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Abstract: Paralytic shellfish toxins (PSTs) contamination of seafood has become a growing global
problem. However, the molecular response of bivalves, some of the most popular seafoods, to
PSP toxins has seldom been reported and the underlying molecular mechanisms of the interactions
between Meretrix meretrix bivalves and PSTs-producing dinoflagellates are scarcely known. This
study compared the protein expression profiles between PSP toxin-contaminated and non-PSP toxin
contaminated M. meretrix, determined proteome responses and identified potential biomarkers
based on feeding experiments. Results showed that the content of total PSP toxins in contaminated
bivalves was 40.63 ± 4.08 µg saxitoxin (STX) equivalents per gram, with 95.3% in hepatopancreas,
followed by gill (1.82%) and foot (1.79%). According to two-dimensional gel electrophoresis (2-
DE), 15 differentially expressed proteins (at least 2-fold difference) between the hepatopancreas of
bivalves with and without PSP toxins were detected. Eight of them were successfully identified by
MALDI-TOF MS. These were catalase, protein ultraspiracle homolog, G2 and S phase-expression
protein, paramyosin, Mn-superoxide dismutase, response regulator receiver domain-containing
protein, sarcoplasmic calcium-binding protein and major facilitator superfamily transporters. The
differences in the expression levels of the last three proteins involving in cell signaling, structure
and membrane transport were 4.2, 5.3 and 4.9-fold, respectively. These proteins could be further
developed as potential biomarkers. The other two up-regulated proteins, Mn-superoxide dismutase
and catalase, were involved in cell defence mechanisms against oxidative stress, suggesting PSP
toxin acts as xenobiotics and poses oxidative stress in bivalves. This study gives insights into the
response of bivalves to PSP toxin-producing dinoflagellate at the proteomic level and the potential of
using 2-DE to develop specific protein markers in bivalves.
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1. Introduction

Many bivalves like Meretix, Ruditapes, Saccostrea and Mytilus are major foods in our
diets. Marine bivalve mollusks feed on phytoplankton, but some phytoplankton are
toxigenic species producing bioactive toxins that can lead to shellfish poisoning [1,2].
Toxigenic microalgae are also one of the causative agents for harmful algal blooms (HABs).
Bivalves have the ability and capacity to accumulate high levels of shellfish poisoning in
their tissues during a toxigenic HAB event [3,4]. Such contaminated shellfishes are then
toxic to human [5,6]. The outbreaks of HABs occurring in coastal water globally cause
serious health problems through the consumption of highly toxic bivalve species and also
lead to severe annual losses of several billions of US dollars in aquaculture areas.

Majority of shellfish poisoning is produced by marine microalgae, includinig paralytic
shellfish poisoning (PSP), ciguatera fish poisoning (CFP), diarrheic shellfish poisoning
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(DSP), amnesic shellfish poisoning (ASP), neurotoxic shellfish poisoning (NSP) and aza-
spiracid shellfish poisoning (AZP) [7]. Among these, PSP is the most common shellfish
poisoning in bivalves because of their wide distribution, where saxitoxin (STX) is the main
PSP toxin. STX acts as blockages of voltage-gated sodium channels of neuronal cell mem-
branes, causing partial paralysis or cardiorespiratory arrest [8]. It has been reported that
some of the phytoplankton species in dinoflagellate genera such as Alexandrium, Gymno-
dinium and Pyrodinium are the main PSP toxins producers with more than 20 analogues
of paralytic shellfish toxins (PSTs), that are commonly divided into three groups, namely
carbamate, N-sulfocarbamoyl and decarbamoyl groups [7–11].

It is difficult to know whether bivalves are contaminated with PSTs or not in Nature, as
the contaminated bivalve cannot be easily identified by their appearance, smell or taste [12].
Bivalves have certain tolerance to PSTs as they have corresponding defence systems. They
can accumulate, detoxify, metabolize and eliminate PSTs from their body (depuration)
during a certain exposure period [12–14]. It has been found that the digestive gland of
bivalves contains a high amount of total PSTs content, but PSTs decrease rapidly if the bi-
valve stops its ingestion of PST-producing dinoflagellates [15,16]. The composition of PSTs
toxins in bivalves can be different from that of the PST-producing dinoflagellate [17,18].
In recent decades, mouse bioassays have been used as a standard detection method for
PSTs, however, living animals have relatively low specificity and sensitivity [19]. Different
analytical methods such as liquid chromatography mass spectrometry and enzyme-linked
immunosorbent assay (ELISA) have been developed, but these methods require high
amounts of standard solutions [20,21]. So far, studies on PSTs focus mainly on the occur-
rence, exposure, biotransformation, physiological and behavioural responses of PSTs in
bivalves, but little is known about the molecular responses of the bivalves such as the
change of protein profiles or gene expressions after exposure to PSTs contamination [12,22].

