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Abstract 
Dinoflagellates and other microalgae can produce a wide spectrum of toxic molecules, which are 

the main responsible of shellfish poisoning syndromes. During seasonal harmful algal blooms (HABs), 
many filter-feeding marine invertebrates, including bivalve molluscs, can accumulate phycotoxins at 
extremely high levels, thus representing a serious threat to human health. Furthermore, HABs also 
have a severe impact on the aquaculture sector due to the forced prolonged closure of large 
harvesting areas. Although the targets and mechanism of action of many phycotoxins have been 
extensively studied on vertebrate model organisms, so far just a little attention has been focused on 
their effects on marine invertebrates. Here we provide an overview about the molecular response of 
marine bivalves to phycotoxins, with a particular focus on toxins produced by dinoflagellates. Even 
though large-scale genomic and proteomic approaches on molluscs are still hindered by the limited 
molecular knowledge of these organisms, a few studies exploiting the most recent technological 
advances provide promising perspectives for a better comprehension of the mechanisms involved in 
shellfish toxicity and for the identification of molecular markers of contamination. 
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Introduction 

 
The largest component of the universe of algae, 

estimated to comprise between one and ten million 
different species, is represented by unicellular 
microalgae. Some of them can produce, through 
complex and not completely understood biochemical 
processes, toxic compounds of various chemical 
composition and modes of action, collectively named 
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List of abbreviations: 
ASP: Amnesic Shellfish Poisoning; AZA/AZT: 
Azaspiracid/ Azaspiracid Shellfish Poisoning; pBTx: 
Brevetoxin; DA: Domoic Acid; DSP/DST: Diarrhetic 
Shellfish Poisoning/Toxin; DTX: Dinophysistoxin; 
GYM: Gymnodimine; HAB: Harmful Algal Bloom; 
NSP: Neurotoxic Shellfish Poisoning; OA: Okadaic 
Acid; PLTX: Palytoxin; PSP/PST: Paralytic Shellfish 
Poisoning/Toxin, PTX: Pectenotoxin; SPX: 
Spirolides; STX: Saxitoxin; YTX: Yessotoxin. 

 
 
phycotoxins. In response to favorable environmental 
conditions, toxic microalgae can proliferate and/or 
aggregate to form dense concentrations, called 
“Harmful Algal Blooms” (HABs). Phycotoxins are 
responsible of a number of human illnesses 
associated with the consumption of contaminated 
seafood and, in some cases, with respiratory 
exposure to aerosolized toxins. In fact, filter-feeding 
shellfish, zooplankton, and herbivorous fishes can 
ingest these algae and act as vectors to humans 
either directly (e.g. shellfish) or through further food 
web transfer to higher trophic levels. 

Although seasonal micro-algal blooms are 
considered as a natural phenomenon, their 
frequency of occurrence appears to have increased 
in the recent years. Certainly, the worsening of the 
hygienic characteristic of the aquaculture areas, the 
transportation of ship ballast water, water 
eutrophication and global climate changes are 
factors which altogether provide favorable 
conditions for the spreading and the growth of toxic 
algae, thus contributing to the increase of threats for 
human by the consumption of contaminated shellfish. 
Unfortunately, algal toxins are not detectable by 
sight or smell and contaminated seafood appears 
normal and in most cases they are heat stable and 
thereby largely unaffected by cooking. 

mailto:pallavic@units.it


 
 
Fig. 1 Geographical occurrence of shellfish poisoning syndromes. ASP: Amnesic Shellfish Poisoning; AZP: 
Azaspiracid Shellfish Poisoning; CFP: Ciguatera Shellfish Poisoning; DSP: Diarrhetic Shellfish Poisoning; NSP: 
Neurotoxic Shellfish Poisoning; PSP: Paralytic Shellfish Poisoning 
 
 
 
 
 

The consumption of contaminated seafood 
often results in shellfish poisoning syndromes, 
which are classified according to symptoms and the 
chemical nature of the toxins involved. Figure 1 
summarizes the geographical occurrence of the six 
main poisoning syndromes; although some are 
endemic of specific areas, their altogether 
distribution clearly points out shellfish toxicity as a 
global problem for human health, which 
consequently have an important economic impact 
on aquaculture worldwide. International laws 
promoted by environmental monitoring agencies 
and food safety associations, impose the routinely 
control of the toxicity of seawater and market 
shellfish stocks. While these monitoring strategies 
prevent episodes of massive intoxication, the 
closure of aquaculture hatcheries, sometimes even 
for a very prolonged time, is responsible of severe 
economic losses in this sector. 

In the following section, we provide a brief 
overview of the main human syndromes associated 
with contaminated marine bivalves consumption. 
The causative algae, the toxin structure and the 
most characterizing symptoms are reported in Table 
1. 

 
Main classes of shellfish poisoning syndromes 

 
Amnesic Shellfish Poisoning (ASP) is caused 

by the consumption of domoic acid (DA) 
contaminated food. This phenomenon was first 
documented in 1987 in Canada, with 105 cases of 
acute human poisoning, including 3 casualties, 
related to the consumption of contaminated 
mussels. DA, produced by marine diatoms 
belonging to the genus Pseudo-nitzschia, is a water-
soluble tricarboxylic acid that acts as an analog of 
the neurotransmitter glutamate and is a potent 

glutamate receptor agonist. In mammals DA 
intoxication cause both gastrointestinal and 
neurological disorders as headache, disorientation, 
short-term memory loss, brain damage, and in 
severe cases it can also be fatal. 

