmental and physiological stressors,
which include studies in C. gigas, mainly after heavy-metal
exposure [45,46], thermal [47], summer mortality [48],
pesticide exposure [34,35,49], toxic dinoflagellate P. lima
exposure [17], finding that transcript levels increased after
stress challenges. The Cu/Zn-SOD overexpression is indicative
of oxidative stress generated by ROS in oysters, which is the
strategy to compensate damage at cellular level, increasing in
transcription and then increasing mortality resistance. There-
fore, a stronger correlation has been observed between
phycotoxins and oxidative damage [17,50].

Glutathione S-transferase (GST) belongs to a large superfamily
of multi-functional enzymes involved in cellular detoxification by
catalyzing glutathione (GSH) conjugation to electrophilic com-
pounds with a wide range of endogenous and xenobiotic agents,
including environmental toxins and oxidative stress products [51—
53]. The GST gene transcript levels showed significant differences
between oysters exposed to G. catenatum and I galbana, so
presumably it is regulated and involved in the oysters’ metabolism
of PST toxin management. In our research we also found that
GST expression was low at 6 h in all treatments; however, GST
was overexpressed after 12 h in challenged oysters. An early
response of (. gigas to the presence of G. calenatum has been
documented and also shown in our study as a decrease in feed
through valve closure [41] together with palatability of food as a
mechanism of tissue damage resistance [5,36,37]. In a sub-chronic
exposure, the highest overexpression was found on day 7 (mixture
of 30x10° cells mL ™" and positive control). A GST overexpression
was observed in C. gigas exposed to contaminants [53] under sub-
chronic exposure as in our work.
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The biochemical adaptations that involve a gene response
against xenobiotics, as the GST activity, could partly explain the
consumers’ reluctance to food chemical threats and provide
information about enzymatic mechanisms underlying foraging
decisions [45,54,55]. GST induction with an allelochemical diet
can serve as an additional adjustment mechanism of protection
against toxicity [54,55]; this phenomenon may be present in our
study system (oyster-toxic dinoflagellate).

The differences on GST transcript level among treatments
could be due to detoxification processes normally associated with
stress [44,50,51], explaining the high GST expression observed in
oysters exposed to toxic cells. Moreover, it has been found that
oysters have high toxic accumulation on tissues after seven days of
exposure [1,9], which agrees with our observations of increased
GST transcripts on exposed oysters during similar time periods;
these results contribute to a better understanding of the GS'T role
and the presence of resistance mechanisms towards a toxic
dinoflagellate diet. Furthermore, a recurrent GST up-regulation
could be associated to an increase of the animal’s resistance to
stressors, including toxic compounds [54].

Glutamine synthetase (GS) is an enzyme that plays a central role
in nitrogen metabolism by catalyzing the chemical reaction of
ammonium to glutamate and glutamine formation; it detoxifies
ammonia and conveys nitrogen towards urea, amino acid, and
nucleotide biosynthesis [56]. In our work a high GS expression
level was found in mixture of 3x10% cells mL™"' and positive
control on dinoflagellate-exposed oysters in regard to control, but
the highest increase was at 12 h of exposure in mixture of 30x10°
cells mL™". The harmful effect of toxic cell presence on oysters
was obvious because of expression repression at 24 h. These data
suggest that the only presence of G. catenatum affects the oyster’s
metabolism even in short exposure periods. Likewise, GS
expression increase was highly regulated by dinoflagellate cell
concentration since responses were time-dependent and exhibited
a positive linear dose-response relationship under sub-chronic
exposure.

Several studies have found that the GS gene is up regulated in
oysters exposed to hydrocarbons [53], hypoxia [57], pesticides
[34,35,49,53], or to toxic dinoflagellate Prorocentrum bLima [17],
playing an important role in the organisms’ resistance to these
stressors. Some studies suggest that glutamine produced by GS is
required in the formation of amino acids, purines, and pyrimidines
that are essential on protein synthesis [56]. Thus, in our research
the increase of GS transcript abundances observed on exposed
oysters could reflect an increase in protein synthesis, essential for
regulating homeostasis in challenged oysters to dinoflagellates.

The lipopolysaccharide and beta-1, 3-glucan binding protein
(LGBP) plays a crucial role in invertebrates’ innate immune
response [58]. The binding of lipopolysaccharide and/or B-1, 3-
glucan to LGBP activates the pro-phenoloxidase cascade, which is
apparently a general response of (. gigas to stress exposure
whatever its abiotic or biotic nature is [58-60]. The host defense
mechanism can be divided in three essential steps: detecting
infecting microorganisms, activating intracellular signaling path-
ways, and triggering the effector mechanism [58]. The LGBP is an
acute phase protein that plays a critical role in host-parasite
Interactions, essential in the overall response of invertebrates’
innate immune system.

Our results indicate a differential response on LGBP related to
the tested treatment and exposure time because an overexpression
was observed both in the beginning of the bioassay and under sub-
chronic exposure (in oysters fed with 30x10% cells mL ™' for 14
days; Fig. 3d). In our study, the protective immune response
activation on oysters exposed to G. catenatum suggests that oysters
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perceive this dinoflagellate as a non-owned element that could
function as a potential invader rather than experiencing physio-
logical impairment due to a chemical toxin in G. catenatum; it is
noteworthy that oysters did not have the same response in the
presence of 1. galbana.

Although many studies have assessed the effects of harmful
algae and their toxins upon bivalves’ immune systems, biological
interactions between them are poorly understood, especially at
molecular level. This gene was previously identified in up
regulated SSH libraries from C. gigas exposed to hydrocarbons
[35] and parasites [61]. Our report provides the first evidence that
exposure to G. catenatum toxic cells temporarily increases LBGP
gene expression and could play a critical role on C. ggas-G.
catenatum interaction.

The cytochrome P450 (CYP450) supergene family is a large and
diverse group of enzymes that generally constitute the first
enzymatic defense against foreign compounds. It is characterized
as one of the major phase I-type class of detoxification enzymes
found in living organisms. These enzymes metabolize a wide
variety of substrates, such as fatty acids, hormones, and
xenobiotics [62]. Alteration on both CYP450 and glutathione S-
transferase has been found in marine organisms after exposure to
allelochemical gorgonian corals [54] and to many typical
pollutants that are continuously released into the environment:
polycyclic aromatic hydrocarbons, heavy metals (e.g. Pb and Cu),
and endocrine disruptor chemicals [63,64]

Overexpression patterns of this important detoxification enzyme
were found in sub-chronic exposure; these data suggest a possible
role of CPY450 in protecting oysters exposed to toxic cells; even
more, CPY450 expression changes were dependent on tested cell
concentration. On the other hand, it is well known that bivalves
accumulate and metabolize toxins, resulting in conjugated,
oxidized, reduced, and hydrolyzed metabolites [1,65]. Neverthe-
less, PST biotransformation associated to cytochrome P450
activity has not been described in C. gigas yet; thus the observed
increase on the CYP450’s transcript level found in our work opens
the opportunity to study if this enzyme is involved and how in this
association.

In our work, we have demonstrated the toxic effect caused by G.
catenatum using whole cells. It is important to consider that
metabolic byproducts other than toxins may contribute to the
effects observed by affecting cell membranes or particular organ
systems which in sum could affect animal health and ultimately
cause disease. Additionally, we provide here the first evidence that
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