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Abstract: Accumulation of algal toxins in mussels constitutes a serious threat to consumers and 
the industry. In Sweden, the annual occurrence of the diarrhetic shellfish toxin okadaic acid 
(OA) in blue mussels, Mytilus edulis, is the largest impediment to a further development of the 
mussel industry. OA is a potent protein phosphatase inhibitor and causes harmful effects at 
different levels within an organism. The effects of OA on mussels have previously not been 
investigated. 

The inhibitory effects of OA on protein phosphatase (PP) and glycogen synthase (GS) 
activities in mussels and rainbow trout (Oncorhynchus mykiss) were studied. OA inhibited PP 
activity in vitro in both species. However, GS activity was inhibited by OA in rainbow trout but 
not in mussels. It was suggested that mussels may have mechanisms which prevent OA from 
binding to PP in vivo. Studies on the cytotoxic effects of OA in mussel blood cells showed that 
these cells are highly resistant to OA and it was hypothezised that this was due to p-
glycoprotein activity (multixenobiotic resistance) in the cell membrane. However, the main site 
of p-glycoprotein activity was observed within lysosomal membranes. Preliminary results 
suggest that the lysosomes are involved in protecting the cells from the cytotoxic effects of OA. 

Depuration of toxic mussels is a potential management option to increase the availability 
of marketable mussels. Various aspects regarding the physiological processes and the influence 
of environmental factors on depuration of OA were evaluated in manipulative experiments. 
Tests of the effects of food conditions showed that depuration rate was unaffected by feeding 
and digestive activities. In addition, the importance of lipid turnover for depuration of OA was 
evaluated. Although a positive correlation between lipid content and concentration of OA was 
observed in the field, depuration was not faster in mussels with reduced levels of lipids in the 
laboratory. Exposure to different temperatures and feeding conditions did not influence 
depuration rates. In a large-scale experiment, where toxic mussels were relocated to a fjord for 
depuration, a fast reduction of OA was obtained at the new location. However, these mussels 
accumulated DTX-1 which correlated to the presence of Dinophysis acuta in the fjord. A 
comparison between four different depuration experiments suggested that (1): depuration is 
equally effective in the lab as in the field (2): short-term manipulation of external conditions 
does not affect depuration rates (3): depuration is faster during summer compared to winter 
conditions. It was proposed that seasonal changes in the physiological status of the mussel 
regulate depuration of OA. 

A field study comparing levels of OA among mussels, oysters (Ostrea edulis) and cockles 
(Cerastoderma edule) provided strong evidence for species-specific accumulation of this toxin 
and suggested that oysters and cockles can be marketed for human consumption during periods 
when harvest of mussels is banned. 

Keywords: blue mussel, cockle, cytotoxic, depuration, diarrhetic shellfish poisoning, 
dinoflagellates, Dinophysis, environmental conditions, lipid, lysosome, management, 
multixenobiotic resistance, okadaic acid, oyster, p-glycoprotein, protein phosphatase 
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1. Introduction 

1.1. General background and scope of this 

thesis 

In 1997, an interdisciplinary project 
(SUCOZOMA) was initiated and financed by 
the Swedish Foundation for Environmental 
Strategic Research (MISTRA). This project 
deals with various aspects of coastal resource 
management including fisheries and water 
quality issues. A part of the project has been 
to evaluate the use of mussel farms as 
biofilters to absorb discharge of nutrients and 
as a complement to conventional sewage 
treatments in a eutrophicated fjord system on 
the Swedish west coast (Haamer, 1996; 
Haamer et al., 1999). The general increase in 
discharge of nutrients from land to sea is 
currently seen as one of the most serious 
threats to coastal environments. Excess of 
nutrients accelerate blooms of phytoplankton 
and consequently the potential for 
eutrophication effects such as oxygen 
depletion which are detrimental to organisms 
in sediments and water columns. The idea to 
use mussels as biofilters for nutrients is based 
on the high capacity of mussels to capture 
phytoplankton before they sink to the bottoms 
and in this way transform nutrients into 
mussel meat. The mussels are intended to be 
used for human consumption. However, some 
phytoplankton species produce toxic 
compounds which accumulate in mussels and 
may cause various seafood poisoning 
syndromes in humans. In Sweden, the 
accumulation of diarrhetic shellfish toxins 
(DST) in blue mussels, Mytilus edulis, is by 
far the largest impediment to a sustainable 
mussel industry today and there is a need for 
management plans to reduce the negative 
effects of DST (Kollberg, 1999). Depuration 

of toxic mussels has been proposed as a 
potential option for mussel farmers. This 
would allow a continuous supply of mussels. 
In order to develop practical and cost-
effective methods for depuration, extensive 
knowledge about variations in rates of 
depuration of DST in mussels during different 
environmental conditions are needed. In this 
context, it is important to identify of the 
physiological processes by which mussels 
accumulate and eliminate these compounds. 
The physiological response in mussels during 
toxic events was poorly understood at the 
start of these studies. The aim of this thesis is 
to investigate some issues concerning the 
effects and dynamics of DST in the blue 
mussels. 

1.2. Harmful algal blooms 

Blooms of marine microalgae constitute the 
basis for all living organisms in the sea and 
most of the time, these blooms have no 
detrimental effect on the environment. 
However, some species occasionally occur in 
such large numbers, or produce toxic 
compounds, that eventually cause harm to 
other organisms. Harmful algal blooms 
(HAB) have been defined as events where the 
concentration of algae reaches levels which 
can kill fish or shellfish directly, or indirectly 
by causing oxygen depletion, or cause 
accumulation of toxins in marine organisms 
which eventually harm other organisms who 
eat the toxic species (Hallegraeff, 1993; 
Andersen, 1996). Most of the toxic 
microalgae in the marine environment belong 
to the dinoflagellate group (Landsberg, 2002). 
Although HAB are completely natural 
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phenomena, there is an observed increase in 
frequency and numbers of algal species 
producing toxins in the past two decades. This 
has been attributed to antropogenic activities 
such as eutrophication of coastal areas 
(Smayda, 1990; Hallegraeff, 1993; Van 
Dolah, 2000b). 

Algal toxins are so-called secondary 
metabolites which means that they have no 
known key role in the basic functioning of the 
producing algal cell in which they occur. 
However, there are several theories regarding 
the functional significance of secondary 
metabolites in the algae, including their 
putative function as chemical defence agents, 
hormonal and ion channel regulators as well 
as regulators of cell division (Windust et al.,
1996; Aguilera et al., 1997; Wright & 
Cembella, 1998). 

Humans experience the effects of HAB 
when consuming toxic shellfish or fish 
causing various seafood poisoning 
syndromes. Contamination of shellfish, 
predominantly bivalve molluscs, by algal 
toxins is one of the most serious problems for 
the aquaculture and fisheries industries world-
wide today, causing major economical losses 
and bad publicity for seafood as a food 
resource (Shumway, 1990; Bricelj & 
Shumway, 1998; Vieites & Leira Sanmartin, 
2000). Fortunately, most countries where 
bivalves are exploited for food production 
have ongoing monitoring programs to detect 
toxins in both algae and shellfish. These 
programs have markedly reduced the 
incidences of human intoxication in recent 
years (Andersen, 1996). Nevertheless, the 
negative effects of HAB have created a great 
demand for management and mitigation 
strategies to reduce the occurrence of toxic 
shellfish. The most obvious way is perhaps to 
put efforts into finding locations for 
aquaculture where prevalence of toxic algal 
species are low, although there is no 100% 
guarantee that a certain area will be 
unaffected by future HAB. Early warning 
systems based on monitoring of potential 

toxic species can be effective and create 
opportunities for farmers to take measures 
before the mussels become intoxicated. A 
different strategy is to depurate live shellfish 
containing toxins and thereby achieve a more 
regular supply throughout the year (paper 
III, IV and V). However, there are no 
universal methods available for depuration, 
potential methods have to be tailor-made for 
each bivalve species and toxin. 

A brief summary of the common 
syndromes associated with consumption of 
toxic shellfish follows below. Diarrhetic 
shellfish poisoning (DSP) and the causative 
toxic compounds will be described in more 
detail due to their relevance for the topic of 
this thesis. 

1.2.1. Paralytic Shellfish Poisoning (PSP) 

This is the most serious toxin-related seafood 
disease because of its lethal potential and 
worldwide distribution. Approximately 2000 
cases are reported per year with an average 
mortality rate of 15% (see reviews by Van 
Dolah, 2000a; Bricelj & Shumway, 1998). 
Clinical symptoms of PSP include initial 
numbness of the lips and face, spreading to 
the extremities with subsequent loss of motor 
control and, in extreme cases, respiratory 
paralysis and death. PSP is caused by a group 
of water-soluble compounds collectively 
called saxitoxins which affect the central 
nervous system of mammals. They act by 
binding to voltage-dependent sodium 
channels, thus inhibiting channel conductance 
and thereby blocking neuronal activity in the 
peripheral nervous system. The saxitoxins are 
produced by dinoflagellates of the genera 
Alexandrium, Gymnodinium and Pyrodinium.

1.2.2. Amnesic Shellfish Poisoning (ASP)

Similar to PSP, ASP is caused by a water-
soluble neurotoxic agent known as domoic 
acid (Wright et al., 1989). This is the only 
known toxin produced by diatoms 
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(Pseudonitzschia spp.) and these have been 
observed in temperate waters globally,  
however, no human outbreaks have occurred 
since the discovery in Canada in 1987 (Van 
Dolah, 2000b). Domoic acid is a tricarboxylic 
amino acid and acts as an analogue of 
glutamate, which is a neurotransmitter. 
Persistent activation of the glutamate receptor 
by domoic acid results in increased levels of 
intracellular Ca2+ with subsequent lesions in 
some areas of the brain (Peng et al., 1994). 
Symptoms of ASP include gastrointestinal 
effects as well as neurological effects such as 
dizziness, lethargy, seizures and permanent 
loss of short-term memory. 

1.2.3. Neurotoxic Shellfish Poisoning (NSP) 

This type of seafood poisoning is caused by 
brevetoxins, a group of polycyclic ether 
compounds with potent neurotoxicity and 
hemolytic properties. The predominant 
causative species is the dinoflagellate Karenia 
brevis (= Gymnodinium breve) and NSP 
incidents are so far restricted to the Gulf of 
Mexico, the east coast of Florida and New 
Zealand (Landsberg, 2002). Brevetoxins bind 
to voltage-dependent sodium channels, 
inhibiting channel inactivation which result in 
prolonged channel opening (Poli et al., 1986). 
Symptoms of NSP are nausea, numbness of 
mouth and face, loss of motor control and 
muscle pain. Severe cases may result in 
unconsciousness. An additional route of 
human exposure to brevetoxins is through 
respiration of aerosolized toxins causing 
symptoms of irritation and burning of the 
respiratory tract. 

1.2.4. Diarrhetic Shellfish Poisoning (DSP) 

DSP was first described in Japan in 1977 
when an outbreak of gastroenteritis, not 
caused by pathogenic bacteria, occurred after 
consumption of mussels and scallops 
(Yasumoto et al., 1978). The major 
symptoms, which appeared within 30 minutes 

to 7 hours after consumption, were diarrhoea, 
nausea, abdominal pain and vomiting. 
Patients recovered within 3 days. DSP 
incidents were later reported from Europe and 
this syndrome is now recognised in all parts 
of the world (Kat, 1983; Krogh et al., 1985; 
Underdal et al., 1985; Aune & Yndestad, 
1993; Van Dolah, 2000b). DSP is caused by 
the lipophilic polyether compounds okadaic 
acid (OA) and the OA derivatives 
Dinophysistoxin-1 (DTX-1), DTX-2 and 
DTX-3 (fig. 1), all of which accumulate 
predominantly in the digestive organs of 
filter-feeding organisms (Yasumoto et al.,
1978; Murata et al., 1982; Yasumoto et al.,
1985; Kumagai, 1986; Edebo, 1988). OA was 
first isolated from a marine sponge, 
Halicondria okadai (Tachibana et al., 1981), 
but the causative DSP species were identified 
as dinoflagellates of the Dinophysis and 
Prorocentrum genera (Yasumoto et al., 1980; 
Murakami et al., 1982; Lawrence et al.,
1998). A summary of species known to 
produce DSP toxins (DST) is published by 
Landsberg (2002). DTX-3 is a common 
reference name for a group of homologues in 
which the 7-OH position of OA, DTX-1 or 
DTX-2 is esterified with different kinds of 
fatty acids, the most common being palmitic 
acid (fig. 1). Because the DTX-3 compounds 
was not detected in the causative algal 
species, they were formerly believed to be 
exclusive biotransformation products in the 
bivalve tissue (Yasumoto et al., 1985; Lee et 
al., 1989). However, DTX-3 was recently 
detected in similar proportions in both 
Dinophysis acuta and greenshell mussels 
Perna canaliculus from New Zealand, 
indicating that DTX-3 can also be assimilated 
by the mussel through feeding (MacKenzie et 
al., 2002). OA was initially identified as the 
dominating DSP toxin in European mussels 
but other derivatives are now regularly found 
all over this continent (Kumagai, 1986; Marr 
et al., 1992; Carmody et al., 1996; Vale & 
Sampayo, 2002b). In Sweden, OA is the most 
common DST detected in blue mussels, M. 
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edulis. The structurally unrelated 
pectenotoxins (PTX) and yessotoxins (YTX) 
have been grouped within the DSP complex 
since they are extracted from mussels using 
the same initial procedures as OA and DTX. 
However, PTX and YTX are not protein 
phosphatase inhibitors and are not 
diarrhogenic when orally administered. They 
should therefore not be regarded as DSP 
toxins (Hamano et al, 1986; Aune, 1997; 
Daranas et al., 2001; Aune et al., 2002). 
Rather, PTX and YTX are potent hepatotoxic 
compounds and it has tentatively been 
proposed that they should form a new group 
of toxins called hepatotoxic shellfish 
poisoning (HSP) toxins (Daranas et al.,
2001). The recently discovered azaspiracids 
(AZA) in mussels from Ireland, UK and 
Norway produce a gastrointestinal 
intoxication in humans with similar 
symptoms as DSP (James et al., 2002). The 
AZA have unique structural features and 
toxicological effects in mice and this food 
poisoning syndrome has been named 
azapiracid poisoning (AZP). 

1.2.5. Algal toxins and shellfish 

Algal toxins which affect humans may also 
cause lethal or sublethal effects in vector 
organisms such as the bivalve molluscs 
(Bricelj & Shumway, 1998; Landsberg, 
2002). Reported cases of mass mortalities of 
bivalves due to HAB obviously result in great 
economic loss and pose an additional problem 
for the shellfish industry (Underdal et al.,
1989; Shumway, 1990). The effects of 
different toxins vary greatly among different 
species. Large interspecific differences in 
both accumulation and elimination of specific 
toxins are documented. This phenomena can 
be exploited in the selection of candidate 
species for monitoring purposes or 
aquaculture activities (Bricelj & Shumway, 
1998; Landsberg, 2002; paper VI). In some 
cases, species-specific patterns of 
accumulation of toxins have been correlated 
to sensitivity to the toxin. The most 
documented examples concern the response 
on nerve cells to paralytic shellfish toxins 
(Bricelj & Shumway, 1998). In this context, 
Mytilus sp. is generally regarded as a species 
insensitive to most toxins. These species 
therefore readily feed and accumulate high 
toxin levels, but also detoxify more rapidly 
compared to other species. 