Diarrhetic Shellfish Poisoning (DSP), a 
syndrome characterized by diarrhea, nausea, 
vomiting and abdominal cramps, is one of the most 
common pathologies associated to HABs 
worldwide. Diarrhetic toxins (DSTs) are lipophilic 
molecules such as okadaic acid (OA) and the 
structurally related dinophysistoxins (DTXs), 
produced by Dinophyis and Prorocentrum spp. OA 
selectively inhibits protein phosphatases and 
modifies the phosphorylation state of many 
regulators of cellular processes involved in 
metabolism and various cell activities, causing 
diarrhea because of the impairment of the sodium 
secretion control by intestinal cells. 

The marine biotoxins called azaspiracids (AZA) 
cause a syndrome similar to DSP (AZP), although 
they chemically differ from any previously known 
toxin found in shellfish. AZA accumulates in bivalve 
molluscs that feed on toxic microalgae of the genus 
Protoperidinium, previously considered to be 
toxicologically harmless. 

Another widespread syndrome caused by 
contaminated bivalve molluscs is the Paralytic 
Shellfish Poisoning (PSP), caused by saxitoxin 
(STX) and its analogues (GTXs), globally indicated 
as Paralytic Shellfish Toxins (PSTs). Dinoflagellates 
of the genus Alexandrium, in particular A. minutum, 
A. catenella, A. tamarense and A. fundyense, are 
the most numerous PST producers and are 
responsible for PSP blooms all around the world 
(Fig. 1). In fact, almost 2.000 PSP cases are 
reported per year in human, with occasional fatal 
consequences. PSTs inhibit  the voltage-dependent 
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Table 1 Main shellfish poisoning syndromes: summary of the toxins involved, causative algal species and 
symptoms in human 
 
 

Toxic 
syndrome Toxins Molecular structure Toxic Algae Symptoms in 

human 

ASP – 
Amnesic 
Shellfish 

Poisoning 

Domoic acid 
(DA) and 

analogues 

 

Pseudo-
nitzschia spp. 

gastrointestinal 
disorders, 
headache, 

disorientation, 
short-term 

memory loss, 
brain damage, 
death in severe 
cases (Todd et 

al., 1993) 

AZP – 
Azaspiracid 

Shellfish 
Poisoning 

Azaspiracids 
(AZA) and 
analogues 

 

Protoperidinium 
crassipes, 
Azadinium 
spinosum. 

diarrhea, 
nausea, 
vomiting, 

abdominal 
cramps (Satake 

et al., 1998). 

DSP – 
Diarrhetic 
Shellfish 

Poisoning 

Okadaic acid 
(OA) and 

Dinophysistoxins 
(DTXs) 

Dinophysis 
spp., 

Prorocentrum 
spp. 

diarrhea, 
nausea, 
vomiting, 

abdominal 
cramps 

(Hallegraeff, 
1995). 

NSP – 
Neurotoxic 
Shellfish 

Poisoning 

Brevetoxins 
(PbTx) 

 

Karenia brevis 
(formerly 

Gymnodinium 
breve and 

Ptychodiscus 
brevis) 

nausea, loss of 
motor control, 

muscular ache, 
asthma (Wang, 

2008). 

PSP – 
Paralytic 
Shellfish 

Poisoning 

Saxitoxin (STX) 
and analogues 

(GTXs) 

 

Alexandrium 
spp., 

Gymnodinium 
spp. 

nausea, 
diarrhea, 

abdominal ache, 
shortness of 
breath, dry 

mouth, confused 
speech, tingling 

lips, tongue, 
neck, face, 

arms, legs and 
toes (Clark et 

al., 1999). 
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CFP – 
Ciguatera 

Fish 
Poisoning 

Only palytoxin 
(PLTX) and 

analogues in 
bivalves, other 

toxins are 
responsible of 
CFP in fishes 
(ciguatoxin, 

maitotoxin, etc.) 

 

Ostreopsis spp. 
(PLTX, ovatoxin 
and analogues) 

lethargy, muscle 
spasms, tremor 

myalgia, 
cyanosis, 

respiratory 
distress, 

rhabdomyolysis, 
death in severe 
cases (Ramos 

and 
Vasconcelos, 

2010) 

Others Yessotoxins 
(YTXs) 

 
 
 

Lingolodinium 
polyedrum, 
Gonyaulax 
spinifera, 

Prorocentrum 
reticulatum. 

 

diarrhea (Tubaro 
et al., 2010) 

Others Pectenotoxins 
(PTXs) 

 
 

Dinophysis spp. 
 

diarrhea (Draisci 
et al., 1996) 

Others 

Spirolides 
(SPXs) and 

Gymnodimine 
(GYMs) 

 

Karenia 
selliformis 
(GYMs) 

Alexandrium 
ostenfeldii 

(SPXs) 

neurological 
symptoms 

(Munday et al., 
2004) 

 
 
 
 

 
sodium channel conductance causing the blockade 
of neuronal activity. Symptoms include nausea, 
diarrhea, abdominal ache, shortness of breath, dry 
mouth, confused speech, tingling or burning 
sensations. 