Two-dimensional gel electrophoresis (2-DE) has been described as an important tool
for proteome, food quality and safety assessment for marine mussels [23]. It remains
widely useful to characterize complex biologically functional proteins. In recent years, pro-
teomics based on two-dimensional gel electrophoresis and mass spectrometry have been
used to assess the effects in protein expression of mussels and other aquatic crustaceans
exposed to toxins produced by cyanobacteria and other environmental stresses, as well as
to search protein biomarkers in the field of pollution monitoring [24–26]. Previous studies
mainly focused on proteomic responses of aquatic organisms exposed to metal stresses [27],
bacterial or viral pathogens [28,29], and parasites [30]. To the best of our knowledge,
proteomic responses of Meretrix bivalves exposed to the toxin-producing dinoflagellates
Gymnodinium catenatum have never been studied, despite the fact they are common cultured
species and are often reported as HAB species in Mainland China [31,32] and other parts
of the world [33]. The present study therefore aims to to explore the molecular response
of bivalves upon exposure to PST-producing HAB species through elucidating the PSTs
composition and protein profile of Meretrixmeretrix fed with G. catenatum based on pro-
teomics. The study also attempts to identify possible protein biomarkers (the differentially
expressed proteins) by comparing protein profiles between treated and non-PSTs treated
bivalves based on 2-DE and matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). M. meretrix (Bivalvia, Veneridae) is commonly distributed
in East and Southeast Asia, and lives in sediments of the neritic intertidal zone along the
coast of China [34]. This hard clam is both farmed and captured wild in China, with signifi-
cant ecological and economic values (the price for one kilogram of the clams has increased
from ¥10 to more than ¥100 in recent years) [35–37]. This research not only improves our
understanding of possible defense mechanism and proteome changes of bivalves against
the stress introduced by HAB species, the identified differentially expressed proteins also
serve as potential biomarkers for the rapid detection of shellfish toxin contamination in
aquatic ecosystems.
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2. Materials and Methods
2.1. Experimental Animals

Marine bivalves, M. meretrix (64–82 mm shell length), were collected from Hong Kong
during the period of no PSP toxicity in shellfish. The species was identified and confirmed
by the gene sequence based on the partial region of cytochrome C oxidase subunit I (COI)
DNA (around 710 bp). The bivalves were transferred to the laboratory and rinsed with
natural seawater to remove attached macro-algae and epibionts. The cleaned bivalves
were then placed in a 400 L glass tank containing 250 L of natural seawater at 21–22 ◦C for
two-weeks acclimation. The seawater was collected from coastal environment in Hong
Kong with a salinity 30–31 ppt and pH 7.8, filtered with 0.2 µm pore size cellulose nitrate
filter membrane and autoclaved at 1–2 bar, 125 ◦C in saturated steam before use. The tank
was equipped with a recirculation and aeration system. During the acclimation period, all
bivalves were fed daily with a non-toxic green microalgae species, Dunaliella tertiolecta, at a
rate of 1% of their tissues dry biomass in order to maintain the algal cell density in 104 cells
per mL [38], and the natural seawater was renewed once a week.

2.2. Cultivation of Microalgae

The monocultures of toxic G. catenatum (GYM) and non-toxic D. tertiolecta microalgae
were both isolated from the coastal water in Hong Kong. G. catenatum was used in this
study because our preliminary work revealed that this dinoflagellate produced a higher
amount of PSTs than other PST-producing species such as Alexandrium spp. (data not
shown). D. tertiolecta, the non-toxic green microalga, was selected and used as the control
because of its high growth rate and easiness to culture in the laboratory. Both species
were cultivated in natural seawater-based L1 medium following the standard cultivation
method [3]. The cultures were kept in an environmental growth chamber under 22 ± 1 ◦C,
12:12 h of light:dark cycle at a light intensity of 120 µE m−1s−1 provided by cool white
fluorescent tubes.

2.3. Experimental Design

A group of 10 bivalves after acclimation was placed in a glass tank filled with 20 L
of natural filtered seawater. During the exposure period, bivalves in the treatment group
were fed with the GYM cells (at exponential growth phase) at 2.6 × 107 cells per tank
each day. This set-up was repeated except the bivalves were fed with the same amount
of biomass of D. tertiolecta that served as the control group. All bivalves were harvested
after exposed to algal cells for 7 days based on previous studies [18,39]. To monitor the
feeding performance, algal cells used to feed the bivalves were harvested by plankton
nets and counted under light microscopy with a Sedgwick-Rafter cell counter. The cells
in the culture were harvested into a 50 mLcentrifuge tube and centrifuged at 3500× g for
5 min (Rotina 420R, Hettich, Tuttlingen, Germany). Cell pellets were placed in a 1.7 mL
micro-centrifuge tube and store at 80 ◦C for toxin analysis. Bivalves were then washed,
and different organs including gills, hepatopancreas, foot, adductor muscle, mantle margin
and siphon were isolated. Each type of organ from 10 bivalve samples in the same group
was pooled together for PSTs determination. The organ having the highest concentration
of PSTs was selected for subsequent 2-DE analysis and protein analyses. The feeding
experiment was done in triplicates, and no mortality was observed in all tanks during the
feeding experiment.