So far, there is no documentation from the 
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field or laboratory which suggest that the 
survival of mussels are negatively affected by 
the DSP toxins (Landsberg, 2002). In 
Sweden, blue mussels contain high 
concentrations of OA (occasionally above 
1000 µg*kg-1 mussel meat), during extensive 
periods yearly (Lindegarth, 1997; Karlsson & 
Rehnstam-Holm, 2002). However, no 
increased mortalities have been reported in 
correlation to these events. Likewise, no 
mortality was observed in a laboratory 
experiment where M. edulis were fed a 
unialgal diet of the OA-producer 
Prorocentrum lima for one month (Pillet et 
al., 1995). Although the DST do not appear to 
cause acute effects in mussels, the possibility 
remains that chronic exposure to these 
compounds may negatively affect the fitness 
of the organisms (Landsberg, 1996). It also 
seems likely that organisms frequently 
exposed to DST-producing dinoflagellates, 
such as the blue mussel, have evolved 
protective mechanisms (paper I, II).

1.3. Okadaic acid 

1.3.1. Mechanism of action 

The biological activity and underlying 
mechanism of toxicity for OA has been 
widely studied (see review by Vieytes et al.,
2000). OA is a potent inhibitor of 
serine/threonine protein phosphatase activity, 
predominantly protein phosphatase 1 (PP1) 
and PP2A (Bialojan & Takai, 1988), which 
are enzymes responsible for 
dephosphorylation of proteins. Reversible, 
covalent phosphorylation is a universal 
cellular mechanism which regulates protein 
activities (Cohen & Cohen, 1989; Cohen, 
1989; Cohen, 1994; Wera & Hemmings, 
1995). The phosphorylation state and activity 
of a protein is a dynamic process controlled 
both by protein kinases, responsible for 
phosphorylation, and protein phosphatases 
which dephosphorylate the same proteins. OA 
disturbs this control mechanism by binding to 

the protein phosphatases, thus inhibiting 
dephosphorylation. This results in 
hyperphosphorylation of a wide range of 
enzymes with subsequent secondary effects 
on intracellular signalling pathways 
(Haystead et al., 1989). OA interacts with the 
phosphatases by binding to the catalytic 
subunit with a 200-fold higher affinity for 
PP2A in cell-free extracts (IC50 0.07 nM) than 
PP1 (3.4 nM). (Takai et al., 1992). The 
maximum inhibitory concentration of OA on 
PP1 and PP2A in intact cells is, however, 
much higher (1 µM) which is similar to the in
vivo concentration of PP1 and PP2A (Cohen, 
1989). Structure-affinity studies have 
suggested that the carboxyl group, the 
hydroxyl group at C-24 and the particular 
spatial conformation of the OA molecule are 
all essential for its inhibitory activity on the 
phosphatases (fig. 1) (Holmes et al., 1990; 
Nishiwaki et al., 1990). The difference in 
specificity for PP1 and PP2A has resulted in 
OA being used as a tool for studying cellular 
processes regulated by reversible 
phosphorylation and to distinguish between 
different classes of PP (Haystead et al., 1989; 
Cohen et al., 1990). This approach which was 
used in paper I to study protein phosphatase 
activities in mussel and rainbow trout 
(Oncorhynchus mykiss) tissue. The inhibitory 
properties of OA on protein phosphatases are 
also used for quantification of this toxin in 
shellfish and plankton extracts and several 
bioassays using purified PP2A have been 
developed (see 2.3 and paper IV, V and VI).

1.3.2. Secondary effects 

The general effects of OA on protein 
phosphorylation affect many cellular 
processes. For example, hyper-
phosphorylation of the rate-limiting enzymes 
of glycogen metabolism, glycogen 
phosphorylase and glycogen synthase (Roach, 
1981), have been shown to result in increased 
breakdown of glycogen stores as well as 
inhibiting glycogen synthesis de novo.
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(Haystead et al., 1989; Pugazhenthi et al.,
1993). Glycogen synthase (GS) was used as a 
model enzyme in paper I to investigate the 
effects of OA in blue mussels compared with 
rainbow trout. The dephosphorylated form of 
GS is active in vivo, thus the inhibition of 
protein phosphatases by OA was predicted to 
similarly inhibit glycogen synthase activity. 

Other effects associated with OA include 
increased production of oxygen radicals 
(Schmidt et al., 1995) and induction of 
apoptosis (Boe et al., 1991; Kawamura et al.,
1996; Ritz et al., 1997; Fernández-Sánchez et 
al., 1998). OA is also a potent tumour 
promoter in such a way that  
hyperphosphorylation activates pathways 
which lead to the expression of several cell 
proliferation genes (Suganuma et al., 1988; 
Fujiki & Suganuma, 1993; Sueoka & Fujiki, 
1998). The diarrhogenic effects of OA are 
likely to be the result of increased 
phosphorylation of enzymes regulating 
sodium secretion and cytoskeletal or 
junctional elements in the intestinal cells 
(Cohen et al., 1990; Aune & Yndestad, 1993). 
Increased intestinal paracellular permeability 
by OA has also been shown to impair water 
balance and increase loss of fluids 
(Tripuraneni et al., 1997). 40 µg OA is 
sufficient to induce diarrhoea in adults 
(Hamano et al., 1986). 

1.3.3. Cytotoxicity 

As might be suspected, low concentrations of 
OA is highly cytotoxic in a vast range of cell 
culture systems, including mammalian and 
fish cell lines (Tohda et al., 1994; Tubaro et 
al., 1996b; Laidley et al., 1997; Ritz et al.,
1997; Fladmark et al., 1998). Prolonged 
inhibition of PP1 and PP2A triggers the 
signalling cascade for apoptotic cell death, 
which seems to be the underlying mechanism 
for the cytotoxicity of OA (Ritz et al., 1997). 
LC50 values reported for OA range from 1.5 
nM in human epidermoid carcinoma cells 
(KB) cells (Tubaro et al., 1996b), 13 nM in 

Chinese hamster ovary cells (CHO-K1; 
Tohda et al., 1994), 20 nM in salmon 
hepatocytes (Fladmark et al., 1998), 30 nM in 
rat pituitary GH3 cells (Ritz et al., 1997) and 
31 nM in mouse neuroblastoma cells (N1E-
115; Laidley et al., 1997). Various bioassays 
have been developed in order to quantify OA 
in shellfish extracts where the cytotoxic 
properties of OA are exploited (Aune et al.,
1991; Amzil et al., 1992; Tubaro et al.,
1996b; Fladmark et al., 1998). These methods 
are generally sensitive for extracts where OA 
is the only toxic compound but they become 
unspecific if other toxins are present in the 
tissue rendering them unsuitable for 
monitoring purposes. There are no previous 
studies investigating the cytotoxic effects of 
OA in mussels, an organism which is 
naturally exposed to this toxic compound. In 
paper II, the cytotoxic effects of OA in 
mussels were studied, using blood cells as a 
model cell system. 

1.3.4. Multidrug resistance 

Some cell lines which have been exposed to 
non-toxic concentrations of OA for some time 
have been shown to develop resistance 
against the cytotoxic effects of this toxin. This 
resistance has been attributed to multidrug 
resistance (MDR) mechanisms (Tohda et al.,
1994; Wang et al., 1995; Ritz et al., 1997). 
MDR is a term used in cancer research to 
describe mammalian tumour cells which have 
become resistant to cytotoxic drugs (see 
reviews by Endicott & Ling, 1989; Ambudkar 
et al., 1999). The corresponding mechanism 
in non-mammalians has been termed 
multixenobiotic resistance (MXR; Bard, 
2000). The common feature of MDR and 
MXR is the overexpression of a plasma 
membrane phosphoglycoprotein (p-gp). This 
transmembrane protein functions as an ATP-
dependent, drug efflux pump. It reduces the 
intracellular levels of various, structurally 
unrelated, lipophilic compounds against a 
concentration gradient (fig. 5A). Thus, the 
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reduced intracellular concentrations of the 
toxic agents, by the action of p-gp, positively 
affect the survival of the cells. The P-gp 
system is not only used for transport of 
foreign compounds but also for cellular 
excretion of endogenous substances (Higgins, 
1992; Ambudkar et al., 1999). Cell lines 
expressing MDR phenotype have been found 
to be resistant to the cytotoxic effects of OA 
(Chambers et al., 1993). It has been suggested 
that OA is a substrate for p-gp since the 
observed resistance can be reversed by the 
addition of verapamil, a competitive inhibitor 
of p-gp activity (Yusa & Tsuruo, 1989; Tohda 
et al., 1994; Ritz et al., 1997). 

Mussel blood cells were found to be 
highly resistant against the cytotoxic effects 
of OA and the hypothesis that this was due to 
p-gp activity in blood cell membranes was 
tested (paper II). P-gp expression and 
activity have been confirmed previously in 
various tissues of Mytilus sp. including the 
blood cells (Kurelec & Pivcevic', 1991; 
Minier et al., 1993; Cornwall et al., 1995; 
Kurelec, 1995; Minier & Moore, 1996). 

1.4. The blue mussel 

1.4.1. Ecology and life-history 

The blue mussel is distributed throughout the 
temperate waters of both the northern and 
southern hemisphere (Seed & Suchanek, 
1992). It is a dominating species on intertidal, 
wave-exposed hard substrates although dense 
masses of mussels are also common in 
subtidal, shallow areas. Blue mussels tolerate 
a wide range of environmental conditions and 
show a remarkable plasticity of physiological 
response to changes in the surroundings, thus 
the limiting distribution factors are biological 
(i.e. predation and competition) rather than 
physical or chemical. Being a common and 
dominating species, the ecological 
significance of the blue mussel is high. For 
example, filtration activities of the mussel 
population in Öresund (Baltic Sea) influence 

the entire water column, changing the 
abundance and composition of the 
phytoplankton community and hence the flux 
of nutrients (Haamer & Rodhe, 2000). Mussel 
beds also represent a structural habitat for a 
diverse range of organisms, creating there 
own local community “ecosystem” (Seed & 
Suchanek, 1992). Blue mussels are widely 
used as indicators of environmental pollution 
(the “Mussel Watch” concept). There are 
several attributes which make them ideal for 
biomonitoring purposes (world-wide 
distribution, sedentary organisms, 
bioconcentrators of chemical pollutants etc.; 
Widdows & Donkin, 1992). 

Mytilus sp. have separate sexes and both 
male and female mussels mature after 
approximately one year. Eggs and sperms are 
released directly into the open water where 
external fertilization takes place. A 
planktotrophic larval stage (veliger stage) 
develops within 48 hours and the free-living 
larval stage typically persists for three to four 
weeks. The larvae is then ready to find a 
suitable substrate for settlement and develops 
into an adult, sessile life-stage. 

In higher latitudes, mussels show a 
pronounced annual cycle of reproduction 
(Seed & Suchanek, 1992). The various 
reproductive stages can be assessed by 
measuring the gonad development using 
histological methods (Seed, 1969). The 
reproductive cycle of the Skagerrak blue 
mussel populations have been documented by 
Loo & Rosenberg (1983) and Svärdh (2003). 
In general, development of the gonads takes 
place during winter and early spring. In April, 
most of the gonads are ripe and a period of 
spawning follows which may continue into 
the early summer months. In August, the 
gonads are spent and the mussels enter a 
reproductive quiescent phase until the end of 
the year when gonads start to redevelop again. 
The reproductive stages are strongly coupled 
to glycogen content in the mantle tissue 
(Svärdh, 2003) where glycogen is used as fuel 
for the gametogenesis. A complex interaction 
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between external factors (e.g. food, 
temperature, salinity) and endogenous 
systems (e.g. nutrient reserves, hormonal 
cycles, genotype) in determining the initiation 
and duration of gametogenesis seem to exist 
(De Zwaan & Mathieu, 1992). 

1.4.2. Feeding and digestion  

Mussels feed on a variety of seston particles 
ranging from approximately 1 to 200 µm in 
size. The diet include bacteria, phytoplankton, 
microzooplankton and detritus (see review by 
Morton, 1983; Jörgensen, 1991; Hawkins & 
Bayne, 1992 and also Hernroth et al., 2000). 
Coordinated ciliary movements on the gills 
are used to actively pump water through the 
mantle cavity. During this process, food 
particles are captured by mucociliary 
mechanisms on the gills and labial palps. The 
particles are transported along ciliated 
grooves to the labial palps for ingestion 
through the mouth or rejection as 
pseudofaces. At low densities, all food 
particles are ingested but at seston 
concentrations above a threshold, 
corresponding to the maximum digestive 
capacity of the mussel, the surplus filtrated 
material is bound with mucus to form 
pseudofaeces and is rejected prior to 
ingestion. Mussels also have the ability to 
preferentially select and ingest specific 
particles from a mixture of food (Newell et
al., 1989; Ward et al., 1998). Food destined 
for ingestion enter the stomach where 
extracellular digestion takes place (Reid, 
1965). Particles are mechanically 
disintegrated by the crystalline style structure 
which also releases enzymes for chemical 
degradation. Food material is then transported 
through the sorting caecum for further 
intracellular digestion in the digestive 
diverticula or directly transported to the gut 
system, which also has an absorptive and 
digestive role (Morton, 1983). In the digestive 
diverticula, food particles are absorbed by 
endocytosis or pinocytosis into the digestive 

cells for intracellular degradation where the 
lysosomal system plays a significant role 
(Owen, 1972). The lysosomes contain 
hydrolytic enzymes which further degrade the 
food particles. Rest-products contained in 
residual bodies are expelled from the cells by 
exocytosis and excreted via the intestine. The 
regulation of the digestive activities is 
coupled to the amounts of food ingested 
where the ingested amount is positively 
correlated to stomach and gut passage time. 
This affects the efficiency of degradation and 
absorption of nutrients from the food. 
Mussels show an endogenous rhythmicity 
which coordinates the mechanisms of feeding 
and digestion (Langton, 1977; Hawkins et al.,
1983). The processes involved in feeding and 
digestion also show marked seasonal changes 
in rates and this is connected to the 
reproductive cycle and the physiological 
status of the mussels (Hawkins & Bayne, 
1984; Hawkins & Bayne, 1985; Hawkins & 
Bayne, 1992). As evident from above, 
mussels have a wide variety of physiological 
response to the food resource, enabling them 
to regulate food acquisition according to their 
needs (Hawkins & Bayne, 1992). 

1.4.3. Aquaculture aspects 

Aquaculture and fisheries for mussels (fig. 2) 
are growing in importance as fish catches 
decrease in all parts of the world (Vieites & 
Leira Sanmartin, 2000). Mussels are an ideal 
candidate for aquaculture purposes, compared 
to fish and other bivalve molluscs (Hickman, 
1992). (1). No rearing of larvae is necessary 
where mussel cultivation depends on the 
natural supply of larvae. (2). Mussels attach 
to surfaces naturally with byssal threads, a 
major advantage compared to other bivalve 
species and greatly affects farming practices 
and technological development. (3). No food 
has to be supplied, mussels feed on the 
natural phytoplankton community and have a 
rapid growth rate. (4). Mussels, even in very 
high densities, are generally resistant to 
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diseases and mass mortalities are rare. The 
direct conversion of nutrients (through 
phytoplankton) by mussels, generating a high-
quality food product is perhaps the most 
appealing characteristic of mussels in 
aquaculture. 

Mussel production comes mainly from 
culture (80%) with only 20% from catches of 
wild mussels. World production has been 
around one million tons since 1990 (FAO 
statistics) but this number is predicted to 
increase during the next decade since “new” 
countries have started to produce mussels. 
Two large mussel-producing areas can be 
distinguished; China and other Asian 
countries (46%) and Europe (41%; Vieites & 
Leira Sanmartin, 2000). In Europe, mussel 
production is dominated by Italy (116 000 
tons per year), Spain (92 000), France (75 
000) and the Netherlands (79 000; FAO 
statistics, 1995). In Denmark, large quantities 
(>100 000 tons per year) of wild mussels are 

harvested in Limfjorden and mainly used in 
the canning industry. In this context, Swedish 
mussel production is a small-scale industry 
with an average yearly production of 2 000 
tons (Kollberg, 1999). 