Neurotoxic shellfish poisoning (NSP) is caused 
by brevetoxins (PbTx); the main symptoms are 
gastrointestinal and neurological, including nausea, 

loss of motor control and muscular ache. The 
formation of toxic aerosol by wave action produces 
respiratory asthma-like symptoms, even though no 
fatalities have been reported so far. PbTx is 
produced by Karenia brevis and binds with high 
affinity to the voltage-dependent sodium channel, 
altering its sensitivity and inhibiting its inactivation. 

The sixth and last group of shellfish poisoning 
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is the Ciguatera Fish Poisoning (CFP), an 
intoxication caused by a heterogeneous group of 
toxins, including ciguatoxin, maitotoxin, palytoxin 
(PLTX) and others. While the main concerns for 
human health derive from the consumption of 
contaminated fish, PLTX and its analogues, 
produced by species of the Ostreopsis genus, can 
also be accumulated in bivalves. Likewise 
ciguatoxin, PLTX also lowers the threshold for the 
opening of voltage-gated sodium channels in 
synapses of the nervous system, determining severe 
neurological disorders, including lethargy, muscle 
spasms, myalgia, cyanosis, respiratory distress, 
rhabdomyolysis and even death in severe cases. 

Beside the toxins classifiable among the six 
large classes listed above, microalgae can produce 
an extremely broad spectrum of additional toxic 
compounds. Some species of dinoflagellates, such 
as Lingulodinium polyedrum, Gonyaulax spinifera 
and Protoceratium reticulatum produce yessotoxins 
(YTXs), structurally related to PbTx and ciguatoxins. 
YTXs cause diarrhea and therefore they were 
initially wrongly classified as DSTs, only to be later 
assigned to a novel independent group after the 
discovery of their different mechanism of action. 
Pectenotoxins (PTXs) belong to a group of 
polyether-lactone toxins that, like YTXs cause 
symptoms similar to DSP. They are exclusively 
produced by Dinophysis spp., which have a large 
distribution worldwide. Gymnodimines (GYMs) and 
spirolides (SPXs) produced by Karenia selliformis 
and Alexandrium ostefeldii, respectively are 
emerging lipophilic marine toxins that belong to a 
heterogeneous group of macrocyclic compounds 
called cyclic imines. Since their discovery in the 
early 1990s, GYMs and SPXs are well known due 
their fast acting toxicity in mouse bioassay, by 
blocking the nicotinic receptors and causing 
neurological symptoms. 

Moreover, dinoflagellates are certainly capable 
of producing several harmful compounds which 
have not been fully characterized yet. As a matter of 
fact, the biosynthetic potential of microalgae is 
underestimated and many algal natural products, 
including toxins, remain yet to be discovered. 
Therefore it is not surprising that the number of 
phycotoxins isolated from marine microalgae 
continues to increase exponentially. 

Nevertheless, dinoflagellates are not the only 
source of marine toxins, as certain diatoms (such as 
the DA producing Pseudo-nitzschia spp.) and 
several species of seawater Cyanobacteria produce 
compounds hazardous to human health. While these 
toxins are extremely diverse both by chemical 
composition and by physiological effects, these 
aspects will be not discussed in the present review, 
which is mainly focused on the effects of toxic 
dinoflagellates. For a more comprehensive overview 
suggesting the reading of more specific literature on 
the topic. 

 
Toxicological studies on human and other 
vertebrate model organisms 

 
The study of marine toxins has been historically 

connected with the hazard they represent to human 

health. Therefore, the large majority of toxicological 
studies performed so far have been focused on 
model vertebrates or human cell lines. Moreover, 
the most used method for marine algal toxins 
detection is the mouse bioassay developed by the 
Japanese Ministry of Health and Welfare. Although 
this outworn method has been used worldwide as 
the main tool for shellfish toxicity biomonitoring for 
several decades, it is currently being replaced by 
other tests, such as the enzyme-linked 
immunosorbent assay (ELISA) and the high-
performance liquid chromatography (HPLC), more 
sensitive and reliable. 

In parallel to this test, routinely used for the 
detection of contamination, many research studies 
investigated more specific aspects of the toxic 
effects of marine drugs, unraveling their molecular 
targets, their mode of action and the kinetics of 
accumulation and detoxification in model organisms. 
Mice and other vertebrates have been repeatedly 
used as model organisms for in vivo studies to 
better understand the effects of several classes of 
phycotoxins, including AZA, OA, STX, and YTX, on 
human. 

Also cell lines provide useful models: a number 
of in vitro studies clarified the mode of action of 
diverse phycotoxins, including YTX in different 
vertebrate and invertebrate cell lines, PLTX in MCF-
7 cells, STX in cultured mice neurons, OA and AZA 
in multiple human cell lines. Moreover, genomics 
and proteomics methods applied to vertebrate 
models contributed to elucidate the molecular 
pathways acting in response to shellfish poisoning. 

 
Phycotoxin effects on bivalves 

 
A direct comparison between the widely 

documented molecular effects of phycotoxins on 
vertebrates and bivalves is definitely hindered by 
several obstacles. One of the key factors is the 
specificity of interaction of many toxins with their 
molecular targets, which are often membrane 
channels. The sequence divergence among species 
explains why bivalves are often completely 
insensible to many toxins having a lethal effect on 
human and other vertebrates and vice-versa. In fact, 
biotransformation processes which likely reduce 
toxicity in bivalves, can sometimes produce 
analogues which are even more dangerous to 
human than the original compound. The specificity 
of interaction between phycotoxins and their 
molecular targets is refined to the point that 
polymorphisms to single ion channels can even lead 
to dramatic differences in sensitivity within bivalve 
populations. 