2.4. Protein Extraction from Hepatopancreas

One hundred mg wet biomass of hepatopancreas were used to extract proteins using
the 10% TCA/acetone precipitation method described in previous studies [40]. In brief,
sample was added with 0.5 mL lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 40 mM
Tris, pH 8.7), lysed by sonication (10 s per pulse for 5 min) on ice (Model cv18, SONICS,
Newtown, CT, USA), and centrifuged (14,000× g, 15 min, 4 ◦C) to collect the supernatant
(protein extract). Subsequently, 0.5 mL protein extracts in lysis buffer was added with
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2.5 mL of ice-cold 10% TCA/acetone and kept at −20 ◦C to allow protein precipitation for
overnight. Precipitated proteins were then washed twice with ice-cold acetone. Finally,
0.5 mL lysis buffer was added to solubilize the protein pellet and store at −20 ◦C until
further use in the proteomic analysis.

2.5. Protein Determination

Protein concentration was determined by modified Bradford assay Bio-Rad, Hercules,
CA, USA) [41]. In brief, the extracted protein in 10 µL of lysis buffer was added into 240 µL
distilled water and mixed with 50 µL Bradford reagent. After incubation for 15 min, protein
quantitation was conducted by absorbance read at 595 nm. Standard curve was generated
using bovine serum albumin (BSA) in concentrations of ranging from 0–12 µg/µL.

2.6. Toxin Determination

PSTs from fresh shellfish tissues/organs and GYM cells were extracted according to
the standard method published by the Association of Official Analytical Chemists (AOAC)
2005.06 method. Briefly, bivalve or GYM samples were mixed with 3 mL 1% acetic acid and
heated at 100 ◦C for 5 min. Suspension was centrifuged (3600× g, 10 min) after cooling, the
supernatant was adjusted to a final volume of 10 mL with ddH2O, then passed through a
3 mL (500 mg sorbent) Solid-Phase Extraction (SPE) C18 cartridge column (Waters, Milford,
MA, USA) for clean-up. The column was conditioned with 6 mL methanol, followed by
6 mL ddH2O. One mL of PSTs extract was added to C18 cartridge with the elution flow rate
of 2–3 mL/min, the eluent was then injected to ultra-performance liquid chromatography
(UPLC) with fluorescence detector (FLD) for toxin determination.

Toxin determination was performed according to Oshima’s post-column derivatization
method by a Waters H-class UPLC system linked with a Waters Post Column Reaction
Module [21]. Eleven carbamate toxins were determined by utilizing four different mobile
phases. The separation of PSTs derivatives was performed on a Waters Nova-Pak C18
HPLC column (150 mm × 3.9 mm, 4 um particle) with a flow rate of 0.5 mL/min at 40 ◦C
column temperature. After separation, the PSTs derivatives were oxidized by a solution
containing 7 mM periodic acid and 50 mM sodium phosphate (pH 9.0 with 1 N KOH)
in a biocompatible mixing chamber and passed through a reaction coil at 75 ◦C (Waters
Temperature Control Module II) at a flow rate of 0.15 mL/min (adjusted by Waters Reagent
Manager). The eluent was acidified in another mixing chamber with 0.5 M acetic acid
(0.15 mL/min flow rate at ambient temperature) and monitored by a fluorescence detector
with 330 and 390 nm excitation-emission wavelengths. Each PSTs derivative in the sample
was identified by their corresponding retention time of the certified reference standards
purchased from The National Research Council of Canada’s Metrology Research Centre
(Ottawa, Canada), and the amount of each toxin derivative was quantified based on the
respectively standard curve. The UPLC chromatograms showing different toxin derivative
of the standard and algal sample were summarized in Supplementary Materials Figure S1.