Various methods to culture mussels are 
used. These can be divided into two 
categories; on-bottom (two-dimensional) and 
off-bottom (three-dimensional). The on-
bottom method is based on transferring 
naturally occurring mussels (10-30 mm) to 
culture plots where they are spread in lower 
densities and growth is stimulated. This 
method dominates in the Netherlands where a 
highly sophisticated and mechanized industry 
using this cultivation method has developed 
(Hickman, 1992). Off-bottom methods use 
either poles sticking up from the bottoms or 
ropes hanging down from rafts or anchored 
buoys in the water column where mussels 
attach and grow. The off-bottom approach has 
several advantages compared to on-bottom 
cultivation; growth rate is twice as high due to 
more food being available in the water 
column; better protection against predation by 
seastars; better areal usage since the off-
bottom methods are three-dimensional. 
Mussel rafts are common in Spain whereas in 
Sweden, the long-line system is used (fig. 3; 
Haamer, 1995a). The average long-line 
mussel unit in Sweden produces 150-200 tons 
of mussels in 18-24 months.  

As mentioned previously, the occurrence 
of algal toxins is the most serious threat to the 
culture and processing of mussels today 
(Shumway, 1990; Vieites & Leira Sanmartin, 
2000). As an example, an outbreak of DSP in 
Sweden in 1984 (Krogh et al., 1985; 
Underdal et al., 1985) had devastating effects 
on the expanding mussel culture and the 
industry. It took several years to recover. The 
establishment of a monitoring program for 
DST in 1985 has reduced the incidences of 
DSP in humans but mussel growing areas 
may be closed for harvest for up to six 
months every year due to elevated levels of 
DST (Edebo, 1988; Haamer, 1990b; 

Fig. 2. Cultured mussels attached to strips in a long-
line mussel farm (Photo: Lars-Ove Loo). 
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Lindegarth, 1997). Although a re-
establishment of mussel farming activities is 
occurring today, the presence of DST in 
mussels is still a major problem for this 
industry in Sweden (Kollberg, 1999). 

1.5. Bioaccumulation of lipophilic toxicants 

1.5.1. Uptake mechanisms 

Blue mussels, being suspension-feeders and 
pumping large volumes of water, accumulate 
and concentrate a wide variety of lipophilic 
organic contaminants and algal toxins 
(referred to as toxicants in section 1.5) in their 
tissue (Moore et al., 1989; Landsberg, 2002). 
In general, bioaccumulation is a function of 
the uptake rate of the toxicant and the 
elimination rate of the same (Spacie & 
Hamelink, 1985; Phillips, 1993). The degree 
to which the toxicants are bioaccumulated 
depends upon both the physicochemical 
properties of the compound (solubility, 
hydrophobicity, free versus particulate-bound 
etc.) and biotic factors such as the pumping 
activity, biochemical composition, 
reproductive condition, metabolic activities 
and elimination in the mussels (Widdows & 
Donkin, 1992). Both the abiotic and biotic 
factors are in turn affected by environmental 
variables such as temperature and salinity 
which influence the dynamic processes 
concerned with uptake and depuration of 
toxic agents. 

The major uptake routes of organic 
pollutants in mussels are via passive diffusion 
across membranes of the gills or by filter-
feeding on the particulate-bound fraction in 
the water column and assimilation in the 
digestive system (Spacie & Hamelink, 1985; 
Livingstone & Pipe, 1992). Uptake of 
lipophilic algal toxins such as OA is assumed 
to occur exclusively by feeding on the toxin-
producing algae and hence the resulting 
assimilation of the toxins into the tissue takes 
place within the digestive system (Landsberg, 
2002). No further distribution of OA to other 
organs has been observed in mussels 
(Yasumoto et al., 1978; Edebo et al., 1988). 
Therefore, factors determining the rate of 
uptake of this toxin should be connected to 
the feeding physiology and availability of the 
toxin-producing dinoflagellates in the 
plankton community. In this context, both the 
absolute and relative abundance of toxic 
algae, together with total amount of food 
available for the mussels, are important 
variables affecting general filtration and 
ingestion rates (Sampayo et al., 1990; 
Hawkins & Bayne, 1992; Morono et al.,
1998; Blanco et al., 1999). Additionally, the 
OA content per cell in the causative species 
(Dinophysis sp.) may vary considerably both 
temporally and spatially and this is another 
factor affecting the rate of uptake of this toxin 
(paper V and Lee et al., 1989; Andersen et 
al., 1996; Aune et al., 1996; Dahl & 
Johannessen, 2001; Fernández et al., 2002; 
Marcaillou et al., 2002). The rate of 

Fig. 3. The Swedish long-line system with the dimensions 10 x 200 m. The long-lines can carry 20 000 m of farming 
strips with a production capacity of about 200 tons in two years.  From Haamer (1995a). 



17

assimilation of OA in the digestive system is 
likely to be affected by the total amounts of 
ingested food since this affects the gut 
passage time and probability for assimilation 
through the gut wall (Hawkins & Bayne, 
1992; Blanco et al., 1999). The abundance of 
food is also important in determining the 
bioaccumulation of organic contaminants in 
mussels (Björk & Gilek, 1997; Magnusson et 
al., 2000). Apart from all aspects regarding 
the food resource, any other factor which 
affects the feeding physiology of mussels are 
likely to influence the uptake of toxicants 
including OA in mussels. 

1.5.2. Storage and metabolism 

Once absorbed in the tissue, the biochemical 
composition and physiological condition of 
the mussels affect the distribution and fate of 
the toxicants (Widdows & Donkin, 1992). For 
lipophilic compounds, there is a general 
correlation between lipid concentration in the 
organism or in a specific tissue and the degree 
of bioaccumulation of the compound. This 
would indicate that the toxicants associate to 
lipid stores in the tissue (Farrington, 1989; 
Livingstone & Pipe, 1992; Phillips, 1993). 
Factors affecting lipid levels, including 
seasonal storage cycles and metabolic 
activities, are therefore likely to influence 
bioaccumulation. In mussels, the digestive 
gland is the most lipid-rich organ (De Zwaan 
& Mathieu, 1992) and this is the major site 
for accumulation of both organic pollutants 
and OA (Yasumoto et al., 1978; Livingstone 
& Pipe, 1992). Thus, a correlation between 
lipid content in the digestive gland and 
concentration of OA may exist which would 
partially explain the large variability in 
concentration of OA among individual 
mussels (Edebo, 1988) as well as seasonal 
differences in accumulation of OA. This 
model was investigated in paper IV.

Apart from associating to lipid-rich 
components in the tissue, toxicants may have 
more specific targets where the lysosomes are 

a common site for accumulation of many 
pollutants in mussels. Cells of the digestive 
gland of mussels are extremely rich in 
lysosomes (Moore, 1990) and storage within 
the lysosomes represents a protective 
mechanism against toxic effects of various 
compounds in mussels (Moore & Willows, 
1998). However, accumulation of toxicants in 
high concentrations may cause structural and 
functional alterations of the lysosomes, thus 
harming the cell and the organism (Moore, 
1990; Cajaraville et al., 1995). The most 
common response to pollutants is a change in 
membrane stability due to enlargement of the 
lysosomes. This causes leakage of lysosomal 
components including the toxicant into the 
cytosol of the cell (Cajaraville et al., 1995; 
Lowe et al., 1995). In paper II, the in vitro
effects of OA on the lysosomal compartment 
in mussel blood cells were studied. 

Moore & Willows (1998) have proposed a 
model to illustrate how particulate-bound 
pollutants are taken up into the cells via 
vesicular transport to the lysosomes. This 
model may also apply for cellular uptake of 
OA in vivo, since OA is likely to associate to 
fragments of the digested algae. For toxicants 
accumulating within the lysosomes, factors 
which affect the dynamic processes of this 
system, for example digestive activities, could 
in theory influence the degree of 
bioaccumulation and depuration (paper III).

Whether a toxicant is metabolised or not 
influence bioaccumulation. The metabolites 
may have rates and routes of elimination 
different from the parent compound. For the 
individual, biotransformation should 
preferentially lead to the formation of a less 
toxic compound which can be excreted to the 
external environment. In mussels, 
biotransformation of organic pollutants by 
enzymes of the mixed-function oxygenase 
(MFO) and cytochrome P-450 systems occur, 
although the levels and activities of these 
systems are lower compared to vertebrates 
(Livingstone et al., 1992; Moore & Willows, 
1998). Biotransformation of OA to acyl-OA 
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(DTX-3) is regarded as taking place within 
the bivalve digestive gland since the DTX-3 
compounds are generally not detected in the 
toxin-producing algae (see 1.2.4). The 
formation of DTX-3 represent a 
detoxification of the parent compound since 
this molecule has low affinity for the protein 
phosphatases (Yanagi et al., 1989; Yasumoto 
et al., 1989; Takai et al., 1992). DTX-3 is, 
however, a more hydrophobic compound 
compared to OA and should theoretically be 
more difficult to excrete. The enzyme systems 
responsible for acylation in mussels remain 
unidentified and the proportion of DTX-3 
compared to OA is generally low in Mytilus
sp. (Marr et al., 1992; Fernández et al.,
1996b; Fernández et al., 1998; Suzuki & 
Mitsuya, 2001; Vale & Sampayo, 2002b). 
This would indicate that biotransformation is 
not an important route for detoxification and 
elimination of OA in mussels (but see 3.2,
table 1). 

1.5.3. Depuration 

Depuration of hydrophobic contaminants is 
thought to be essentially a passive process in 
mussels, involving diffusion of the toxicant 
across membranes of different organs 
(Livingstone & Pipe, 1992). Elimination 
pathways include direct excretion across the 
gills and excretion from the digestive system 
by faecal deposition via the kidneys in the 
urine. In some cases, lipophilic compounds 
may also be eliminated through egg 
deposition during spawning. Since 
bioaccumulation is a function of uptake 
versus depuration rate, a change in one of 
these rates processes affects the level of 
toxicants in the tissue. A net loss can only 
occur if the uptake rate is lower than 
depuration rate (Spacie & Hamelink, 1985). 
Although depuration is mainly assumed to be 
a passive process, rates of elimination of 
pollutants are affected by factors such as 
season (probably via lipid levels) and 
temperature (Livingstone & Pipe, 1992). 

When depuration rates and kinetics of 
toxicants are to be quantified, it is essential 
that the organism is not exposed to the 
toxicant or toxic algae, or that the uptake rate 
of toxicants is simultaneously quantified. 
Therefore, data on depuration from field 
observations are difficult to interpret since it 
is generally not possible to control the water 
column for toxicants. Experimental laboratory 
work is therefore normally used to study these 
issues. Compartment models can be useful 
tools to describe the processes of uptake and 
elimination of toxicants (Spacie & Hamelink, 
1985; Silvert & Cembella, 1995). Depuration 
curves for most lipophilic contaminants are 
either exponential or biphasic which 
corresponds to a one-compartment and two-
compartment model respectively. The one-
compartment model assumes that the toxicant 
resides in the tissue in a common pool, 
equally available for depuration, and the rate 
of depuration is constant. In this case, data are 
accurately fitted to the exponential loss 
equation (Tt=T0*e-λt where T0=concentration 
of toxicant at the start of depuration, 
λ=exponential decay coefficient, t=time) 
which can be used to calculate depuration 
half-lives (t1/2) (paper VI, V). A two-
compartment model assumes that toxicants 
are partitioned into two compartments with 
different rates of depuration within the 
animal. This model is characterized by a 
noticeable change in slope of the depuration 
curve. Depuration kinetics of lipophilic 
contaminants are markedly affected by the 
duration of pre-exposure to the contaminant 
where short-term exposure results in a rapid 
and complete elimination (one-compartment 
model) as opposed to long-term exposure 
where depuration is slower and often 
incomplete (two-compartment model; 
Livingstone & Pipe, 1992). 

This may also apply for depuration of OA 
where observations on depuration kinetics in 
mussels suggest that both exponential and 
biphasic depuration models are possible 
(Marcaillou-Le Baut et al., 1993; Croci et al.,
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1994; Blanco et al., 1995; Fernández et al.,
1998; Blanco et al., 1999 and paper III, IV
and V). Also, depuration half-lives reported 
for OA in mussels vary considerably. 
Although the digestive gland is the major 
storage organ of OA, there is a lack of more 
detailed information about cellular or 
intracellular localisation of OA which would 
help in understanding the elimination 
processes of this toxin (see 3.1). There is also 
a general lack of knowledge about the 
influence of environmental factors on the 
depuration dynamics of this algal toxin 
although field observations have correlated 
the rate of depuration to the availability of 
food in the water (Haamer, 1990a; Sampayo 
et al., 1990; Marcaillou-Le Baut et al., 1993; 
Poletti et al., 1996; Blanco et al., 1999). 
Blanco et al. (1999) proposed a physiological 
process model to explain how feeding and 
digestion affects the mechanism and rate of 
depuration of OA. This theory predicts that 
increased digestive activities concurrently 
accelerate the rate of metabolic faecal loss, 
including the elimination of OA through 
faecal deposition (Blanco et al., 1999). The 
route for elimination of OA in mussels is 
thought to be via faecal deposition (Blanco et 
al., 1999) however, there is no direct evidence 
for this. If this model is valid, then the 
amount of ingested food should be positively 
correlated to the rate of OA depuration. This 
hypothesis was experimentally tested in 
paper III. The influence of environmental 
factors (food and temperature) on rate of 
depuration of OA was also studied in paper 
IV and a large-scale field depuration 
experiment was conducted in paper V.

1.6. Objective of this thesis 

The main objective of this thesis has been to 
improve the understanding of how mussels 
survive exposure to OA and how this algal 
toxin is eliminated from the mussels, 
including the influence of external factors on 

this process. More specifically, I have tried to 
answer the following questions: 
• Do mussels have mechanisms which 

protect the cells against the harmful 
effects of okadaic acid (paper I and II)? 

• Which physiological mechanisms regulate 
depuration and elimination of okadaic acid 
(paper III and IV)?

• Which environmental factors affect the 
rate of depuration of okadaic acid in 
mussels? 

• Is it possible to accelerate depuration by 
manipulating environmental conditions 
(paper III and IV)?

• Is large-scale field depuration a 
management option for the industry 
(paper V)? 

• Does species-specific accumulation of 
DST exist among bivalve species in 
Swedish waters (paper VI)?  
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2. Detection methods 

This section briefly discusses the analytical 
detection methods for DST which have been 
used in this thesis. A short description of the 
mouse bioassay is included since this is the 
official detection method for monitoring 
purposes within the European Union. 

2.1. Mouse bioassay 

The mouse bioassay is probably the most 
widely used analytical test to detect various 
types of shellfish toxins (Andersen, 1996). 
This assay dominates the analysis of PSP 
toxins for consumers protection (Jellet, 1993; 
Fernández et al., 1996a). The mouse assay 
was also the first test developed to monitor 
the DSP toxins in shellfish extracts 
(Yasumoto et al., 1978). The main principle 
of the mouse bioassay is to inject a sample of 
shellfish extract intraperitoneally into a 
mouse and measure the time to death, which 
is ideally directly related to the amount of 
toxin in the sample calculated from a standard 
curve. One mouse unit (MU) in the DSP 
mouse assay was originally defined by 
Yasumoto et al. (1978) as the minimum dose 
of toxin to kill a mouse within 48 hours. 
Mouse units have lately been redefined as the 
amount of toxin required to kill two of three 
mice (20 g) in 24 hours, where one MU 
corresponds to 4 µg OA, 3.2 µg DTX-1 and 5 
µg DTX-3 (Yasumoto et al., 1995). The 
current upper limit for marketing of shellfish 
within the European community is 160 µg 
OA*kg-1 mussel meat. This corresponds to 
the detection limit in the mouse bioassay, thus 
if the mice react to the sample, then it is 
considered above the regulation limit. 