Nevertheless, over the past decades numerous 
studies have been carried out to explore the specific 
effects of phycotoxins on marine invertebrates, even 
though their focus has been mainly addressed on 
physiological adaptations and behavioral 
modifications. This bias on non-molecular studies is 
caused by the still limited genetic knowledge of 
these organisms. In fact, before the next generation 
sequencing era, the main pool of bivalve genetic 
knowledge came from large EST collections, but the 
recent technological advances have quickly led to 

http://en.wikipedia.org/wiki/Lingulodinium_polyedrum
http://en.wikipedia.org/w/index.php?title=Gonyaulax_spinifera&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Protoceratium_reticulatum&action=edit&redlink=1
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the availability of many transcriptomes and even to 
the complete sequencing of the oyster genome. 

 
Studies of physiological responses 

 
The rich literature documenting the behavioral, 

physiological and histo-pathological alterations in 
contaminated filter-feeding molluscs, despite not 
providing outright molecular data, represents an 
important base of knowledge both for a better 
planning of molecular biology experiments and for 
the interpretation of the results in their biological 
context.  

 
Hemocyte parameters 

 
Both the humoral and the cellular defense have 

a crucial role in bivalves immunity. The hemocytes 
are the main players in the response to parasites 
and pathogens, through a complex, non-adaptive, 
non-specific, innate immune system; microbial killing 
results from the combined action of the phagocytic 
process with a broad spectrum of humoral 
recognition and defense factors. Therefore, the 
study of the effects of phycotoxins on bivalve 
immunity necessarily takes into account the 
monitoring of hemocyte parameters. 

The feeding on PSP dinoflagellate species 
determines an increase of hemocyte counts, 
accompanied by changes in the hemocyte 
subpopulations and alteration of the phagocytic 
activity in some species. On the contrary, some 
studies report non-significant effects on hemocyte 
number, morphology, or functions in Crassostrea 
virginica, while others evidenced a strong individual 
variability in the response in Ruditapes 
philippinarum. Histo-pathological studies on 
mussels exposed to A. fundyense and P. minimum 
detected an inflammatory response consisting of 
degranulation and diapedesis of hemocytes into the 
alimentary canal and, as the exposure continued, 
hemocyte migration into the connective tissue 
surrounding the gonadal follicles. 

Also other classes of toxins can trigger immune 
responses: experiments by Mello and collaborators 
showed the variation of various hemocyte 
parameters in different bivalve species affected by 
natural DSP blooms. Also in this case, a species-
specific response was observed, demonstrating the 
presence of vulnerable (e.g. Perna perna) and 
unaffected (e.g. Crassostrea gigas) species. 
Moreover, also GYMs can induce the alteration of 
hemocyte parameters in R. philippinarum, while 
YTX, PLTX and OA can increase the phagocytic 
activity of Mytilus galloprovincialis hemocytes.  

 
Valve activity, filtration rate and depuration from 
toxins 

 
The closure of the shells and the reduction of 

the filtration rate are normally occurring mechanisms 
played daily by bivalves in response to the variation 
of the tide levels. Furthermore, these mechanisms 
are also used by bivalves for isolating themselves 
from the external environment, in presence of 
negative conditions, such as pollutants and toxins, 

as well. This mechanism has been extensively used 
to study the effects of phycotoxins on mussel 
physiology, even though sometimes passive valve 
closure can occur in response to PSTs, which 
notoriously cause adverse effects on some species, 
such as burrowing incapacitation. Different species 
display different valve activity modulation in 
response to paralytic dinoflagellates, so the 
reduction of the filtration rate is a key parameter 
used for the classification of bivalves as susceptible 
or resistant to PSP. 

Other negative effects on valve closure and 
filtration activity have been reported in various 
bivalve species in response to microalgae producing 
different toxin classes, such as Gymnodinium 
mikimotoi, Heterocapsa circularisquama, Pseudo-
nitzschia and Azadinium spinosum.  

Despite the reduction of the filtration rate, 
prolonged HABs may determine a significant 
accumulation of toxins in bivalve tissues. Different 
farmed species are often characterized by highly 
variable detoxification rates, thus requiring a 
continuous monitoring of toxicity even for a long 
time after the bloom event. Even though species-
specific differences in depuration have been 
evidenced for many toxin classes, including PSTs 
and DSPs, the most outstanding example is given 
by DA. In fact, most bivalve species (mytilids, in 
particular) can depurate DA very quickly, but others, 
such as Pecten maximus, show an extremely low 
depuration rate, retaining the toxin even for several 
months in its visceral tissues. This differential ability 
of depuration between species is often crucial for 
the long-term management of bivalve aquacultures. 

 
Feeding and excretion 

 
Pseudofaeces production is a particularly 

important pre-ingestive mechanism preventing the 
animal’s ingestive capacity from being exceeded, 
but it also facilitates the process of particle 
selection, whereby less nutritious particles can be 
rejected and the quality of the ingested material can 
be improved proportionally. The most complete 
comparative study concerning the feeding behavior 
of bivalves on toxic dinoflagellates is provided by 
Hégaret and colleagues. Clearance rates of five 
species of bivalve molluscs were assessed, 
following the exposure for one hour to three 
harmful-algal strains: Prorocentrum minimum (PSP 
and DSP), A. fundyense (PSP), and Heterosigma 
akashiwo (NSP). The analysis of faeces and 
pseudofaeces revealed species-specifc responses 
to the different harmful algae, indicating in most 
cases a preferential retention of harmful cells. The 
production of faeces and pseudofaeces varied 
appreciably between the different bivalve/algae 
pairs. 