2.7. Two-Dimensional Gel Electrophoresis and Imaging Analysis

Two-dimensional gel (2-DE gel) with a pH range of 4–7 strip was used since most of
the bivalve proteins were found to be located in pH 4–7 [27]. A previous method based
on 2D-gel electrophoresis and analysis was adopted [40]. Briefly, 18 cm immobilized pH
gradient (IPG) strip of pH range 4–7 (Bio-Rad) was rehydrated with 340 µL rehydration
buffer (containing 7 M urea, 2 M thiourea, 4% CHAPS, 0.2% dithiothreitol (DDT) and 3.4 µL
of IPG buffer pH 4–7) for 16 h. 100 µg of protein samples were added into the cup after
rehydration of IPG strip. Isoelectric focusing was achieved in the following condition: 1 h
at 100 V, 2 h at 300 V, 2 h at 1000 V, 2 h at 4000 V and 5 h at 8000 V. Subsequently, IPG strip
was first equilibrated with equilibration buffer (50 mM Tris, pH 8.8, 6 M urea, 30% glycerol,
2% SDS, 1% DDT and trace amount of bromophenol blue) for 15 min, then the IPG strip was
placed in fresh equilibration buffer containing 1% iodoacetamine (IAA) (instead of DDT)
for 15 min. 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)



J. Mar. Sci. Eng. 2021, 9, 1039 5 of 15

second dimension was performed using a constant current of 30 mA/gel, followed by
silver stain. Visualization of 2-DE gels were scanned and the images were analyzed by
Melanie VII (GeneBio, Geneva, Switzerland). All protein samples were done in triplicates.

2.8. In-Gel Digestion and MALDI-TOP Mass Spectrometry Analysis

2D gel spots containing the proteins of interests were excised from the gel, washed
with 25 mM NH4HCO3 in 50% ACN three times, and dehydrated with 100% ACN for
15 min. The gel pieces were reduced and alkylated by incubating with 10 mM DDT (55 ◦C,
45 min) and 55 mM IAA (in dark, 30 min) at room temperature, respectively. Trypsin
(20 ng/mL) in 25 mM NH4HCO3 was added to the sample for overnight at 37 ◦C to allow
trypsin digestion. Samples were then analyzed with MALDI-TOF/TOF MS (Autoflex III;
Bruker, Billerica, MA, USA) in reflection mode over a mass range of 700–3000 Da after
calibrating with a peptide calibration standard (Bruker) as described in previous study [40].

2.9. N-Terminal Sulfonation

De novo peptide sequencing was applied with the aid of N-terminal sulfonation [42].
Sulfonation was performed by adding 4-sulfophenyl isothiocyanate (SPITC) in 20 mM
sodium bicarbonate solution at pH 9.5 into tryptic peptides and incubated at 55 ◦C for
30 min. The reaction was stopped by adding 5% TFA. Sulfonated peptides were absorbed
onto C18 zip-tip (Millipore, Burlington, MA, USA), followed by eluted with 2 µL 0.1% TFA
with ACN (1:1) for MALDI-TOF/TOF MS analysis.

2.10. Statistical Analysis

All data were presented as means ± standard derivations of three replicates. One way
analysis of variance (ANOVA) was used to determine any significant differences in toxin
content between organs of M. meretrix.

3. Results and Discussion
3.1. Toxin Composition in Dinoflagellate and Bivalve

The toxin composition of PSTs-producing dinoflagellate GYM isolate at its exponential
phase included C1 (2.42%), C2 (45.24%), GTX2 (0.03%), GTX3 (0.38%), GTX4 (5.92%), GTX5
(28.60%), dcGTX2 (6.42%), dcGTX3 (1.86%), dcSTX (6.15%) and NEO (2.93%) (Figure 1).
The total toxicity level of the GYM was 12.33 ± 19 pg STX eq cell−1, with C2 toxin being
the most dominant toxin, followed by GTX5. STX and GTX1 were not detected in the GYM,
same as in previous study [17]. A wide variation in cell toxicity among GYM isolates, even
from the same geographical location, has been reported [17,43]. In previous reports, cell
toxicity could vary from high values (9 to 17 µg STX eq cell−1) in Korean isolates [44] to
very low levels (0.25 to 2.31 STX eq cell−1) in Mexican isolates [43]. It has been speculated
that a high content of C1 or C2 seems to be a characteristic of GYM isolates in general [43].
However, more and more exceptions have also been found. For examples, isolates from
Singapore [45] and Japan [46] produce the highest proportions of GTX1-4 toxins. Different
studies have shown that the types and proportions of different PST analogues vary among
isolates and environmental conditions. Changes of toxin profile in GYM have been detected
when the cells are exposed to changes in temperature [43], culture media [17,47], chain
length of the cells [47], growth phases [47,48] and growth rate [48].
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Figure 1. Toxin compositions of G. catenatum and six organs of M. meretrix.