A critical step for the outcome of the 
mouse assay is the extraction method chosen 
and various modifications of the Yasumoto 

extraction protocol are commonly used 
(James et al., 2000). The extraction should 
preferably result in a sample which contains 
all DST derivatives but not interfering 
compounds such as other toxins or lipids. The 
main advantage of the DSP mouse bioassay is 
that it measures the total toxicity in the 
sample, including potentially unknown toxins, 
and therefore serves as a good control method 
for monitoring purposes. However, this 
method has several disadvantages. For 
example, it is time-consuming and provides 
no information as to which individual 
members of each toxin families are present. In 
addition, it can generate false positives, as the 
mouse reacts to endogenous compounds in 
the mussels such as free fatty acids (Suzuki et 
al., 1996). The method is also less sensitive 
than other chemical detection methods or in 
vitro bioassays. Apart from the 
methodological problems with the mouse 
bioassay, the ethical aspects of using live 
animals in toxin testing are of great concern 
and alternative methods are used in several 
countries (Fernández et al., 1996a). 

2.2. High performance liquid 

chromatography (HPLC) 

HPLC is widely employed as a sensitive and 
selective method to detect DSP toxins in 
shellfish samples (Lee et al., 1987; Edebo, 
1988; Gago et al., 1996; James et al., 2000). 
The first HPLC method was developed by 
Lee et al. (1987) and is based on the coupling 
of a fluorescent reagent (9-
anthryldiazomethane; ADAM) to the 
carboxylic group of the DST, enabling 
fluorometric detection. The initial extraction 
procedure is done in 80% methanol, followed 
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by a cleanup step using petroleum ether. The 
toxins are then extracted into a chloroform 
phase. The chloroform is evaporated and the 
derivatization with ADAM is conducted. The 
sample is further cleaned using a silica solid 
phase extraction (SPE) cartridge. Isocratic 
HPLC separation on a reverse-phase column 
(octadecylsilane; ODS) coupled to a 
fluorescence detector is the final step in this 
method. The toxin concentration in the 
shellfish extract is calculated from a standard 
sample which is run in parallel to the extracts. 
OA, DTX-1 and DTX-2 are directly detected 
by this method but the acylated forms of DST 
(DTX-3) can only be analysed after removal 
of the acyl group, converting the DTX-3 to its 
respective parent compound. Initially, a 
different sample clean-up process to retain the 
low polarity DTX-3 in digestive gland 
extracts is necessary. A hydrolysis step then 
follows in order to remove the acylated 
portion of DTX-3. This produces the 
respective DST parent compounds. The 
amounts of DST parent compound in the 
extracts before and after hydrolysis are 
analysed, providing a measure of the 
proportion of DTX-3 present in the tissue. 
Detailed descriptions of the analytical steps to 
detect DTX-3 have been published by Lee et 
al., (1989); Marr et al., (1992); Fernández et
al., (1996b); Suzuki et al., (1998); Vale & 
Sampayo, (2002b). 

Various modifications of the HPLC 
method according to Lee et al. (1987) have 
been published in order to improve both the 
extraction procedures and post-derivatization 
sample clean-up. In addition, different 
fluorimetric derivatizing reagents have been 
employed (James et al., 2000). In the Swedish 
monitoring program, HPLC with slight 
modifications according to Edebo et al.
(1988) is routinely used for detection of OA 
and DTX-1. 1-pyrenyldiazomethane (PDAM) 
is used instead of ADAM in Sweden since it 
is proven to be a more stable compound than 
ADAM. The detection limit is 50 ng OA*g-1

mussel meat. HPLC was used in paper III

and V to analyse OA and DTX-1 in mussel 
extracts. 

Liquid chromatography coupled with 
mass spectrometry (LC-MS) is the most 
powerful chemical method today to identify 
and characterize toxins, especially previously 
unknown compounds (Marr et al., 1992; 
Quilliam, 1995; Draisci et al., 1995) but the 
equipment is highly sophisticated and 
expensive and not yet available in most 
laboratories involved in biotoxin analysis. 

2.3. Protein phosphatase inhibition assay 

(PPIA) 

Although HPLC is sensitive enough for 
monitoring purposes, it is a relatively 
expensive and time-consuming method and 
alternative detection methods which are 
cheaper, more rapid and sensitive are desired. 
A number of protein phosphatase inhibition 
assays (PPIA) using purified protein 
phosphatase 2A have been developed as 
satisfactory alternatives to conventional 
methods (Honkanen et al., 1996; Tubaro et 
al., 1996a; Vieytes et al., 1997; Shimizu et 
al., 1998). These assays measure the catalytic 
dephosphorylation activity of PP2A on 
various substrates having a phosphate group 
attached to the molecule. The release of the 
phosphate group by the action of PP2A 
generates a product which can be detected in 
several ways depending on the substrates. 
Assays employing radioactivity, colorimetry, 
bioluminescence or flurorometry as detection 
modes are described but the methods based 
on coloremitry and fluorometry seem to be 
preferentially used in practice. Because PP2A 
activity is inhibited by low amounts of DST 
(OA, DTX-1 or DTX-2 but not DTX-3), the 
addition of any of these toxins to the PPIA 
inhibits the release of the phosphate group in 
a dose-dependent manner. The amount of 
toxins in shellfish extracts can be quantified 
using a standard curve. Since this method 
does not distinguish between individual 
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toxins but measures the total inhibitory 
activity in a sample, the amount of toxin in a 
sample is expressed as OA equivalents when 
OA is used as a standard material. 
Quantification of DTX-3 in PPIA can be done 
using the same steps as described for HPLC 
(see 2.2.), i.e. alkaline hydrolysis to release 
the acyl group from DTX-3 with subsequent 
detection of the parent compound. Mountfort 
et al. (2001) have adapted the PPIA for 
determination of total DSP content in 
shellfish samples. 

Comparative evaluations of the 
colorimetric and fluorometric PPIA have 
shown that there is generally a good 
agreement between this method and other 
quantitative detection methods for DST 
(Della Loggia et al., 1998; Fontal et al., 1998; 
Mountfort et al., 1999; Ramstad et al., 2001). 
Detection limits in shellfish extracts range 
from 1 to 10 ng OA*g-1 digestive gland which 
makes this method about 100-200 times more 
sensitive than HPLC (Tubaro et al., 1996a; 
Vieytes et al., 1997; Mountfort et al., 1999; 
Ramstad et al., 2001). Apart from increased 
sensitivity, the main advantage of the PPIA 
assay is that a large number of samples can be 
processed and measured simultaneously in 

96-well microplate readers, making it suitable 
for screening of larger samples. It is a very 
useful method in experimental work 
comparing toxicity of samples among 
experimental treatments. The use of 
microplates also means that very small 
sample volumes can be used and the cost per 
sample of the enzyme and other chemicals are 
kept to a minimum. PP2A is, however, a 
relatively expensive product and experiences 
from our lab indicate that the activity of the 
enzyme may vary between batches. A 
modification of the fluorometric PPIA assay 
developed by Vieytes et al. (1997) was 
applied to quantify DST in mussel and algal 
extracts in paper VI, V and VI (Godhe et al.,
2002). Compared to Vieytes et al. (1997), we 
have found that the initial 80% methanol 
extract needs to be further cleaned to remove 
non-specific inhibitory compounds from the 
mussel extract. We use the sample clean-up 
method for HPLC by Lee et al. (1987). 
Provided that this additional clean-up step is 
conducted, this method has been very 
accurate and highly suitable for application in 
the experimental work presented in this 
thesis. 



23

3. Results and discussion 

This section summarizes the most important 
findings and conclusions from the papers 
included in this thesis. 

3.1. Intracellular responses and protective 

mechanisms 

In paper I and II, studies on the intracellular 
effects and potential protective mechanisms 
against toxic effects of OA in mussels were 
performed. In paper I, the inhibitory effects 
of OA on protein phosphatase 1 (PP 1) and 
PP 2A activities were measured in non-toxic 
and toxic mussel tissue extracts (see1.3.1).
This was done to test the hypothesis that 
mussels expressed structurally modified PP 
which were insensitive to inhibition by OA. 
Rainbow trout tissue was used as a 
comparison and represented an animal which 
does not naturally experience OA. Mussel PP 
were found to be just as sensitive to in vitro
inhibition by OA as rainbow trout PP and 
other organisms studied so far. Thus, 
modification of the molecular structure of PP 
did not explain the apparent resistance against 
OA in mussels. There were also indications 
that PP activities in extracts from toxic 
mussels were inhibited to some degree which 
suggested that OA may cause secondary 
changes in the phosphorylation state of 
enzymes in mussels. The enzyme glycogen 
synthase (GS) was then used as a model 
system to study the secondary effects of OA 
on a cytosolic enzyme, whose activity is 
regulated by reversible phosphorylation (see 
1.3.2). GS activity has been identified and 
characterized previously in M. edulis (Cook 
& Gabbot, 1978; Gabbot, 1986; Whittle & 
Gabbot, 1986). Glycogen is also the major 
energy storage product in blue mussels (De 

Zwaan & Mathieu, 1992), thus disturbances 
of the glycogen metabolism by OA may 
affect the overall fitness of the individual 
mussels. An in vitro tissue slice technique, 
modified after Whittle & Gabbot (1986), was 
used where thin slices of digestive gland or 
rainbow trout liver were incubated in 1-10 
µM OA and the activity of GS was measured 
after 4 to 6 hours of incubation. GS activity 
was not significantly inhibited by 10 µM OA 
in mussel tissue, however, a substantial 
reduction in GS activity in the presence of 10 
µM OA was detected in rainbow trout liver. 
An in vivo experiment was performed where 
mussels were fed the OA-producer 
Prorocentrum lima or the non-toxic species 
P. micans for 8 days. OA content and GS 
activity was measured after 2 and 8 days. 
Mussels feeding on P. lima accumulated 
concentrations of OA corresponding to levels 
that occur naturally in populations of mussels. 
These amounts of OA was also theoretically 
estimated to fully inhibit the activity of PP in 
the tissue. Even so, there were no indications 
of inhibition of GS due to the presence of OA. 
The main conclusions from paper I were that 
OA is prevented from binding to PP in the 
cells of the digestive gland. It was suggested 
that uptake of OA into the lysosomal 
compartment could represent a mechanism 
that protects the rest of the cell from the 
cytotoxic effects of this toxin. As discussed in 
the introduction, cells of the digestive gland 
in mussels are particularly rich in lysosomes, 
involved in intracellular digestion of food 
particles (see 1.4.2) and sequestering of 
xenobiotics and heavy metals (see 1.5.2).
Also, mussels have been shown to have 
limited ability to metabolise pollutants, thus a 
highly developed lysosomal system is a way 
for these organisms to resist harmful effects 
of such compounds (Moore, 1990). 



24

To follow up on the role of the lysosomal 
system during OA exposure, we emphasized 
the importance of identifying the cellular and 
intracellular storage site of OA in paper I.
Several attempts to use immunohistochemical 
techniques to localize OA in mussel tissue 
have been carried out during this Ph. D. 
period. Both a commercial mouse monoclonal 
antibody produced by Rougier BioTech, 
Montreal (Svensson 1995, Honours thesis) as 
well as a polyclonal antibody against OA 
raised in rabbit (generously provided by J. 
Cordová) has been tested on digestive gland 
slices from toxic mussels in a variety of 
different fixatives and incubation protocols, 
however, this technique was never successful. 
An alternative approach to identify 
intracellular storage sites is to use 
centrifugation techniques to isolate 
subcellular organelles in toxic digestive gland 
tissue and then measure concentrations of OA 
in each fraction. Some methodological 
adaptations of the subcellular isolation 
techniques for mussel tissue are, however, 
needed and this was beyond the time schedule 
of this Ph. D. The tissue slice technique used 
in paper I was concluded to be a simple and 
very useful system to carry out controlled in
vitro experiments to test hypothesis about 
effects and mechanisms in the digestive gland 
during OA exposure. This method is 
recommended for future studies. 

In paper II, mussel blood cells were used 
as a model system to investigate the 
cytotoxicity and cellular responses of OA. 
This cell system has several advantages, for 
example, primary cultures of blood cells are 
easily isolated by extracting hemolymph from 
the posterior adductor muscle using a syringe. 
The hemolymph of mussels do not contain 
oxygen-carrying (“red”) cell types. Only 
“white” blood cells involved in digestion and 
internal defence are present. This means that 
no separation of red cells from the 
hemolymph is necessary prior to use. The 
blood cells quickly attach to surfaces of e.g. 
Petri dishes where incubations in various 

compounds can be made. Subsequent 
separation from the overlying solutions and 
washing steps are therefore easy to carry out 
which is another advantage with these cells. A 
primary culture of digestive gland cells has 
also been used to test the cytotoxicity of OA. 
Cells were isolated according to Birmelin et 
al. (1999). Dissection and dissociation of the 
digestive gland to obtain a cell suspension is 
time-consuming and these cell types do not 
attach to surfaces which means that a 
centrifugation step has to be included each 
time medium is separated from the cells. 
These cells are also less robust compared to 
blood cells and the mortality of digestive cells 
is high during the first days of culturing (70% 
mortality after three days; Birmelin et al.,
1999). Thus, cytotoxicity studies, which 
should be carried out within three days, 
become difficult with digestive cell cultures. 
On the other hand, the relevance of using 
digestive cells to study effects of OA is higher 
compared to circulating blood cells since the 
digestive gland is the major site of OA 
accumulation in vivo.

The toxicity of OA in blood cells was 
investigated by incubating the cells in 
increasing concentrations of OA (1 nM-1 
µM) for 24-72 hours. The proportion of living 
cells to total cell number (viability) was 
estimated by dye exclusion, using the red dye 
Eosin-Y, and light microscopy. Viable cells 
do not accumulate this compound but non-
viable cells are stained and easily recognised 
as red cells under the microscope, hence, this 
method is a direct measure of viability. 
Mussel blood cells were found to be 
extremely resistant against the cytotoxic 
effects of OA compared to results published 
for other cell types. For example, we 
observed no reduction in viability in 1-100 
nM OA compared to control cells, only 1 µM 
OA had an effect on viability (54% after 72 
hours). This meant that the LC50 value, which 
is the OA concentration that reduces the 
number of viable cells to 50%, was >1 µM in 
these cells. For other cell types, which include 
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both mammalian and fish cell lines, LC50
values for OA range from 1.5 nM to 31 nM 
(1.3.3). Thus, mussel blood cells can resist 
30-1000 times greater concentrations of this 
compound. Preliminary results from the study 
on the toxic effects of OA in mussel digestive 
gland cell cultures suggest that these cells are 
less resistant to OA compared to blood cells 
(fig. 4, unpublished results). Already after 12 
hours of incubation, viability was 
significantly reduced in all concentrations of 
OA compared to control cells. 