 
Effects on juveniles 

 
The understanding of the physiological effects 

played by toxic algae on bivalve juvaniles is very 
important, especially for farmed species, in order to 
better understand how aquaculture activity is 
threatened by the HABs. Li and colleagues exposed 



190 

 

juveniles of R. philippinarum and Perna viridis to A. 
tamarense (PSP), measuring the scope for growth 
(SFG), and the growth rate. SFG was significantly 
reduced in both clams and mussels while R. 
philippinarum resulted to be the most sensitive to 
PSP while considering the growth rate only.  

Leverone and collaborators reported the effects 
on the clearance rate of juvenile bivalves of 4 
different species in relation with a Karenia brevis 
exposure (PbTx). Both in a short and long-term 
exposure Argopecten irradians resulted to be the 
most sensitive species, C. virginica the least 
responsive and P. viridis and Mercenaria 
mercenaria displayed intermediated responses.  

On the contrary, DA did not have a significant 
effects on feeding rate and shell valve clatter on the 
juvenile king scallops Pecten maximus that, but 
registered a negative impact on their growth rate 
and survival.  

 
Other effects 

 
Considering the different nature, composition 

and targets of marine toxins, it is likely that many 
additional effects, not described above, could be 
detected in different bivalve species. As an 
example, beside paralysis, PSTs can also produce 
increased mantel melanization and abnormal 
vitellogenesis in Nodipecten subnodosus and 
Argopecten ventricosus, production of white mucus 
and inhibition of byssus production in M. edulis and 
G. demissa. 

Moreover, Landsberg hypothesized a possible 
connection between neoplasia in certain species of 
bivalves, such as Mya arenaria, with the presence 
of micro-algal blooms, even though specific surveys 
on the topic are still lacking. Some phycotoxins such 
as OA and DA, certainly have a genotoxic effect on 
bivalves. Furthermore several classes of toxins 
(PTX, DSTs, PLTX) are known to be potent 
dysregulators of cytoskeleton dynamics in 
vertebrates and are likely to exert a similar action 
also in bivalves  

 
Studies at molecular level 

 
A summary of the main studies focused on the 

molecular responses of bivalves to phycotoxins is 
reported in Table 2 and discussed in detail below. 

 
Toxin metabolism and biotransformation 

 
Many species of bivalve molluscs are capable 

of biochemical transformation of the toxins 
accumulated by filtration, thus generating novel 
metabolites not found in the causative algal species, 
suggesting that extremely complex mechanisms of 
selective accumulation and chemical or enzymatic 
conversion might be involved in the development of 
shellfish toxicity. While, in some cases, this could be 
interpreted as a strategy specifically developed to 
decrease toxin potency, in other cases these toxin 
derivatives are likely just the by-products of normal 
metabolic pathways. 

The metabolism of many classes of 
phycotoxins has been documented in a large 

number of bivalve species, even though 
comparative studies demonstrated significant 
differences in the ability of biotransformation 
between species, pointing out that different 
organisms might have adopted specific biochemical 
mechanisms as a defensive strategy to recurrent 
HAB events. 

Among the many bivalves able to transform 
marine toxins, the scallop Patinopecten yessoensis 
is definitely one of the most active, since it is able to 
metabolize YTX, DTX, PTX and OA. The mussels 
M. galloprovincialis and Mytilus edulis can 
metabolize AZA, OA and, to some extent, also 
PSTs. Episodes of PbTx conversion to less toxic 
analogues have been documented in many different 
bivalves, including the oyster C. virginica. 

Although toxin biotransformations in bivalves 
are well documented, their biological significance is 
often unclear, since the modifications do not always 
result in a decrease of toxin potency. One of the few 
exceptions is represented by the esterification of OA 
and DTX1, which has been studied in a number of 
different bivalves, which is thought to play a role in 
the sequestration in lipid rich tissues and the 
conjugation to lipoproteins. 

While some of the toxin biotransformations are 
likely the effect of passive processes or enzymatic 
activities provided by symbiotic bacteria, in many 
cases they have been shown to be active processes 
catalyzed by bivalves themselves. Nevertheless, 
despite the overwhelming evidence of phycotoxin 
transformation, just a few enzymes specifically 
involved in these processes have been isolated and 
described so far.  

An enzyme capable of hydrolyzing PTX and OA 
has been recently discovered in the digestive gland 
of the mussel Perna canaliculus : the protein 
identified, an acidic serine esterase, did not show 
any similarity with known sequences and was active 
on a rather broad range of PTXs and OA esters. 
Furthermore, two enzymes involved in different PST 
modifications have been isolated in Peronidia 
venulosa and Mactra chinensis, even though only 
partial amino-acidic sequences have been 
characterized: carbamoylase I can hydrolyze the 
carbamoyl mojety in both carbamoyl and N-
carbamoyl PSTs, whereas sulfocarbamoylase 
catalyzes the hydrolysis of the N-sulfocarbamoyl 
mojety of the weakly toxic C-PSTs. 

The digestive gland is the main site of 
accumulation of different toxin species, so this 
tissue is assumed to be the most active in the 
bioconversion processes. Therefore, not 
surprisingly, all the enzymes involved in toxin 
transformation so far identified have been isolated 
from this tissue and novel, yet unknown, enzymes 
are expected to be highly expressed and active in 
this tissue in response to HABs. 