The average toxin compositions in six organs of the bivalve include C1 (27.07%), C2
(17.43%), GTX2 (0.05%), GTX4 (1.53%), GTX5 (17.76%), dcGTX2 (9.30%), dcGTX3 (2.41%),
dcSTX (20.83%) and NEO (3.58%). The toxin profiles of the six organs were highly similar,
except NEO toxin was not detected in Siphon (Figure 1). The dominant PSTs in the bivalve
after 7 days exposure were mainly the N-sulforcarbamoyl compounds including C1, C2
and GTX5, although previous research reported that all N-sulforcarbamoyl toxins could be
transformed to carbamate toxins after a certain detoxification time in bivalves [18]. The
second predominant toxin analogues were dcGTX2 and dcSTX. In terms of PSTs analogues,
the toxin profile in the GYM-contaminated bivalve was comparable to that of GYM cell,
except GTX3 was not detected in the bivalve sample and the dominant toxin was C1 instead
of C2 (Figure 1). According to previous field studies and laboratory experimental work
on PSTs content in bivalves, the toxin profile and the ratio of C1 and C2 in the digestive
gland of the bivalve sample after exposure to PSTs-producing dinoflagellate were different
from that in PSTs-producing dinoflagellate [16,18]. Such difference in toxin compositions
between GYM and the bivalve is affected by several factors, including rates of feeding,
accumulation, transformation such as reductive cleavage, hydrolysis, epimerization and
enzyme conversion, detoxification and elimination of PSTs [16,18,21,49]. Mohamad et al.
2006 reported that the ratio of GTX5 and 6, and C3 and C4 toxins were eliminated after
96 h when the toxic dinoflagellate Alexandrium catenella was fed only once to the bivalve
Tapes japonica [18]. In addition, the concentration of PSTs decreased rapidly if the bivalve
without further ingestion of the PSTs producing dinoflagellates. The toxin profile of PSTs
in bivalve tissues is changing incessantly, as the toxin decreases rapidly and excretes from
the body like xenobiotics or exogenous compounds [50]. In the present study, however,
the detoxification rate of the bivalves might not be able to immediately eliminate PSTs
from their body due to the continuous feeding with GYM cells. The average of total toxin
content obtained from the six organs of the contaminated bivalve was 40.63 ± 4.08 µg STX
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equivalents per gram (Table 1), which was much higher than the regulatory limitation in
shellfish which set at 80 µg STX equivalents per 100 g shellfish meat [51].

Table 1. Toxin content detected in six organs of M. meretrix by UPLC coupled with post column
oxidation method. Different letters (a and b) in supercript position denote significant difference
among organs according to one-way analysis of variation at p ≤ 0.05.

Organ Toxin Content (µg STX Equivalents
Per Gram)

Relative Abundant
(% Molar)

Gill 0.74 ± 0.14 a 1.82
Hepatopancreas 38.71 ± 3.63 b 95.27

Foot 0.73 ± 0.10 a 1.79
Adductor muscle 0.212 ± 0.05 a 0.52

Mantle margin 0.107 ± 0.06 a 0.26
Sighon 0.131 ± 0.03 a 0.32

More than 95% of PSTs was found in hepatopancreas, with toxin content at 38.71 ± 3.63 µg
STX equivalents per gram, while the toxin content in the other five organs was less than 5%
ranging from 0.107 ± 0.06 to 0.74 ± 0.14 µg STX equivalents per gram (Table 1). Previous
studies demonstrated that PSTs were not evenly distributed in bivalve tissues, with higher
toxin content in hepatopancreas than the other tissues [1,52]. The hepatopancreas in bi-
valves is an organ analogous to the liver in vertebrates and plays important roles in several
metabolic processes and in reducing or eliminating the toxicity of cadmium and other
heavy metals [34,53]. It is an important organ for the production of enzymes in the response
to toxins, particularly digestion and detoxification processes [39,54]. The hepatopancreas
is also involved in the immune responses in invertebrates [55]. The hepatopancreas of
Mytilus galloprovincialis had an effective capacity to deal with PSTs, as it had the ability to
cope with pro-oxidant challenges associated with PSTs [56]. The hepatopancreas of the
bivalves with and without PSTs introduced were selected for the subsequent 2-DE analysis
in the present study.