The resistance against OA was proposed 
to be due to multixenobiotic resistance 
(MXR), or p-glycoprotein (p-gp) activity, in 
the blood cell membranes (see 1.3.4). To test 
the effects of OA, a functioning assay to 
characterise general cell membrane p-gp 
activity in these cells was needed. Two 
different substrates of p-gp activity was 
tested; the Vinca alkaloid Vincristine (VCR), 
radiolabelled with 3H, and the fluorescent 
substance Rhodamine B (Rh B). Also, two 
different inhibitors of p-gp activity were used 
in the assays; the calcium-channel blocker 
Verapamil (VP) and the protein kinase C 
inhibitor Staurosporine (ST). These are well-
documented substrates and inhibitors of p-gp 

activity in many cell systems. Although 
repeated experiments using various 
concentrations of substrates and inhibitors 
and different incubation protocols were 
performed, it was not possible to confirm that 
mussel blood cells expressed so-called 
“classical” p-gp activity in the cell 
membranes (fig. 5A). A classical p-gp activity 
response predicts that the efflux of p-gp 
substrates is inhibited in the presence of VP 
which is considered evidence of cell 
membrane p-gp activity (Bard, 2000). Instead, 
the opposite was observed, that is, the 
intracellular accumulation of both VCR and 
Rh B was reduced by VP. These results were 
in contrast to (Minier & Moore, 1996) who 
found that M. edulis blood cells expressed 
functional p-gp in the cell membranes. Since 
these results were puzzling, additional 
experiments using mussel gill tissue to serve 
as a positive control for the assay system were 
performed. P-gp expression and activity has 
been identified and is well characterised in 
Mytilus sp. gill tissue (Minier et al., 1993; 
Cornwall et al., 1995; Kurelec, 1995). It was 
found that the intracellular accumulation of 
Rh B increased in the presence of VP in a 
dose-dependent manner, confirming cell 
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membrane p-gp activity in this tissue as well 
as the accuracy of the assay. The addition of 
OA to gill tissue similarly increased Rh B 
accumulation which suggested that OA is 
either a competitive substrate or inhibitor of 
p-gp activity. 

A model which would explain the 
observations made in the blood cells was 
proposed (fig. 5B). It was suggested that the 
main site for p-gp-related activity in these 
cells were within subcellular organelle 
membranes such as the lysosomes. P-gp 
substrates enter the cytosol via passive 
diffusion through the cell membrane. Then, p-
gp mediated transport from the cytosol across 
the lysosomal membranes into this 
compartment occurs. Thus, substrates of p-gp 
are actively concentrated within the 
lysosomes against a concentration gradient. 
The addition of p-gp inhibitors interferes with 
the lysosomal accumulation which explains 
why intracellular concentrations of VCR and 
Rh B were reduced by VP and ST in our 
experiments. This pattern was also directly 
confirmed when cells were observed under a 
fluorescence microscope. Accumulation of 
Rh B within lysosomes was visually observed 
under microscope and the lysosomal 
fluorescence intensity was markedly reduced 
in cells treated with VP. Because mussel 
blood cells are involved in internal defence 
and are highly rich in lysosomes, this model 
should go some way in explaining how the 
organism is protected from deleterious effects 
of various toxic compounds. The possibility 
of intracellular MXR transport as a mode of 
lysosomal accumulation of environmental 
pollutants has previously been discussed by 
Moore & Willows (1998). Likewise, the 
lysosomes are the main site of p-gp 
expression in cells of crab (Carcinus maenas)
hepatopancreas (Köhler et al., 1998). 

Whether OA is actively transported by p-
gp activity into the blood cell lysosomes is 
unclear from this study. However, when the 
volume of the lysosomal compartment was 
measured in cells pre-exposed to increasing 

concentrations of OA, it was observed that the 
lysosomal volume increased accordingly in 
10-100 nM OA but to a lesser degree in 1 µM 
OA compared to control cells. This indicated 
that OA accumulated within this compartment 
which caused swelling of the lysosomal 
organelles. It is likely that enlargement of the 
organelles reduced lysosomal membrane 
integrity in the presence of 1 µM OA, causing 
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leakage of lysosomal components into the 
cytosol including OA. It is well established 
for organic micropollutants and toxic metals 
accumulating within the lysosomal system 
that these may cause membrane damages 
which is a significant factor in cell injury 
(Moore & Willows, 1998) and (1.5.2). Thus, 
structural changes in the lysosomal 
membranes with subsequent failure to retain 
OA within the lysosomes could explain the 
cytotoxic effects of 1 µM OA, but not 1-100 
nM, as observed in this paper. To conclude, 
the overall results from paper II indicate that 
the lysosomal system may be involved in 
protecting mussel blood cells from the 
harmful effects of toxicants such as OA. The 
importance of this system during in vivo
exposure to OA in mussels remains to be 
investigated in future studies. 

3.2. Depuration mechanisms and influence 

of environmental factors 

The general aims of paper III and IV were 
two-fold; (1). to test hypotheses about 
systems involved in the elimination of this 
toxin from a physiological viewpoint and (2). 
to test the effectiveness in a management 
perspective of manipulating environmental 
conditions in order to accelerate the 
depuration rate of this toxin. In paper III, the 
importance of feeding and digestion for 
elimination of OA was investigated. It has 
been postulated in literature that the main 
environmental factor regulating the rate of 
depuration of DST is the quantities of 
nontoxic food available for mussels to feed 
upon in the water mass (see 1.5.3). This 
originates from observations on depuration in 
natural populations of Mytilus sp. where a 
positive correlation between the concentration 
of phytoplankton and elimination rate of DST 
has been found. This relationship has not 
previously been tested in a manipulative 
experiment. A physiological model which 
would explain how food affects the 

mechanism of depuration in mussels was 
proposed by Blanco et al. (1999). Ingestion 
rates increase when food becomes more 
abundant resulting in higher digestive 
activities and subsequently greater metabolic 
faecal losses. OA assimilated in the digestive 
gland tissue is released in this process and 
eliminated in faeces. This model should be 
relevant if the toxin is associated to 
components of intracellular digestion, then it 
seems likely that elimination of OA would be 
accelerated during periods of high digestive 
activities. In paper II, it was speculated that 
OA might be stored within lysosomes of the 
digestive cells. Considering the role of this 
subcellular compartment in digestion of food, 
increased uptake and excretion of end-
products of intracellular digestion could also 
facilitate OA depuration.  

This model was tested in a laboratory 
experiment where toxic mussels from a long-
line farm were fed different rations of an algal 
mixture during a period of 32 days. It was 
predicted that the concentration of OA would 
decrease at a faster rate in mussels feeding on 
high amounts of algae compared to lower 
amounts and those subjected to starvation. 
The production of faeces was used as an 
indirect measure of ingestion and changes in 
body mass were monitored during the 
experiment. A static system was used where 
individual mussels were kept in buckets with 
filtered and aerated seawater to which known 
amounts of algae were manually added. The 
static system was chosen instead of a flow-
through for several reasons, the most 
important being the possibility to control the 
algal rations ingested by each individual since 
all cells added to the buckets were filtered by 
the mussels. This becomes much more 
difficult in a flow-through system where the 
actual clearance rate needs to be measured for 
each individual in order to calculate ingestion. 
Also, faecal pellets were easy to collect in the 
buckets and the qualitative difference among 
treatments in faecal production indirectly 
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confirmed that mussels were ingesting algae 
according to the intentions. 

A significant effect of food treatment was 
detected after four days of depuration, where 
OA concentration was higher in mussels 
receiving no food compared to feeding 
mussels. OA concentration actually increased 
in all treatments during the first days of 
depuration and this increase was most 
pronounced in the no food treatment at day 
four. It was tested if this apparent increase in 
OA concentration could be due to a 
simultaneous reduction in the digestive gland 
mass. Total content of OA (concentration of 
OA*digestive gland mass) was used as a 
variable. The second statistical analysis did 
not detect any differences among treatments, 
thus it was concluded that it is important to 
monitor changes in tissue mass to be able to 
interpret results from depuration experiments 
correctly. A general temporal reduction in OA 
content was observed during the experiment 
regardless of whether the mussels were 
feeding or not with an average half-life of 16 
days. In contrast to the predictions, a strong 
trend towards lower levels of OA in mussels 
subjected to food limitation compared to 
feeding mussels was observed at the end of 
the experiment. Mussels not receiving food 
appeared to lose a large proportion of OA 
between day 16 and day 32 whereas OA 
content in feeding mussels remained 
unchanged between these sampling times. 
This loss of OA correlated to a substantial 
loss of body mass in the no food treatment 
which indicated that mussels were affected by 
starvation. To explain the findings that OA 
appeared to be eliminated at a faster rate in 
starving mussels, it was speculated that a 
proportion of OA might have affinity for 
lipid-rich cellular or intracellular components 
such as lipid droplets or membrane structures 
in the digestive gland tissue (see 1.5.2). The 
release of OA from this compartment would 
in that case be facilitated by increased usage 
of such components and an increased demand 

for lipids as an energy source is likely to 
occur during food limitation. 

From the results in paper III, it was 
concluded that elimination of OA is not 
dependent on digestive activities and occurs 
regardless of whether the mussels are feeding 
or not. This is somewhat contradictory to the 
predicted effects for those substances residing 
within the lysosomal system (Moore, 1990; 
Moore & Willows, 1998). A plausible 
explanation could be that these compounds 
attach to lysosomal components such as 
membrane structures or lysosomal pigments 
which are recirculated and not excreted from 
the cells during digestion. 

As discussed earlier in this section and in 
section 1.5.1 and 1.5.3, field observations 
indicate that depuration rates of DST 
increases in conjunction with the increased 
availability of nontoxic phytoplankton. In 
paper III, a model was proposed which could 
explain this pattern in the natural situation. 
This model suggests that the quantity of food 
affects the mechanism of ingestion and/or 
absorption of toxins rather than directly 
affecting the depuration mechanisms. 
Bioaccumulation of compounds in an 
organism is a function of uptake and 
depuration rate (see 1.5.1). A change in one 
of these variables would either increase or 
reduce bioaccumulation. For OA, the 
principal route of uptake in mussels is by 
feeding on toxin-producing dinoflagellates. 
The resulting assimilation and uptake of the 
toxins into the tissue takes place within the 
digestive system. If the ingestion of toxic 
algae per time unit is reduced, then this could 
result in a net loss of toxin from the organism 
even though the depuration rate remains 
constant. Alternatives which could result in a 
reduced ingestion of toxic algae include (1): 
The absolute concentration of toxic 
dinoflagellates decreases or the algae 
disappears from the water column, filtration 
rate is maintained in the mussels (2): The 
relative abundance of accompanying nontoxic 
species increases which alters the filtration 
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and ingestion rates of the mussels. Similar 
result could also be obtained if the absorption 
of the toxin within the digestive system is 
reduced. Absorption efficiency has been 
found to decrease mainly as a result of faster 
gut passage times during periods of high 
ingestion rates in mussels. Thus it seems 
likely that absorption of OA is reduced when 
the rates of feeding and ingestion are high. 
Numerous studies have provided convincing 
evidence that feeding behaviour and nutrient 
acquisition of Mytilus sp. are highly regulated 
by the phytoplankton concentration in the 
water mass (Hawkins & Bayne, 1992). In this 
context, feeding affects elimination of OA but 
not by regulating the actual depuration 
mechanisms. 

Some general conclusions from paper III
regarding depuration as a management option 
were drawn. Since depuration of OA was not 
accelerated in feeding mussels, potential 
depuration methods without addition of extra 
food, reducing the cost for depuration, could 
be considered. Long periods of starvation are, 
however, not recommended due to the 
negative effects on the condition of the 
mussels. 

In paper IV, the model proposed in paper 
III regarding the importance of lipid turnover 
for elimination of OA was investigated. 
Initially, a field study was performed to 
explore whether there is evidence of a 
relationship between lipid content and OA in 
the natural environment. Mussels from a 
long-line farm were sampled once a month 
from January to June, 2000, and OA 
concentration, together with total lipid content 
in the digestive gland, were analysed in 
individual mussels. From January to March, a 
substantial decrease in OA concentration 
occurred and the same trend was observed for 
lipid content during this period. The 
significance of this correlation was analysed 
and a positive relationship between these 
variables was detected. This supported the 
proposed model that increased usage of lipid 
stores could accelerate the elimination rate of 

OA. It should be noted that an increase in 
lipid content was observed during the last 
sampling occasions (April to June) whereas 
OA concentration continued to decrease. This 
suggested that the release of this toxin is not 
exclusively governed by rate processes 
involved in uptake and metabolism of lipids. 
Data on OA in mussels together with 
plankton concentration in the farm site area 
(national monitoring program) were also 
compiled in order to study the temporal 
relationship between OA depuration and 
blooms of phytoplankton. The largest 
reduction in OA concentration in mussels 
occurred between January and February, 
before the peak of the diatom spring bloom, 
which occurred between February and March 
during this season. Thus, feeding did not 
seem to be a prerequisite for depuration of 
OA to occur, a conclusion which is in line 
with the results from paper III.

A laboratory experiment was performed to 
test the relationship between turnover of 
lipids and elimination of OA. In order to do 
this, it was needed to obtain variability in 
lipid content among individuals or groups of 
toxic mussels during the experiment. 
Therefore, factors which could influence the 
energy requirements and need to metabolise 
lipids were considered. In poikilothermic 
organisms such as mussels, the energy 
requirements for maintenance metabolism is 
strongly regulated by the surrounding water 
temperature (Wieser, 1973; Hawkins & 
Bayne, 1992). In Mytilus sp., metabolic rate 
processes and usage of body energy reserves 
are also highly regulated by the availability of 
food (Hawkins & Bayne, 1992). By exposing 
mussels to an increased sea water temperature 
and/or food limitation, it was predicted that 
the energy demand and lipid metabolism 
should increase compared to feeding mussels 
maintained in ambient temperature. This 
would then result in a faster depuration rate of 
OA, i.e. a positive correlation between lipid 
content and OA concentration was expected. 
Toxic mussels from a farm site were 
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depurated during 24 days in a flow-through 
system in either 18°C (ambient) or 24°C with 
or without the addition of algal food particles. 
Sampling was performed after 8, 16 and 24 
days of depuration. The results showed that 
lipid content was significantly reduced in 
mussels exposed to 24° C compared to 
ambient water temperature already after 8 
days in the experiment. Food limitation, on 
the other hand, did not reduce the amounts of 
lipids in the digestive glands compared to 
feeding mussels. It was speculated that food 
limitation could have caused a decline in 
metabolic rates (and hence energy 
requirements) which have been documented 
previously for M. edulis as a response to 
starvation (Bayne et al., 1973; Widdows, 
1973). Although the attempts to influence 
lipid levels by increasing the water 
temperature were successful, this did not 
increase the elimination rate of OA. No 
correlation between these variables was 
detected which was the opposite to the results 
from the field study. Since it was not possible 
to experimentally verify the significance of 
this relationship, the model that lipid 
metabolism affects the mechanism of 
elimination of OA was rejected. 

Neither temperature nor food conditions 
had any effect on depuration rate of OA in 
this experiment, concentration of OA was 
similarly reduced in time regardless of 
treatments. An exponential decrease of OA 
was observed and depuration half-life (t1/2)
was calculated to 8 days. This is considerably 
faster than the rate observed in paper III
(t1/2=16 days). Likewise, depuration rates in 
Mytilus sp. published by Lindahl & Hageltorn 
(1986) and Marcaillou-Le Baut et al. (1993) 
indicate that the elimination rate of DST can 
be slow (t1/2=1 to 1.5 months). Faster rates 
similar to those found in this experiment have 
been documented by Blanco et al. (1999; 
t1/2=7-8 days), Fernández et al. (1998) 
(t1/2=11-12 days) and Marcaillou-Le Baut et 
al. (1993) (t1/2=12 days). Croci et al. (1994) 
reported very high rates for mussels depurated 

in ozonised water (t1/2=3 days). Thus, rates of 
depuration differ greatly for both natural 
populations of mussels and in the laboratory 
environment. 

A previous attempt to increase the 
depuration rate of DST by raising the 
prevailing water temperature was 
unsuccessful (Lindahl & Hageltorn, 1986). 
Also, the experimental results regarding the 
influence of food on depuration rate of OA 
presented in both paper III and IV indicate 
that depuration is not accelerated in feeding 
mussels compared to non-feeding mussels. In 
addition to the depuration experiments in 
paper III and IV, a separate laboratory 
experiment has also been performed where 
the effects of increased water temperature 
(from 12°C to 18°C) and reduced salinity 
(from 3.0 % to 1.8%) on rate of depuration of 
OA was tested (fig. 6, unpublished results). 
The OA concentration decreased 
independently of the surrounding 
environmental conditions and the average rate 
was highly similar to that observed in paper 
III.