 
Toxin binding and accumulation 

 
Despite the important role of digestive gland, in 

some cases other tissues may play a role in the 
accumulation of phycotoxins. In fact, some bivalve 
species can retain toxins for an extremely prolonged 
time in specific non-visceral tissues, exploiting toxin 



Table 2 Main molecular studies related to shellfish poisoning in bivalve molluscs 
 

Study Toxin class Bivalve species Strategy 

Llewellyn et al., 
1997 PSTs (STX) 

Mytilus edulis, Saximodus giganteus, 
Spisula solidissima, Donax deltoides 

and Vepricardium multispinosum 
screening for saxiphin-like activity 

Dizer et al., 
2001 DA Mytilus edulis monitoring of the cholinesterase activity 

following intramuscolar DA injection 
enzyme purification from the digestive 

gland (sulfocarbamoylase I) Lin et al., 2004 PSTs Mactra chinensis 

monitoring of oxydative stress related 
enzymatic activities Choi et al., 2006 PSTs Ruditapes philippinarum 

Estrada et al., 
2007 PSTs Nodipecten subnodosus monitoring of antioxidant and hydrolitic 

enzymes in different tissues 
Takati et al., 

2007 PSTs Acanthocardia tuberculata protein purification from the foot 
(PSPBP) 

Nzoughet at al., 
2007 AZA Mytilus edulis isoelectric focusing and SEC 

Fernandez-
Reiriz et al., 

2008 
PSTs Mytilus chilensis monitoring of the activity of amylase, 

laminarinase and cellulase 

Talarmin et al., 
2008 DSTs (OA) Crassostrea gigas western blot 

Malagoli et al., 
2008 PLT Mytilus galloprovincialis immunoblot 

enzyme purification from the digestive 
gland (sulfocarbamoylase I) Cho et al., 2008 PSTs Peronidia venulosa 

SDS-page and de novo sequencing; 
comparative analysis between control 

and contaminated bivalves 

Nzoughet et al., 
2009 AZA Mytilus edulis 

monitoring of prophenoloxidase, 
amylase activity and ROS production in 

contaminated oyster hemocytes 

Haberkorn et 
al., 2010 PSTs Crassostrea gigas 

monitoring of antioxidant and hydrolitic 
enzymes in different tissues, with a 
particular emphasis on hemocytes 

Estrada et al., 
2010 PSTs Nodipecten subnodosus 

microarray and real-time PCR on 
digestive glands of experimentally and 

naturally contaminated mussels 

Manfrin et al., 
2010 DSP (OA) Mytilus galloprovincialis 

Rossignoli and 
Blanco, 2010 DSTs (OA) Mytilus galloprovincialis fractionation and enzymatic digestion of 

cellular fractions 

MacKenzie et 
al., 2012 PTX and OA Perna canaliculus enzyme purification from the digestive 

gland 

multibiomarker approach, assessment 
of several physiological parameters, 

including enzymatic activities 

Gorbi et al., 
2012 

PLT and 
ovatoxin Mytilus galloprovincialis 

real-time PCR on selected genes 
following heamocytes exposure to 

brevetoxin 

Mello et al., 
2012 brevetoxin Crassostrea gigas 

Gerdol et al., 
2012 PSP Mytilus galloprovincialis RNA-seq on digestive glands of 

experimentally contaminated mussels 

Gonzales et al., 
in preparation* DSTs (OA) Mytilus galloprovincialis 

*personal communication 

monitoring of histones gene expression 
levels 
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accumulation as a chemical defense towards 
natural predators. 

The better known phenomenon of chemical 
defense by phycotoxin accumulation is certainly the 
butter clam Saxidomus giganteus, which selectively 
stores PSTs in its siphon epithelium, thus 
discouraging predation by siphon-nipping fishes. As 
a matter of fact, the occurrence of HABs significantly 
influences the feeding behavior of many vertebrate 
predators, such as sea otters and shorebirds 
Although proteins involved in toxin-binding, 
transport and accumulation have been described in 
many organisms, so far the molecular mechanisms 
leading to this selective retention in bivalves are 
almost completely unknown. When tested for 
saxiphilin-like activity, both M. edulis and S. 
giganteus, capable of accumulating very high levels 
of PSTs in their tissues, resulted to be negative, 
likewise Spisula solidissima, Donax deltoides and 
Vepricardium multispinosum. Nevertheless, a case 
of a PSP-binding protein has been reported in the 
Moroccan cockle Acanthocardia tuberculata; in this 
species, a 181 KDa protein named PSPBP 
contributes to the prolonged retention of PSTs in the 
foot. 

Beside PSTs, other classes of toxins can be 
conjugated to specific proteins produced by 
bivalves. Rossignoli and Blanco provided the first 
lines of evidence of a soluble cytoplasmatic 
component binding OA in mussel, which was 
identified as a high density lipoprotein. Nzoughet 
and colleagues were able to identify a 45 KDa 
protein weakly binding AZA in the hepatopancreas 
of the blue mussel M. edulis and another unknown 
22 KDa protein which was apparently highly 
expressed only in contaminated mussels. 

Even though only a little is known about 
bivalves phycotoxin-binding proteins, these few 
studies suggest that they may be involved in 
selective retention or detoxification, depending on 
whether the toxins will be used in the frame of a 
chemical defense strategy or simply metabolized. 