3.2. Protein Profile in the Hepatopancreas of Bivalves

In our study, a total of 745 and 681 protein spots were detected on 2-DE gels from
PSTs-treated (exposed to G. catenatum) and non-PSTs treated (control) hepatopancreas,
respectively. Protein profiles were reproducible among replicated 2-DE gels from the same
group. Fifteen differentially expressed protein spots, each with at least 2-fold expression dif-
ferences between PSTs-treated and non-treated hepatopancreas, were annotated (Figure 2).
The selected areas are magnified in Figure 3. Nine of these differentially expressed proteins,
named as the “toxic hepatopancreas” (TP) were up-regulated and the other six, the “control
hepatopancreas” (CP), were down-regulated. Although proteomic analysis on the hep-
atopancreas of bivalves after GYM/PSTs exposure has yet to be explored, several relevant
studies have been conducted. Martins and his group detected quantitative variations in 13
and 16 protein spots in digestive gland tract and gill samples, respectively, when the fresh-
water clam Corbicula fluminea was exposed to live Microcystis aeruginosa cells for 24 h [57].
Huang et al. also reported 12 proteins were up-regulated and 16 were down-regulated in
Perna viridis after exposed to Prorocentrum lima, a dinoflagellate producing DSP toxins [58].
A total of 25 spots resolved in 2-DE gels were differentially expressed (>1.5 folds) in the
hepatopancreas of Mytilus galloprovincialis challenged by Vibro anguillarum and Micrococcus
luteus [59]. This study also found that out of the 25 differentially expressed protein spots,
only four of them had 2- or more than 2-fold of change and the highest fold change was
3.27-fold (Putative C1q domain containing protein). In our case, protein expression levels
of identified proteins ranged from 2.3 to 5.3 folds, and most of them had 3- or more fold of
changes (Table 2).
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Table 2. Eight differentially expressed protein spots identified by PMF and de novo amino acid sequencing.

Spot pI MW (kDa) Fold Changes Protein Name Source Amino Acid Sequence

TP1 4.8 46 4.2

Response regulator
receiver

domain-containing
protein

De novo peptide
sequencing
1634.9 m/z

FAI/LAKAVNHHNWAR

TP2 4.6 42 4.9
Major facilitator

superfamily
transporters

De novo peptide
sequencing
1154.3 m/z

AI/LFSFWI/LDR

TP3 4.6 40 5.3
Sarcoplasmic

calcium-binding
protein

De novo peptide
sequencing
842.2 m/z

VATVSI/LPR

TP5 7.0 60 2.3 Catalase PMF –

TP6 6.5 18 3.2
Protein

ultraspiracle
homolog

PMF –

TP7 6.3 34 3.0 Paramyosin
De novo peptide

sequencing
1839.8 m/z

DI/LEI/LAVI/LSHESAEASI/LR

TP8 6.1 20 3.8 Mg superoxide
dismutase

De novo peptide
sequencing
1646.6 m/z

AI/LFKI/LANWEEVGNR

TP9 4.5 29 3.3
G2 and S

phase-expressed
protein 1

PMF –

PMF: Peptide Mass Fingerprint.

Each of the differentially expressed protein spots, consistently present in the triplicate
gels, was digested into peptides by in-gel digestion. To identify the proteins, each peptide
mass was generated to form the “peptide mass fingerprints” (PMFs) by MALDI-TOF
MS. Three up-regulated protein spots (TP5, TP6 and TP9) were successfully identified
through bioinformatics searches from databases which were catalase, protein ultraspiracle
homolog, and G2 and S phase-expressed protein 1, respectively (Table 2). Some of the
PMFs were not successfully identified through the database searches due to the limitation
of M. meretrix DNA and protein sequences information in the database. De novo amino
acid sequencing was therefore applied. Five protein spots (TP1, TP2, TP3, TP7 and TP8)
were identified by N-terminal sulfonation coupled with MALDI-TOF/TOF MS. Peptide
sequence (m/z 1634.9) of TP1 protein spot matched with AIAKAVNHHNWAR of An-
cylobacter rudongensis response regulator receiver domain-containing protein (accession
no. SCW67799.1). The sequencing tags of peptide ion (m/z 1154.3) in TP2 matched with
ALFSFWIDR Caballeronia sordidicola major facilitator superfamily transporters (accession
no. WP 060818641.1). Peptide sequence (m/z 842.2) of TP3 matched with VATVSLPR
Chionoecetes opilio sarcoplasmic calcium-binding protein (accession no. P86909.1). Peptide
ion (m/z 1839.8) of TP7 and peptide ion (m/z 1646.6) of TP8 matched with the sequence
DIEIAVISHESAEASIR of Haliotis discus discus paramyosin (accession no. BAJ61596.1)
and the sequence AIFKIANWEEVGNR of the Ruditapes philippinarum manganese (Mn)
superoxide dismutase (accession no. AFO64928.1), respectively.

3.3. Biological Functions of the Identified Proteins

All nine up-regulated proteins in PSTs-treated hepatopancreas group were identified
except one (TP4), while all the six down-regulated proteins could not be identified in this
study. The eight proteins successfully identified by MALDI-TOF with either PMFs or
de novo amino acid sequencing were found to involve in structural (TP3 and TP7), cell
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signalling (TP1, TP6), cell cycle (TP9), membrane transport (TP2) and anti-oxidative system
(TP5 and TP8).