To summarize, the results emphasize 
difficulties incurred in attempts to influence 
the mechanisms of depuration of DST in 
mussels through manipulation of external 
factors. This was also concluded by Morono 
et al. (1998). This indicate that processes 
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insensitive to short-term changes in the 
environment are involved in regulating the 
elimination rates of these toxins. It seems 
possible that depuration is mainly a passive 
process (i.e. diffusive mechanisms) similar to 
what is known for other lipophilic toxicants 
(see 1.5.3). Also, it was proposed that 
seasonal differences in the physiological 
status of the mussel, which may correlate to 
factors such as temperature and food, could 
explain some of the variability in depuration 
rates of toxins in mussels. For mussel 
populations in temperate latitudes, the 
physiological status is related to the annual 
reproductive cycle which is in turn associated 
with seasonal changes in both biochemical 
composition and physiological rate processes 
(Hawkins & Bayne, 1992). For example, a 
seasonality in the physiological response to 
external factors such as food have been 
documented for M. edulis. Hawkins & Bayne 
(1984) showed that, despite similar 
availability of the same algal species, rates of 
ingestion were less than half in a winter 
experiment compared to those measured 
during summer under otherwise identical 
conditions. There is also convincing evidence 
of an endogenous regulation of the seasonal 
balance between acquisition and utilization of 
nutrients with a considerably lower metabolic 
efficiency during winter compared to autumn 
(Hawkins & Bayne, 1984; Hawkins & Bayne, 
1985). It seems possible that the rate 
processes involved in uptake and depuration 
of algal toxins show similar seasonal 
fluctuations. Indeed, slow depuration rates 
were observed in Swedish blue mussels 
during the winter season (paper III, Lindahl 
& Hageltorn, 1986) whereas faster rates were 
found during late summer (paper IV and V).
Thus, season should be considered a relevant 
factor to include when uptake and elimination 
of toxins are studied. 

Further research into the physiological and 
biochemical systems regulating 
bioaccumulation and elimination of the DST 
are needed and it still remains to identify the 

molecular binding site and storage location of 
DST in the mussel digestive gland tissue. 
Córdova et al. (2001) recently published 
results which suggested that endogenous PP 
are the binding target for OA in naturally 
contaminated mussels (M. chilensis) and 
clams (Venus antiqua). If so, the turnover rate 
of PP should affect depuration rate of OA. 
There were also some indications that the 
clam were able to compensate for the 
resulting loss in PP activity by increasing the 
expression and activity of a different isoform 
of PP, insensitive to inhibition by OA. This is 
an interesting observation which may identify 
a protective mechanism against cytotoxic 
effects of OA in shellfish frequently exposed 
to this algal toxin. This theory could explain 
the results in paper I where the activity of 
glycogen synthase was unaffected by OA 
even though there were indications of 
inhibited activity of PP1 and PP2A in 
naturally intoxicated mussels. 

The scope of this thesis has not been to 
study the occurrence and magnitude of 
biotransformation of DST. There is now good 
evidence that conversion of OA, DTX-1 or 
DTX-2 to their respective acylated forms 
(DTX-3) take place in the digestive gland 
tissue of bivalves (see 1.2.4 and 1.5.2) Large 
proportions of DTX-3 are commonly found in 
some bivalve species (Suzuki et al., 1998; 
Suzuki & Mitsuya, 2001; Vale & Sampayo, 
2002a; Vale & Sampayo, 2002b) but Mytilus
sp. usually contain only low amounts of 
DTX-3 (see 1.5.2). In Swedish blue mussels, 
analysis of DTX-3 is currently not included in 
monitoring for DST, thus not much is known 
about the presence of DTX-3. Therefore, a 
preliminary study was performed where the 
content of DTX-3 was analysed in 20 random 
subsamples from the experiment in paper IV,
using the application of PPIA for 
determination of DTX-3 in shellfish 
according to Mountfort et al. (2001) (see 2.3
and table 1). The proportion of acyl-OA to 
total toxin content was significant in the 
mussel tissue, ranging from 23 to 55% on 
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average. Thus, biotransformation could be an 
important step for elimination of OA in 
Swedish mussels. Future studies on 
depuration of DST in mussels should include 
the analysis of biotransformation products 
and estimates of conversion rates. The 
findings of large amounts of DTX-3 in 
Swedish blue mussels imply that they need to 
be accounted for in monitoring of DST since 
they may constitute an additional risk for 
consumers of mussels. Rapid hydrolysis of 
DTX-3 by lipases to form OA is likely to 
occur in the human stomach, increasing the 
initial toxicity of the mussel meat (Yasumoto, 
2000). 

3.3. Large-scale depuration 

In paper V, the possibilities and efficiency of 
large-scale depuration for toxic mussels were 
explored by performing a field experiment. 
Mussels growing in a toxic environment in 
the outer archipelago were relocated to a 
secluded fjord north of the island of Orust on 
the Swedish west coast. In this fjord system, 
long-term monitoring for DST in local mussel 
populations has revealed consistently lower or 
non-detectable levels of toxins compared to 
outer areas (Haamer, 1995b; Lindahl & 
Andersson, 1996; Lindegarth, 1997), thus the 
fjord was considered a suitable area for 
depuration. The principle of the method was 
to keep the mussels in land-based tanks 
placed near the water using natural sea water 

for depuration. One of the advantages with 
this type of system is the possibility to move 
the tanks to areas where predicted water 
toxicity is low. Even greater flexibility could 
be achieved system if the tanks were installed 
on movable rafts. This would also allow that 
harvest and subsequent transportation to 
potential depuration areas could be performed 
at sea. Using high-capacity submerged 
pumps, sea water was pumped into the tanks 
with a bottom-up flow direction, supplying 
the mussels with oxygen and food particles. 

Approximately 1000 kg of toxic mussels 
(600 µg OA*kg-1 mussel meat), cultured on a 
long-line farm, were harvested in late August, 
2000, and immediately transported to the 
experimental site, 70-80 km south of the 
farm. Two tanks were installed for 
depuration, each containing 400-500 kg 
mussels. The depuration trial was conducted 
for five weeks with a weekly sampling 
frequency both at the farm and the fjord site. 
Sampling at the farm site was considered an 
important control for evaluation of the 
depuration efficiency in the fjord. Apart from 
weekly analysis of DST in mussels, we 
analysed the toxicity in plankton samples 
together with plankton identification and 
enumeration. Also, the importance of non-
toxic food resources for depuration efficiency 
was evaluated Meat yield and dry weights of 
the mussels were used as measures of product 
quality. 

Depuration of OA was successful during 
the first three weeks. Significantly lower 

Table 1. Okadaic acid (OA eq., µg*g-1 digestive gland), acylated okadaic acid (OA-acyl, µg*g-1) and 
percentage OA-acyl of total OA equivalents (% OA-acyl) in mussel digestive glands. Random 
subsamples from each temperature regime were analysed by protein phosphatase inhibition assay (PPIA) 
before and after hydrolysis. Values are means ± SD with number of replicates inside brackets. 
Time (days) Temperature (°C) OA (µg*g-1) OA-acyl (µg*g-1) % OA-acyl 
8 18 1.05±0.59 (4) 1.05±0.38 (4) 51±19  
8 24 1.00±0.23 (3) 0.86±0.51 (3) 44±18 
16 18 0.72±0.49 (3) 0.83±0.40 (3) 55±16 
16 24 0.81±0.74 (4) 0.37±0.35 (4) 32±27 
24 18 0.74±0.75 (4)  0.61±0.52 (4)  45±15 
24 24 0.35±0.26 (3)  0.18±0.26 (3) 23±21 
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concentrations of OA in mussels at the fjord 
site were detected already after one week of 
depuration. OA concentration was further 
reduced after two and three weeks. No 
difference in mussel toxicity between tanks 
was detected which indicated that depuration 
was equally effective in both tanks. The rate 
of depuration was constant during these first 
three weeks which was evident from the high 
score for the correlation coefficient of the 
exponential function (r2=0.99). Depuration 
half-life was calculated to 7 days. Thus, a 
50% reduction was achieved already after 7 
days which is a relatively fast rate for DST 
depuration (see 3.2). Considering the safety 
regulation limit for DST in mussels (160 µg 
OA*kg-1), it would have been possible to 
market these mussels after 12 days of 
depuration in the fjord without any substantial 
loss in product quality. 

Interestingly, the rate of depuration of OA 
observed during the first three weeks was 
highly similar to what was found during the 
experiment in paper IV (t1/2= 8 days). In 
paper IV, mussels from the same long-line 
farm as in paper V were used and the 
depuration experiment was performed only 
ten days prior to this field study. The 
physiological status and toxin history of 
mussels used in both paper IV and V can 
thus be considered similar and comparisons of 
depuration rates between these experiments 
are therefore relevant. More or less identical 
rates and depuration kinetics were found in 
these papers regardless of whether mussels 
were depurated in the lab under differing 
conditions or in the field using natural 
seawater (fig. 7). 

In the farm, mussels remained toxic 
throughout the experiment except for the last 
sampling occasion where levels of OA were 
moderately reduced. Using data on several 
plankton variables, we could extract 
additional information about the potential 
causative factors determining the toxicity 
levels in the mussels. A preliminary analysis 
of the total abundance of phytoplankton as a 

measure of food availability showed no 
difference in this factor between locations 
during the experiment. Thus, higher amounts 
of food available for mussels in the fjord area 
did not explain the depuration success in the 
fjord compared to the farm. Instead, toxicity 
analysis of plankton samples confirmed the 
presence of DST in the water at all sampling 
occasions in the farm, suggesting that mussels 
continued to ingest toxins at the farm site. In 
the fjord, plankton extracts were non-toxic 
during the first period. The absence of toxins 
in the plankton community is the most 
probable cause for the reduction of OA in the 
experimental mussels. Although elimination 
of OA in mussels was fast and effective in the 
fjord, accumulation of DTX-1 occurred 
during the experiment. A slow increase in 
concentration of DTX-1 was initially 
observed but between the two last weeks of 
the experiment, DTX-1 rapidly increased to 
levels above the limit for consumption. The 
increase coincided with high levels of 
plankton toxicity detected in water samples 
from the fjord at week four and five. This 
pattern of DTX-1 accumulation was 
somewhat unexpected since the experimental 
site was selected because of its “low toxicity” 
history. It was concluded that this fjord 
system is not always safe to use for 
depuration purposes.  

An interesting observation made in this 
study. DTX-1 was only detected in mussels at 
the experimental site and never in mussels 
from the farm. Plankton identification and 
counting together with concurrent analysis of 
toxicity in plankton extracts enabled 
identification of the causative species for 
DTX-1 production in the fjord. DTX-1 in the 
mussels was correlated to high plankton 
toxicity and numbers of D. acuta. The same 
species was also present in similar 
concentrations in the farm area but even so, 
this species did not appear to produce DTX-1 
since this toxin was not found in mussels at 
the farm. Thus, different toxin profiles in D. 
acuta between these sites seem to exist which 
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suggest that (1): the populations are 
genetically distinct (2): differences in 
environmental conditions induce variability in 
the production of DST compounds. A case of 
relatively high numbers of D. acuta in the 
fjord coupled to an inability to detect toxicity 
in the plankton samples suggested that the 
toxin content per cell varies in time. 
Variability in toxicity per cell was also 
confirmed in the farm site. No correlation 
between concentrations of Dinophysis and 
plankton toxicity could be seen during the 
whole period. Highly variable toxin contents 
per cell for both D. acuta and D. acuminata
have also been observed in other parts of 
Europe (Andersen et al., 1996; Aune et al.,
1996; Dahl & Johannessen, 2001; Fernández 
et al., 2002; Marcaillou et al., 2002). 
Consequently, the complexity in behaviour 
and ecophysiology of Dinophysis sp. indicate 

that cell counts of Dinophysis sp. alone are 
not a sufficient variable to use as an early 
warning for toxic events in shellfish. To 
improve the ability to predict toxicity in 
mussels, analysis of the factual toxin content 
in plankton samples should be included in 
monitoring programs (Godhe et al., 2002). 

To conclude, the current method using 
tanks for depuration of mussels is considered 
a promising option for mussel farmers. The 
crucial matter is to find locations where the 
probability for occurrence of toxin-producing 
Dinophysis sp. is low. 

3.4. Depuration: summary and conclusions 

A summary of the results from the depuration 
experiments in paper III, IV and V together 
with the results from the laboratory 
experiment where the effects of salinity and 
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temperature were tested (fig. 6) are illustrated 
in figure 7. For comparative reasons, the start 
value in each experiment was set to 100% and 
each consecutive value was then calculated as 
the percentage OA present in the tissue 
compared to the start value. Since no 
significant differences due to environmental 
conditions (treatments) were detected in the 
experimental works (paper III, IV and fig. 
6), values represent the mean of all treatments 
included in each experiment. As evident from 
this summary, depuration kinetics were highly 
similar for the two laboratory experiments 
performed in November 1998 (paper III) and 
2000 (fig. 6), even though the methodological 
approach and conditions used differed 
between these experimental occasions. For 
example, a static experimental setup was used 
in paper III whereas in the 2000 experiment, 
mussels were depurated in a flow-through 
system. The equal rates observed suggested 
that depuration was unaffected by the method 
used. Similarly, the average elimination rate 
of OA observed in the laboratory in August 
2000 (paper IV) was more or less identical to 
that detected during the first three weeks in 
the large-scale field experiment in September, 
2000 (paper V). This suggests that both field 
and laboratory conditions may be equally 
effective for depuration of mussels. This 
figure also illustrates the large rate differences 
between depuration performed in November 
compared to August and September and 
provides evidence for the arguments that the 
physiological status of the mussels (season) 
may regulate the elimination rate of OA. 

3.5. Species-specific accumulation of DST 

In paper VI, DST content in three bivalve 
species was compared in order to investigate 
species-specific differences in accumulation 
of these toxins. General knowledge about 
interspecific differences are important for the 
aquaculture and fisheries industries enabling 
efforts to be directed towards species with 
low toxicity during periods when other 

species contain elevated levels of algal toxins. 
As an example, the authorities in Maine, U.S., 
have enforced species-specific harvest and 
closure of fisheries regarding paralytic 
shellfish toxins (PST) in bivalves for many 
years (Dr. S. Shumway, pers. Comm.). 
Information about differential accumulation 
of toxins among various bivalve species can 
also provide guidelines as to the physiological 
processes that may be relevant to study during 
toxic events. 

In Sweden, spatial and temporal 
variability in levels of OA and DTX-1 in blue 
mussels along the Swedish west coast has 
been documented since 1984 (see 1.4.3). 
However, surprisingly little is known about 
the presence of DST in other commercial 
bivalve species such as the European oyster, 
Ostrea edulis and the edible cockle, 
Cerastoderma edule. At present, small-scale 
fisheries for oysters and cockles are 
conducted along the coast with a potential to 
increase the catch in the future. Oysters and 
cockles co-exist with blue mussels in shallow 
habitats and exploit the same food resource 
which suggest that they have the same 
possibility to accumulate DST when toxic 
Dinophysis sp. are present in the water 
column.  