 
Metabolic activities 

 
Although relatively few bivalve proteins related 

to HABs have been identified so far, the alteration of 
a number of enzymatic activities, possibly related to 
both xenobiotic metabolism and stress response 
has been reported. Some classes of phycotoxins 
can affect the overall metabolic rates of bivalve 
organs in a time- and doses-dependent way. 

A multi biomarker approach by Gorbi and 
colleagues clearly showed that the activity of the 
Na+/K+-ATPase, the target of PLTX, was strongly 
inhibited by Ostreopsis ovata blooms in M. 
galloprovincialis, which can therefore be considered 
as susceptible organisms. Consequently to this 
reduction, a significant alteration of other enzymatic 
activities was also observed (acetylcholinesterase in 
particular), while on the contrary no ROS (Reactive 
Oxygen Species) detoxifying enzymes were 
significantly altered, indicating that oxidative 
pathways are not involved in O. ovata toxicity. The 
cholinesterase activity was also monitored in M. 

edulis after intramuscular injection of DA, 
highlighting just a moderate reduction after 48 h. 

Other studies have been focused on the 
analysis of the effects of different toxins on the 
oxidative pathways; the monitoring of glutathione S-
transferase (GST), glutathione peroxidase (GPx) 
and superoxide dismutase (SOD) activities and of 
lipid peroxidation in the clam R. philippinarum 
contaminated with PSTs highlighted only a modest 
involvement of these enzymes. In a different 
species (the giant lions-paw scallop Nodipecten 
subnodosus) the same toxin class produced a 
significant alteration of both GPx (up-regulated) and 
SOD (down-regulated) in gills, whereas no changes 
were observed in other tissues. Moreover, catalase 
(CAT) activity and lipid peroxidation were not 
markedly altered in any tissue. 

On the other hand, other studies observed a 
stronger correlation between phycotoxins and 
oxidative damage: in fact, cyanobacteria were able 
to produce a significant alteration of the activity of 
the two antioxidant enzymes GST and GPx in M. 
galloprovincialis and of CAT in M. edulis. Moreover, 
Haberkorn and colleagues monitored ROS 
production in PSP-contaminated oysters, observing 
a linear correlation between PST accumulation and 
ROS production in haemocytes. 

As we have reported in the previous sections, 
toxic microalgae can significantly alter the feeding of 
bivalves, with consequent effects on enzymatic 
activities linked to digestion. Fernandez-Reiriz and 
colleagues (2008) carefully examined the effects of 
a diet based on the toxic dinoflagellate A. catenella 
on Mytilus chilensis, showing that mussels are able 
to adapt mechanisms which allow the feeding with 
toxic algae. The authors were in fact able to observe 
a logarithmic relationship for the assimilatory 
balance and the carbohydrate metabolism of the 
digestive gland, by monitoring the enzymatic activity 
of amylase, laminarinase and cellulase. The 
amylase activity of oyster digestive gland is also 
affected by the exposure to A. minutum, even 
though the changes observed are also largely 
dependent on the physiological status of bivalves. 

Finally, the monitoring of several hydrolytic 
enzymes revealed marked alterations in different 
tissues of N. subnodosus exposed to PSP. These 
enzymatic activities could be potentially used as 
molecular markers of PSP contamination in 
scallops; in particular lipase, α-galactosidase, β-
glucosidase and α-mannosidase were altered in the 
digestive gland and trypsin and α-chymotrypsin in 
the gill, but other modifications were also observed 
in other tissues, including mantle and the adductor 
muscle. 

 
Biomarkers of contamination: proteomic 
approaches 

 
Although there is no doubt that large-scale 

proteomic approaches can provide a tool of the 
utmost importance for the identification of molecular 
markers of aquatic pollution, to date just a very few 
studies have exploited this potential to explore the 
effects of phycotoxins on bivalves. 
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So far proteomic approaches have been mainly 
used to study the expression of proteins regulated 
by known molecular targets of toxins, such as in the 
case of protein phosphatases, the upstream 
effectors of the p38 mitogen-activated protein 
kinase, selectively inhibited by OA. An increase in 
the phosphorylation/activation of p38 MAPK has 
been in fact observed in the heart of OA treated 
oysters and contributes to the increased 
phagocytotic activity in the immunocytes of PLTX-
treated mussels. 

One of the very few large-scale approaches 
concerned the identification of biomarkers of AZA 
contamination in Mytilus edulis; four proteins highly 
expressed in the digestive gland of toxic mussels 
were identified, namely cathepsin D, superoxide 
dismutase, glutathione S-transferase Pi and a 
flagellar protein of bacterial origin. This data seem 
to suggest the activation of xenobiotic defense 
response in bivalves following AZP blooms. 

The negative effects of a toxic cyanobacteria, 
Cylindrospermopsis raciborskii, have been 
investigated using a similar approach on M. 
galloprovincialis. The expression of several 
structural proteins was remarkably altered, 
indicating a situation of stress and cytoskeletal 
destabilization. At the same time, other important 
proteins such as the mitochondrial HSP60, the 
major extrapallial fluid protein and a triosephosphate 
isomerase were significantly down-regulated in the 
toxic strain-fed mussels, highlighting a complex 
response of mussel to cyanotoxins. 