Among the eight identified up-regulated proteins, the expression of TP1, TP2 and TP3
proteins (for cell signalling, membrane transport and structural) in the bivalve samples
with PSP toxins was 4-fold more than that without PSP toxin. TP1 (response regulator
receiver domain-containing protein) is one of the essential components in signal transduc-
tion systems. These systems allow an organism to sense, respond and adapt to a wide
range of environmental and growth conditions, including nutrients, cellular redox state,
changes in osmolality, quorum signals, antibiotics, temperature, chemoattractants, pH and
more [60,61]. For instance, it was reported to involve in cellular response to oxidative
stress in the fungal pathogen Candida glabrata [62]. The TP2, major facilitator superfamily
transporters, are the proteins responsible to import or export of various drugs and metabo-
lites, and they are important for controlling chemical exchange between cells and their
environments [63]. Several studies have speculated that the overexpression of such mem-
brane transporters may be attributed to the need of uptake, absorption and/or excretion of
the HAB toxins. Pazos and co-author reported that several membrane transporters were
over-expressed in the digestive gland of bivalve Mytilus galloprovincialis when exposed to
domoic acid producing microalgae Pseudo-nitzschia [64]. Several membrane transporters
related to the loading of saxitoxin (a derivative of PST) were detected in Pacific oyster
when exposed to a PST-producing dinoflagellate Alexandrium minutum [65]. A number
of membrane transporters were also highly expressed in the hepatopancreas of scallops
after feeding with Alexandrium catenella and their expression changes aligned with the
changes of PST accumulation in the hepatopancreas [66]. Such close association between
the two expressions further indicated the potential role of the membrane transporters in
PST absorption and distribution, which probably affected the accumulation of the toxin in
hepatopancreas. On the other hand, membrane transporters were speculated to play a role
in neural signalling and homeostasis in scallops to protect the nervous system from the
PST attack. TP3, Sarcoplasmic calcium-binding protein (SCPs), can be commonly found in
skeletal muscles and they are members of EF-hand Ca2+ binding protein family [67]. The
high expression of SCPs in bivalve Laternula elliptica strongly associated with the increased
of cytoskeletal activity, Ca2+ transport and homeostasis, as well as stresses such as heat [68].
Ca2+ binding proteins are also involved in hypoxia sensing to which the activation of Ca2+

signalling and alterations of intracellular Ca2+ concentrations constitute an early response
of low levels of hypoxia in different types of cells [69]. Because of the similarity in metal
binding properties, it has been suggested that SCPs can play a similar role in invertebrate
muscle analogous to that of vertebrate parvalbumin, that can be differentially expressed
in response to environmental stresses. For instance, parvalbumin was induced by cold
exposure in skeletal muscle [70]. In the present study, significant up-regulations of TP1
(4.2-fold), TP2 (4.9-fold) and TP3 (5.3-fold) indicated the putative defensive response of
hepatopancreas of M. meretrix bivalves to the challenge by GYM. The high expression levels
suggested that these three proteins could be further developed as the potential biomarkers
for bivalves in response to PST-producing algae. More studies are required to evaluate their
applicability as biomarkers for rapid detection of shellfish toxin contamination in future.

PSTs are neurotoxins that can induce oxidative stress in bivalves, which occurs when
the generation of reactive oxygen species (ROS) exceeds the capacity of neutralizing these
molecules in the organism. An increase of ROS in bivalves when exposed to PST-producing
Alexandrium cells have been reported in scallops (Patinopecten yessoensis), clams (Ruditapes
philippinarum) and mussels (Mytilus galloprovincialis) [39,54]. Many organisms are known to
produce antioxidative enzymes to scavenge excess ROS, prevent the accumulation of ROS
and minimise oxidative damage to the cells. In the presnt study, TP5 (catalase, CAT) is an
important enzyme that catalyzes the dismutation reaction of hydrogen peroxide to water
and oxygen, while TP8 (Mn-superoxide dismutase, SOD) is involved in the dismutation of
superoxide radical into either hydrogen peroxide or oxygen [71,72]. The overexpression of
these two enzymes (TP5 and TP8) indicated the potential detoxication of PSTs in M. meretrix.



J. Mar. Sci. Eng. 2021, 9, 1039 11 of 15

A significant increase in gene expression levels of several antioxidant genes was observed
in Pacific oysters (Crassostrea gigas) when they were fed with GYM cells [73]. Recently, a
study demonstrated that antioxidant responses in the hepatopancreas of mussels Mytilus
galloprovincialis could be modulated by various environmental conditions when the mussels
were exposed to GYM cells [56].