A puzzling observation was made during 
the summer of 1998. High levels of OA in 
farmed mussels were recorded in the North of 
Bohuslän whereas oysters and cockles 
sampled from the vicinity of this farm 
contained non-detectable levels of OA. Later 
that year, a field survey was designed to test 
the consistency of this observation. Mussels, 
oysters and cockles were simultaneously 
collected from two regions (100 km apart) 
during a time when elevated levels of OA in 
mussels had been detected for two months. 
Within each region, sampling was done at two 
locations (5 km apart) and in each location, 
individual specimens were collected within a 
20 meters radius. Using a small-scale 
sampling strategy is an important part in 
studies on species-specific differences in 
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accumulation of toxins since it excludes the 
effects of differential exposure to the toxic 
algae. To our knowledge, this was the first 
paper where the accumulation of DST was 
compared among species from this aspect. 
This spatial experimental design also enabled 
us to evaluate the relevant scales for 
variability in concentrations of DST among 
species. 

Applying PPIA for analysis of DST 
content in the bivalves, concentrations of 
DST above the regulation limit were detected 
in blue mussels from all locations (OA 
confirmed by HPLC as the principal DST). 
There were no significant differences in DST 
content between regions or locations within 
regions which suggested that the toxic event 
was evenly spread in mussels along the coast 
on this occasion. In contrast to mussels, levels 
of DST were below the detection limit in all 
oysters and cockles sampled in this study. 
This provided strong evidence for 
interspecific differences in behaviour and/or 
physiological response to the toxic algae or 
the assimilated toxin itself. Some possibilities 
which could explain this difference were 
discussed. Feeding inhibition in the presence 
of toxic algal species as well as pre- and/or 
post-ingestive selection in order to reduce the 
uptake of DST may be operating in oysters 
and cockles. If so, this suggests that these 
species are affected by the toxins which 
results in behavioural responses to the DST-
producing algae. Effects on feeding and 
selective mechanisms have been observed in 
many bivalve species as a response to PST 
where deleterious effects due to these 
neurotoxic compounds are observed in the 
organism (see 1.2.5 and Bricelj & Shumway, 
1998; Landsberg, 2002) but there are no 
previous studies showing selective behaviour 

against algae containing DST. Therefore, the 
second model discussed in paper VI, which 
suggest that biotransformation of DST occurs 
in oysters and cockles, is a more plausible 
explanation of observed results. As discussed 
in section 3.2, there is convincing evidence 
that some bivalve species such as scallops, 
cockles, oysters and clams rapidly convert the 
DST parent compounds to their respective 
acylated form (DTX-3). Thus, these species 
may contain >95% DTX-3 of the total DST 
load (Suzuki et al., 1998; Suzuki & Mitsuya, 
2001; Vale & Sampayo, 2002a; Vale & 
Sampayo, 2002b). However, the acylated 
compounds are not detected using the 
traditional HPLC or PPIA methods as in 
paper VI. (see 2.2). Although the aim of 
paper VI was not to study and analyse 
biotransformation products of DST, the 
findings indicate that this may be an 
important mechanism in Swedish oysters and 
cockles. Vale & Sampayo (1999) and Vale & 
Sampayo (2002a) have confirmed human 
poisoning incidences due to consumption of 
shellfish containing high proportions of 
acylated DST products. This again 
emphasizes the importance of including 
analysis of DTX-3 in monitoring programs. 
Also, recent evidence that bioconversion is 
such a widespread phenomena among various 
species underlines this as an important route 
for detoxification of DST in many bivalves 
(Vale & Sampayo, 2002b). As stated earlier, 
the exception is Mytilus sp., which usually 
contain only low proportions of DTX-3. 
Therefore, it seems likely that blue mussels 
employ other mechanisms to reduce the 
toxicity of OA and can therefore tolerate 
higher levels of unconverted OA than other 
species. Potential mechanisms have been 
proposed in previous sections of this thesis. 
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4. Concluding remarks 

Although the questions regarding the specific 
physiological mechanisms involved in 
protection and depuration of OA in blue 
mussels remain partially unanswered, some 
general conclusions can be drawn from the 
work presented in this thesis. Mussels appear 
to be insensitive to the cytotoxic and 
secondary effects of OA. This would explain 
why mussels accumulate high levels of OA 
and nevertheless survive during extended 
periods of exposure in the field. In contrast to 
mussels, oysters and cockles do not 
accumulate OA to the same degree. This 
might suggest that these species are more 
sensitive to the harmful effects of this toxin. 
This interspecific difference in accumulation 
of OA could be exploited in the culture and 
fishery of bivalve molluscs. Depuration of 

OA in mussels has been achieved in all 
experiments. However, it has not been 
possible to accelerate the rate of depuration 
by manipulating the environmental 
conditions. The variability in depuration rates 
observed both in the field and the laboratory 
is likely to be correlated to seasonal changes 
in the physiological status of the mussel. 
These results have important implications for 
the development of depuration systems for 
mussels. The most cost-effective depuration 
of mussels could be achieved under 
conditions where mussels are self-depurated 
in sea water free of toxin-producing 
dinoflagellates, either in the field or the 
laboratory, with a predicted faster rate of 
elimination during warmer compared to 
colder seasons. 
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Remember, life is too short to drink bad 
wine…..
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MUSSEL BLOOD CELLS, RESISTANT TO THE CYTOTOXIC EFFECTS 
OF OKADAIC ACID, DO NOT EXPRESS CELL MEMBRANE P-

GLYCOPROTEIN ACTIVITY (MULTIXENOBIOTIC RESISTANCE)

SUSANNE SVENSSON*, ANDERS SÄRNGREN AND LARS FÖRLIN

Department of Zoology/Zoophysiology, Göteborg University, Box 463, SE-405 30 Göteborg, 
Sweden. E-mail address: susanne.svensson@zool.gu.se, fax: +46-31-7733807 

Abstract: Okadaic acid (OA) is a dinoflagellate toxin, accumulating in shellfish and causing 
Diarrhoeic Shellfish Poisoning (DSP) in humans. OA is a highly cytotoxic agent in most cell 
lines because of its inhibiting properties of protein phosphatases. So far, the cytotoxicity of OA 
in mussels, the main vectors of DSP, has not been investigated. In this paper, the viability of 
mussel (Mytilus edulis) blood cells incubated in 10 nM-1 µM OA was studied. After 72 hours 
of exposure, viability was reduced to 54% in 1 µM OA compared to 88% in control cells. This 
yielded a LC50 of >1 µM for OA, which is 30-1000 times higher compared to other cell types. 
We tested if P-glycoprotein (p-gp) activity (multixenobiotic resistance, MXR) contributed to the 
resistance to OA. Vincristine and rhodamine B was used as p-gp substrates and verapamil or 
staurosporine as inhibitors of p-gp transport. However, we found no indications of cell 
membrane p-gp activity. Instead, experimental observations led to the conclusion that a MXR 
transport system was present within lysosomal membranes. Various concentrations of OA did 
not affect the dynamics of vincristine in blood cells. As a positive control for the assay, p-gp 
activity was measured in mussel gill tissue. The efflux of rhodamine B was reduced by 
verapamil which is considered evidence for cell membrane p-gp activity, thus the accuracy of 
the method was confirmed. Rhodamine B efflux was also reduced by OA in gill tissue, which 
suggested that OA is either a competitive substrate or inhibitor of p-gp activity. When the 
volume of the lysosomal compartment was measured in blood cells pre-exposed to OA, a 
significant increase was detected compared to control cells. We propose that uptake and storage 
of OA within the lysosomal system might protect mussel blood cells from the cytotoxic effects 
of this compound. 

Keywords: Mytilus edulis, blood cells, okadaic acid, MXR, p-glycoprotein, lysosomes. 
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1. Introduction 

Okadaic acid (OA), the main causative agent 
of diarrhoeic shellfish poisoning (DSP) in 
humans, is a polyether fatty acid produced by 
marine dinoflagellates (Tachibana et al., 
1981; Murata et al., 1982; Yasumoto et al., 
1984). This algal toxin is a specific inhibitor 
of serine/threonine phosphatases, 
predominantly protein phosphatase 1 (PP1) 
and protein phosphatase 2A (PP2A) (Bialojan 
and Takai 1988). By blocking the activity of 
PP1 and PP2A, OA inhibits 
dephosphorylation of numerous enzymes 
which in turn causes major effects on signal 
transduction pathways and hence essential 
cellular functions (Haystead et al., 1989; 
Fujiki and Suganuma, 1993). Low 
concentrations of OA (nanomolar) have been 
found to be cytotoxic in a vast range of cell 
culture systems and induce apoptotic cell 
death (Boe et al., 1991; Kawamura et al., 
1996; Ritz et al., 1997; Fladmark et al., 1998). 

Although intensively studied in various 
mammalian systems, the cytotoxicity and 
impact of OA in molluscs, the main vectors 
for DSP, has been given little attention. Some 
mussels, such as the blue mussel, Mytilus 
edulis, along the Swedish west coast, are 
exposed to OA during prolonged periods each 
year (Edebo et al., 1988; Lindegarth, 1997). 
Even so, no apparent increase in mortality 
within populations of mussels has been 
observed. Thus, it seems likely that 
organisms, which are naturally exposed to 
toxins such as OA, have some protective 
mechanisms against its harmful effects. 
Svensson and Förlin (1998) identified both 
PP1 and PP2A in the digestive gland of blue 
mussels to be just as sensitive to in vitro
inhibition by OA as other studied organisms. 
Although highly sensitive to OA on a 
molecular level, no in vivo effects of OA on a 
cytosolic enzyme (glycogen synthase), 
regulated by PP1 and PP2A, were detected. It 
was suggested that mussels might have 
mechanisms which prevent OA from 

accumulating within the cytosolic 
environment.  

The apparent lack of intracellular effects 
of OA could be due to multixenobiotic 
resistance (MXR) in mussel cells. MXR is a 
defence mechanism in non-mammalian 
organisms which is similar to multidrug 
resistance (MDR), a term used in cancer 
research to describe tumour cells resistant to 
cytotoxic drugs (MXR reviewed by Bard, 
2000). This resistance is commonly due to 
overexpression of a plasma membrane 
phosphoglycoprotein (p-gp) which function as 
an ATP-dependent drug efflux pump, 
reducing intracellular levels of various, 
structurally unrelated, lipophilic compounds 
(MDR review, see Endicott and Ling 1989; 
Ambudkar et al., 1999). Some MDR cell lines 
have been found to be resistant to the 
cytotoxic effects of OA (Chambers et al., 
1993). Also, cell clones selected for resistance 
to OA show a MDR phenotype (Tohda et al., 
1994; Wang et al., 1995; Ritz et al., 1997). 
One mechanism involved in the resistance is 
probably due to an increased extrusion of OA, 
since resistance can be reversed by the 
addition of verapamil, a competitive inhibitor 
of p-gp activity (Yusa and Tsuruo 1989; 
Tohda et al., 1994; Ritz et al. 1997). In 
Mytilus sp., p-gp expression and activity has 
been found in gill and mantle tissue (Minier et 
al., 1993; Cornwall et al., 1995; Kurelec, 
1995), in isolated membrane vesicles of the 
digestive gland (Kurelec and Pivcevic', 1991) 
and in blood cells (Minier and Moore 1996). 

An alternative protective mechanism 
would be the uptake and storage of OA in the 
lysosomal system (Svensson and Förlin 
1998). Many of the molluscan cell types are 
particularly rich in lysosomes (Moore, 1990) 
and these organelles are known to concentrate 
a wide range of foreign compounds, such as 
lipophilic xenobiotics and heavy metals. 
Thereby the rest of the cell is protected from 
any deleterious effects of these substances. 
Thus, a highly developed lysosomal system 
represents a mechanism by which cells can be 
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more tolerant to some pollutant stress (Moore 
and Willows 1998). 

In this paper, the cytotoxicity of OA in 
mussel blood cells was studied. We found that 
these cells were highly resistant against the 
cytotoxic effects of OA. Therefore, we tested 
if MXR might play a role in this resistance. 
We also performed some preliminary studies 
on the effects of OA on the lysosomal 
compartment. 

2. Materials and Methods 

2.1. Animals 

Adult M. edulis (7-10 cm shell height, mean 
dry weight 6 g) were collected in 1998 from 
Inre Vattenholmen, off Tjärnö Marine 
Biological Laboratory on the northern part of 
the Swedish west coast, during a period of 
non-detectable levels of OA in the mussels. 
They were returned to the laboratory and 
maintained in flow-through tanks with the 
addition of Isochrysis galbani.

2.2. Extraction of mussel blood 

Hemolymph was withdrawn from the 
posterior adductor muscle into a sterile 5 ml 
hypodermic syringe fitted with a 25 mm 
needle. The blood was immediately diluted 
with an equal volume of physiological saline 
(PS) (20 mM HEPES, 436 mM NaCl, 10 mM 
KCl, 10 mM CaCl2, 53 mM MgSO4, pH 7.3) 
and put on ice. Cell concentration was 
determined by staining cells 1:5 with 
Gentiana violet (40 µl blood to 160 µl 
staining solution) and counted in a light 
microscope at x40 magnification using a 
hemocytometer. Mean cell concentration for 
the sampled mussel population was 2.1 ±
0.8*106 cells ml-1. In all experiments, the 
following protocol was used: hemolymph 
suspensions from three individuals were 
pooled, cell concentration was determined 
and the suspension was further diluted in PS 
to a final concentration of 2*105 cells ml-1.

105 cells (0.5 ml) were seeded into wells of a 
sterile 24-well tissue culture plate (Falcon). 
The cells were left to attach to the bottom 
surface for 30 min and the overlying solution 
was removed by a Pasteur pipette. 0.5 ml of 
fresh PS was added with or without various 
drugs as described below. 

2.3. Cytotoxicity assay 

OA (1 mM stock solution in DMSO, Sigma) 
was diluted in PS supplemented with 2% 
(w/v) glucose and 1% (v/v) antibiotics 
(gentamicin, 10 mg ml-1, Sigma). The blood 
cells were exposed to various concentrations 
of OA (10 nM to 1 µM) in 0.5 ml of 
supplemented PS for 24 to 72 hours. As 
controls, cells were incubated in the OA 
vehicle (DMSO). The microplates were 
incubated in 10° C in a light-proof humidity 
chamber. After each incubation period, the 
cells were detached from the surface by 
adding 0.25% (w/v) trypsin (bovine pancreas, 
12.400 Units mg-1 protein, Sigma) and 
transferred to Eppendorf tubes. Cell viability 
vas determined using the red dye Eosin Y 
(Sigma). 20 µl of the cell suspension was 
mixed with an equal volume of 0.05% Eosin 
Y (w/v, dissolved in PS) and transferred to a 
hemocytometer. Viable (unstained) and non-
viable (stained) cells were counted 
immediately and the viability was calculated 
as % viable cells of total cell count (minimum 
200 cells counted). 

2.4. Assay for p-gp activity in blood cells 

The activity of p-gp was estimated by 
measuring the intracellular accumulation of 
the Vinca alkaloid vincristine (VCR), a 
substrate for the p-gp transporter. 
Radiolabelled G-3H-vincristine sulphate (0.75 
µCi/ml, Amersham) and unlabelled 
vincristine sulphate (Sigma) was mixed to a 
final concentration of 0.5 µM VCR in PS. As 
inhibitors of p-gp activity, 10-20 µM 
verapamil (VP) and 0.5 µM staurosporine 
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(ST) were used. The cells were incubated in 
0.5 µM VCR for various time periods in 15°
C in the dark in the absence (controls) or 
presence of the inhibitors. Also, the effects of 
OA (10 nM to 1 µM) on the accumulation of 
VCR was tested. At the end of each 
incubation period, the radioactive solution 
was removed and the cells were washed in 0.5 
ml PS for one minute, which was repeated 
three times. The cells were lyzed by adding 
0.5 ml of a solution containing 1 M NaOH 
and 5% (v/v) Triton 100-X for 2 hours. The 
solution was transferred to vials containing 
4.5 ml scintillation liquid (Opti-phase 
’HiSafe’ 3, Wallac OY) and the radioactivity 
was counted. Also, the fluorescent substance 
rhodamine B (Rh B) was used as a p-gp 
substrate. Cells were incubated for 30 minutes 
in 4 µM rh B in the absence or presence of 10 
and 20 µM VP. After the incubation period, 
cells were washed with PS three times as 
above, the intracellular Rh B was extracted by 
adding extraction solution (0.5 ml of 1% (v/v) 
acetic acid in 50 % ethanol for 10 minutes) 
and the fluorescence intensity was measured 
on a spectrofluorometer (Shimadzu RF-510) 
at excitation wavelength 546 nm and 
recording emission of 578 nm. Cells exposed 
to Rh B with or without VP were also studied 
in an epifluorescence microscope in order to 
qualitatively check the fluorescence intensity 
within the cells. 