Although the efforts put so far in large-scale 
proteomic studies have been very scarce, the 
possibility to identify potential biomarkers of 
contamination demonstrates that this represents a 
valid approach for better understanding the 
molecular mechanisms involved in shellfish toxicity. 

 
Biomarkers of contamination: target genes 
focused approaches 

 
The number of proteomic studies exploring the 

effects of phycotoxins on marine bivalves is quite 
narrow, but even less efforts have been put in 
genomic researches. The few studies focused on 
gene expression have been mostly aimed at the 
monitoring of a limited number of target sequences. 
Mello and colleagues selected a few genes and 
assessed their expression in C. gigas hemocytes 
subject to in vitro PbTx exposure. The early 
activation of HSP70, CYP365A1 and FABP, genes 
related to stress and detoxification, suggest that 
oyster hemocytes activate a defense response 
which protects them from cytotoxic damage, which 
does not involve immune and antioxidant 
processes, as the expression of BPI, IL-17, EcSOD, 
Prx6, GPx and SOD was not altered. 

Other studies based on gene expression, 
exploiting the knowledge gathered from previous 
experiments, have only been planned but not 
performed yet: an interesting OA biomonitoring 
approach based on the evaluation of the expression 
of genes critically important in OA-induced 
genotoxic damage has been in fact proposed. In 
particular, the authors claim that the expression of 

several histone variants, such as the histone H2A.Z, 
is strongly down-regulated in response to harmful 
levels of OA, basing their hypothesis on preliminary 
data which will be published in an upcoming 
manuscript. 

 
Biomarkers of contamination: whole-
transcriptome scale approaches 

 
To the best of our knowledge, only two studies 

have so far tried to tackle the issue of marine toxin 
effect on bivalves from a genomic perspective. The 
two studies, both performed on the Mediterranean 
mussel M. galloprovincialis, investigated the effects 
of toxins on the gene expression of the main tissue 
of accumulation, the digestive gland, by using two 
different techniques. 

In the first study, focused on DSP, Manfrin et al. 
assessed the effects of OA accumulation over 35 
days of exposure by cDNA microarray, identifying 
several transcripts candidates as OA-stress 
markers. Although most of the sequences could not 
be linked to known metabolic pathways correlated to 
biotransformation, the up-regulation of several 
stress-related proteins, mainly linked to apoptosis, 
proteolysis and cytoskeleton destabilization, denoted 
a possible sufferance of OA exposed mussels. 

The preliminary observations collected from this 
experiment were further validated on the digestive 
gland of mussels subject to naturally occurring 
HABs (unpublished data). The expression of 14 
selected up-regulated genes was monitored by real-
time PCR in samples collected during 2 DSP events 
occurred in the Gulf of Trieste. The analysis 
permitted to confirm 11 out of 14 genes as OA-
responsive, highlighting that the results of 
experimental contaminations can be applied also on 
naturally occurring DSP events (Fig. 2). 

The second and more recent study exploited 
the recent advances offered by the application of 
next generation sequencing technologies to RNA-
sequencing. The study was aimed at the 
investigation of the possible molecular mechanisms 
activated or repressed in the digestive gland in 
response to the accumulation of PSTs produced by 
the toxigenic dinoflagellate A. minutum strain AL9T 
over a time course of 5 days. The contamination 
with these toxins apparently only led to negligible 
effects on gene expression in mussel, which is an 
organism insensible to the paralytic effects of STX-
like toxins, due to the resistance of its nerve 
voltage-gated sodium channel. Therefore, the RNA-
seq experiment results seem to disprove the 
sporadic reports of negative effects of paralytic 
HABs in mussel and support their classification as 
organisms refractory to PSP. 

Although preliminary, the two above mentioned 
studies were certainly able to give a better overview 
about the possible molecular effects of marine 
phycotoxins on bivalve molluscs and represent the 
first steps in moving the focus of dinoflagellate 
toxicity from a human-centered to a bivalve-
centered point of view. 

There is no doubt that, thanks to the 
technological advancements and the increasing 
availability of bivalve sequence data, including fully 



 
 
 
 
Fig. 2 Validation of potential DSP-biomarkers in mussels digestive gland by quantitative RT-PCR. The expression 
of fourteen genes identified as differentially expressed in Manfrin et al., 2010 were monitored in two samples 
collected during naturally occurring DSP-HAB in the Gulf of Trieste (TS_09+ and TS_10+). The normalized fold 
expression values are shown in a log2 scale, significant (p< 0.05) upregulation is indicated by *. 
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sequence genomes, the design of similar studies 
performed on large panels of toxins will be much 
easier in the near future. 

 
Conclusion 

 
HABs represent a serious and emerging issue 

for human health, so considerable research efforts 
have been put in the study of their toxicological 
effects on vertebrate model organisms, useful for a 
better comprehension of the dynamics of shellfish 
poisoning in human. Comparatively, only limited 
data are available about the effects on bivalves, and 
the large majority of them concerns physiological 
aspects. While the lack of molecular studies is 
mainly caused by the still limited genetic knowledge 
of these organisms, there is an urge for further 
research in this field, as highlighted by the 
promising findings provided by the handful of 
molecular studies documented in this review. 

Certainly, there is the need for combining large 
scale approaches (both on a proteomic and on a 
genomic level) for the identification of trustworthy 
biomarkers of contamination for a more effective 
biomonitoring of HABs, also contributing to a better 
comprehension of the molecular mechanisms 
adapted by bivalve molluscs to deal with phycotoxin 
toxicity. 
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