Protein ultraspiracle homolog, USP (TP6) is the nuclear hormone receptor heterodimer-
izes with its partner ecdysone receptor (EcR) to transduce its signal and mediate the
ecdysone response which is essential for metamorphosis in insects [74]. However, the
functional characterization of this protein has not been described in mussels or bivalves
yet, the observed increase in the USP expression level in the present study suggests it may
be involved in signaling or other functions in the hepatopancreas of bivalve that deserves
further research.

Paramyosin (TP7) is a fibrous thick filament protein which is one of the major struc-
tural components in smooth muscles of bivalves and it is involved in generating muscle
contraction [75]. One of the possible reasons for the alternations of such cytoskeletal pro-
tein is the disorganization of cytoskeleton induced by oxidative stress [76]. Puerto et al.
reported that the majority of the differentially expressed proteins in two bivalve species,
the Mediterranean mussel M. galloprovincialis and the Asian clam C. fluminea, exposed to
Cylindrospermopsis raciborskii cells producing cylindrospermopsin toxin, belonged to the
group of structural proteins, especially actin and tubulin isoforms, and these alterations in
actin cytoskeleton were linked to cellular stress [26]. Two proteins related to cytoskeleton
were also up-regulated in Perna viridis exposed to Prorocentrum lima, a dinoflagellate that
produces DSP toxins [58]. The structural proteins and cytoskeleton are essential to maintain
cell shape and intracellular structures, the upregulation of paramyosin might imply that
this protein could play a role in the resistance to the cellular damage of hepatopancreas
caused by the GYM cells.

G2 and S phase-expressed protein 1 (TP9) is involved in cell proliferation and cycling.
This is a well-studied protein in human cells, which is an enzyme expressed in the S
and G2 phases of the cell cycle. This protein responds to DNA damage and binds to the
tumor suppressor protein p53 [77]. Although its specific function and role in bivalves
have not been reported, it is possible that the cell cycle of bivalves may be affected when
exposed to stress. Important cell cycle regulators such as mitogen-activated protein kinase
(MAPK) were upregulated in the gill cells of Mytilus galloprovincialis undergo cell cycle
arrest in response to salinity stress [78]. The alternation of this cell cycle protein in the
hepatopancreas of M. meretrix upon GYM exposure suggested the disturbance in cell cycle
process could be critical for the response to PSP toxins.

Protein database in bivlaves is limited and protein identification is mainly relied on the
search of sequence homologies against other species [24]. This makes the identification very
difficult, which may explain why the remaining six down-regulated proteins could not be
identified in the present study. More, the largest category of affected proteins in bivalves af-
ter exposure to toxins and stressed conditions belonging to the metabolism of carbohydrate,
fat and protein, particularly glycolysis and energy production processes [58,59] were not
identified in this study. Similarly, our study also did not detect the differentially expressed
proteins involved in immunological processes, such as C1q domain containing proteins
and fibrinogen C-terminal globular domain containing proteins. These two proteins were
highly expressed when Mytilus galloprovincialis were exposed to pathogen in a proteomic
study [59] and to HAB species in a transcriptomic study [64]. The lipopolysaccharide
and beta-1,3-glucan binding protein (LGBP), suggested to play essential role in protective
immune response, was overexpressed when oysters Crassostrea gigas exposed to GYM
cells [73], but it was not found in the present bivalve exposure. It is essential to promote
proteonmic research in bivalves.
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4. Conclusions

The present study reports for the first time changes of toxin composition and protein ex-
pression in the hepatopancreas of M. meretrix bivalves after exposure to the PSTs-producing
dinoflagellate G. catenatum using a gel-based proteomics approach. A total of 15 proteins
exhibit significant alterations in their expression upon exposure to PSTs, and most have
important biological functions, including detoxification and antioxidant enzymes such as
catalase and dismutase. The three identified proteins, namely response regulator receiver
domain-containing protein, major facilitator superfamily transporters, and sarcoplasmic
calcium binding proteins, are potential biomarkers for the rapid detection of shellfish toxin
contamination because of their significant up-regulation (4-fold increases in protein expres-
sion levels) when exposed to PSTs producing G. catenatum. Although the study is limited
by a low representativeness of bivalve proteins in the database, we provide a good starting
point and an initial insightful view into the effects of harmful algal bloom causative species
to marine bivalves. More research efforts are needed to increase the protein database in
bivalves, to validate the applicability of the putative biomarkers and to characterize the
molecular responses of bivalves in the exposure to PSTs-producing dinoflagellates using
gel-free high-throughput proteomic approach in future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jmse9091039/s1, Figure S1: Paralytic Shellfish Toxin (PST) derivatives (a) C1 and C2, (b)
dcGTX2 and dcGTX3, (c) GTX 1-5 and (d) NEO and dcSTX of the standard and algal sample using
post-column oxidation reaction. The amount of each toxin derivative was quantified based on the
respectively standard curve.
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