2.5. Assay for p-gp activity in gill tissue 

Mussel gill tissue was used as a positive 
control for p-gp activity since the presence of 
a p-gp mediated transport system in this tissue 
has been widely documented (Minier et al. 
1993; Cornwall et al. 1995, Kurelec, 1995, 
Eufemia and Epel, 2000). The gills from 15 
individuals were cut out and put in ice cold 
PS. Mucus was removed and small sections of 
app. 25 mm2 were cut by scissors and placed 
in a beaker of PS. 0.1 g (ww) of randomly 
chosen tissue pieces were placed in 2 ml PS 
and then Rh B was added to obtain 2 µM Rh 

B. The gill tissue was incubated for 30 
minutes at 20°C in the absence (control) or 
presence of 20 µM VP or 10-100 nM OA. 
The tissue pieces were then transferred to new 
vials and washed three times in PS and after 
that placed in 2 ml of extraction solution for 
15 minutes as described above for blood cells. 
The tissue was removed and discarded and 
the fluorescence intensity of the remaining 
solution was measured. 

2.6. Assay for lysosomal volume 

The lysosomal volume of cells incubated in 
various concentrations of OA vas measured 
by the Neutral Red (NR) uptake assay 
according to Grundy et al. (1996) with some 
modifications. The cells were incubated for 
24 hours in 10 nM-1 µM OA in the same 
manner as in the cytotoxicity test described 
above. They were then washed in PS, 0.5 ml 
NR solution (50 µg NR ml-1 dissolved in PS) 
was added and the plates were incubated for 3 
h in the dark. The cells were washed three 
times with PS and intracellular NR was 
extracted by adding the extraction solution as 
described for Rh B. Colour intensity was 
measured in a spectrophotometer at 540 nm. 

2.6. Statistical tests 

All data was analysed using one factor or 
two factor analysis of variance (ANOVA). 
Data was first checked for homogeneity of 
variances using Cochran´s test. For significant 
effects, Student-Newman-Keuls (SNK) 
aposteriori test for differences among means 
was used. 

3. Results 

3.1. Cytotoxicity of OA 

The viability of blood cells incubated for 24, 
48 and 72 hours in different concentrations of 
OA are shown in figure 1. Cells incubated in 
1 µM OA showed a significant reduction in 
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viability in time compared to the other 
treatments (treatment*time, P <0.001). After 
24 h, there was no difference in viability 
among treatments. However, viability was 
significantly reduced to 72% after 48 hours in 

1 µM OA compared to controls (90%) and a 
further reduction to 54% was observed after 
72 hours (control cells, 88% viability). Over 
time, there was no significant difference in 
viability for cells incubated in 10 and 100 nM 
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Fig. 1. Viability of mussel blood cells incubated in various concentrations of okadaic acid (OA) for 24 to 72 hours. As
a control, cells were incubated in the OA solvent (DMSO). Cell viability was calculated as % viable cells of total cell
count. Values are means ± SE (n=2). 
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and presence of 20 µM verapamil or 0.5 µM staurosporine. The mean intracellular 3H-VCR content in control cells after
15 minutes of incubation was set at 100%. Values are means ± SE (n=2). 
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compared to the control cells. Since the 
viability for blood cells incubated in 1 µM 
OA were >50% after 72 h, the LC50 value 
(concentration that reduces the number of 
viable cells to 50%) for OA was >1 µM in 
this system. 

3.2. Test of p-gp activity in blood cells 

Blood cells were exposed to 0.5 µM VCR in 
the absence and presence of 20 µM VP or 0.5 
µM ST. The intracellular accumulation of 
VCR was measured in intervals of 15 minutes 
up to 120 minutes of drug exposure (fig. 2). 
The mean intracellular 3H-VCR content in 
control cells after 15 minutes of incubation 
was set at 100%. There was a highly 
significant difference among treatments (P 
<0.001) and among times (P <0.001). In all 
treatments, accumulation of VCR increased in 
time. Cells treated with VP had a lower 
content of VCR at all times compared to the 
control (only VCR added) indicating that the 
effect of VP on accumulation of VCR was 
faster than 15 minutes of exposure. In the ST 
treatments, the content of VCR was lower 
compared to controls at 45 minutes and 
thereafter. Since this result was contradictory 
to the expected ”classical” MXR response to 
p-gp inhibitors, we performed additional tests 

of p-gp activity using Rh B as a substrate. 
Cells were exposed to 4 µM Rh B for 30 
minutes in the absence or presence of 10-20 
µM VP and compared to the accumulation of 
0.5 µM VCR (fig. 3). The same pattern was 
again observed. For both substrates, the 
accumulation was significantly reduced in a 
dose-dependent manner in cells exposed to 
VP compared to the control (P <0.01). The 
content of VCR in cells exposed to 10 µM VP 
was reduced to 59% compared to controls 
(100%) and further reduced to 40% in 20 µM 
VP. For Rh B, these values were 52 % and 40 
% respectively. When cells exposed to Rh B 
were studied in the microscope, numerous 
fluorescent vesicles containing Rh B were 
seen inside the cells (data not shown). It was 
clear from the images that cells exposed to Rh 
B alone showed a higher fluorescence 
intensity compared to VP-treated cells which 
confirmed the results from the previous study 
as well as identifying these vesicles as the site 
of Rh B accumulation.

Blood cells were incubated in 0.5 µM 
VCR for 45 minutes in the absence (control) 
and presence of various combinations of OA 
(10, 100 nM and 1 µM), VP (20 µM) and ST 
(0.5 µM), (fig. 4). The accumulation of VCR 
was not affected by the addition of OA alone 
(fig. 4, control bars, P >0.05). Also, OA in 
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combination with VP or ST did not cause any 
significant change in the accumulation of 
VCR compared to VP or ST alone. The 
accumulation was significantly reduced by 
both inhibitors (P <0.001) in the same manner 
as seen in previous experiments regardless of 
the presence of OA. 

3.3. P-gp activity in gill tissue 

Gill tissue was incubated in 2 µM Rh B for 30 
minutes in the absence (control) or presence 
of 20 µM VP, 10 nM OA or 100 nM OA (Fig. 
5). Compared to controls (100%), Rh B 
accumulation significantly increased in tissue 
incubated in 20 µM VP (132%) as well as in 
10 nM OA (130%) and 100 nM OA (137%) 
(P <0.05). This result indicated that gill tissue 
expressed cell membrane p-gp activity since 
the efflux of Rh B was inhibited by VP. Also, 
since Rh B efflux was similarly reduced by 
OA, this suggested that OA interact with the 
p-gp transporter either by being a competitive 
substrate or an inhibitor of p-gp activity. 

3.3. Lysosomal volume 

Cells were exposed to 10, 100 nM and 1 µM 
OA for 24 hours whereafter the volume of the 
lysosomal compartment was estimated as the 
uptake of Neutral Red (Table 1). Compared to 
control cells, the lysosomal volume increased 
significantly in 10 nM OA (25%) and further 
in 100 nM (42%) (P <0.05, Table 1). In cells 
treated with 1 µM OA, a slight but not 
significant increase in the lysosomal volume 
compared to control cells was found (10%). 
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Fig. 4. Accumulation of 3H-vincristine (3H-VCR) in blood cells incubated for 45 minutes in the absence (control)
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4. Discussion 

The cytotoxicity of OA, a potent 
serine/threonine phosphatase inhibitor, has 
been studied in various cell culture systems 
where it is generally regarded as a highly 
toxic substance. Prolonged inhibition of PP1 
and PP2A triggers the signalling cascade for 
apoptotic cell death, which seems to be the 
underlying mechanism for the cytotoxicity of 
OA (Ritz et al. 1997). LC50 values reported 
for OA range from 1.5 nM in human 
epidermoid carcinoma cells (KB) cells 
(Tubaro et al., 1996), 13 nM in Chinese 
hamster ovary cells (CHO-K1) (Tohda et al. 
1994), 20 nM in salmon hepatocytes 
(Fladmark et al., 1998), 30 nM in rat pituitary 
GH3 cells (Ritz et al. 1997) and 31 nM in 
mouse neuroblastoma cells (N1E-115) 
(Laidley et al., 1997). In this study, mussel 
blood cells exposed to 1 µM OA showed a 
reduction in viability compared to our control 
treatments. However, >50% of the cells were 
still viable after 3 days of exposure to 1 µM 
OA, yielding a LC50 >1 µM in this system. 
Considering the low LC50 values previously 
reported for OA, mussel blood cells seemed 
to be highly resistant to the cytotoxic effects 
of OA, surviving 30 to 1000 times greater 
concentrations compared to other cell types. 

We proposed that MXR in the form of p-
gp activity in the cell membranes might be 
involved in the protection against the toxic 
effects of OA in mussel blood cells, reducing 
the intracellular levels of OA. This 
assumption stemmed from observations in the 
literature where OA evidently is a substrate 
for p-gp in various MDR cell lines (Tohda et 
al. 1994; Ritz et al. 1997). Using VCR, an 
extensively documented substrate of p-gp and 
the p-gp inhibitors VP and ST, we initially 
aimed to characterise cell membrane p-gp 
activity in blood cells. Both VP, a calcium 
channel blocker, and ST, an inhibitor of 
protein kinase C, have been shown to interact 
directly with the p-gp molecule, thereby 
inhibiting the efflux of VCR (Budworth et al., 

1996; Ford 1996). We then aimed to measure 
the uptake of VCR in the presence of OA and 
predicted a reduced efflux of VCR due to 
competition of the p-gp binding site. Thus, 
our findings that the accumulation of VCR 
was reduced in the presence of both inhibitors 
was contrary to the predicted effects of VP 
and S. Additionally, when we used Rh B as a 
p-gp substrate, the accumulation was 
similarly reduced in a dose-dependent manner 
by VP. When blood cells were exposed to 
various concentrations of OA, this did not 
significantly affect the dynamics of VCR. 

Our results strongly indicated that mussel 
blood cells used in this study did not express 
’classical’ p-gp activity in the plasma 
membranes. These results are in contrast to 
those found by Minier and Moore (1996) in 
M. edulis blood cells. They confirmed the 
presence of a 170 kDa MDR-like protein in 
blood cells using the monoclonal antibody 
C219. When we repeated their assay system 
for p-gp activity using the same 
concentrations of both Rh B (4 µM) and VP 
(20 µM), we obtained a reduced accumulation 
of Rh B in the presence of VP which was 
opposite to their findings. This result was 
puzzling. We therefore performed additional 
experiments using mussel gill tissue to serve 
as a positive control for our p-gp assay system 
and also to test if OA may be a substrate for 

Table 1. Uptake of Neutral Red (NR) as a 
measure of lysosomal volume in blood cells pre-
exposed to various concentrations of OA for 24 
hours. As a control, cells were incubated in the 
OA solvent (DMSO). Accumulation of NR in the 
control treatment was set at 100%. Values are 
means ± SE (n=3).* indicates P <0.05 compared 
to control. 

[Okadaic acid]  Uptake of NR 
   (% of control) 
Control   100 ± 0.4 
10 nM   125 ± 7.8* 
100 nM   142 ± 1.1* 
1 µM   110 ± 7.7
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the p-gp transporter. We found that Rh B 
efflux in this tissue was in fact inhibited by 
VP, which is considered evidence of cell 
membrane p-gp activity (Bard 2000). The 
addition of OA similarly reduced the efflux of 
Rh B which suggested that this toxin might 
actually be a competitive substrate for p-gp or 
alternatively an inhibitor of p-gp activity in 
mussel gill tissue. However, this kind of p-gp 
assay system only yields indirect evidence for 
OA transport by p-gp and more evidence is 
needed to conclude that OA is in fact a p-gp 
substrate in mussel gill tissue. Ideally, studies 
of p-gp activity using direct measurements of 
intracellular OA levels should be performed. 
Although Tohda et al. (1994) and Ritz et al. 
(1997) provided convincing evidence that OA 
is a p-gp substrate in MDR cell lines, it 
should also be noted that this is perhaps not 
always the case. Wielinga et al., (1997) 
treated MDR and wildtype cells with 200 nM 
OA which did not change the accumulation of 
three different substrates of p-gp, suggesting 
that OA does not affect p-gp activity. 

A possible explanation to our observations 
in blood cells is that the main site for p-gp 
activity was within subcellular membranes. 
Intracellular MXR transport is suggested by 
Moore and Willows (1998) as a mode of 
accumulation of toxic pollutants from the 
cytosol into subcellular organelles. In the crab 
Carcinus maenas, p-gp expression has been 
found in lysosomal membranes of F/B cells in 
the digestive gland (Köhler et al., 1998). 
Microscopical examination of cells exposed 
to Rh B in this study confirmed that this 
compound accumulated within intracellular 
organelles and this accumulation was 
inhibited by VP which could be seen as a 
reduced fluorescence intensity within the 
organelles. Minier and Moore (1996) 
identified organelles containing Rh B within 
mussel blood cells to be lysosomes since they 
co-stained with the lysosomal-specific dye 
Neutral Red. Altogether, our results indicated 
that the lysosomal membranes were the main 

sites for a p-gp-related MXR transport system 
in this study. 

To explain our results compared to those 
obtained by Minier and Moore (1996), it may 
be possible that the two mussel populations, 
from the English and Swedish coast 
respectively, have evolved unique p-gp 
expression patterns. Variability in several 
environmental factors, for example 
contaminants, salinity and tidal height, among 
those habitats could possibly induce different 
patterns of p-gp expression and activity which 
would be of interest to investigate further. 

A comparison to human blood cells show 
that p-gp expression is not always connected 
to the plasma membrane. Klimecki et al., 
(1994) found that granulocytes (CD15+) 
expressed p-gp in membrane fractions but 
despite this, the granulocytes lacked both 
measurable efflux transport of a p-gp 
substrate as well as cell-surface staining by 
two different monoclonal anti-p-gp. This 
pattern was also found by Drach et al. (1992). 
Mytilus sp. blood cells (granulocytes and 
hyalinocytes) and human granulocytes show 
several immunological similarities such as 
conformational changes and locomotory 
responses following exposure to opioid 
peptides (Stefano et al., 1989). Considering 
these similarities between mussel blood cells 
and human granulocytes, it seems possible 
that these cell types also may show similar 
patterns of p-gp expression and activity. 

Whether or not OA is a substrate for the 
proposed lysosomal p-gp-related activity in 
mussel blood cells remains unclear from our 
study. Nevertheless, when the volume of the 
lysosomal compartment was measured in 
cells pre-exposed to OA, a significant 
increase was detected compared to our control 
cells where the largest increase were found in 
cells incubated in 100 nM OA. This suggests 
that OA affect the lysosomal system, possibly 
by accumulating within the lysosomes which 
causes swelling of these organelles. Exposing 
cells to 1 µM OA may have reduced the 
lysosomal membrane integrity causing 
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leakage of Neutral Red and possibly other 
components within the lysosomes, including 
OA. The lysosomal system is the main target 
for toxicants in molluscs where the most 
documented deleterious effect concerns the 
destabilisation of the membrane structure 
(Lowe et al., 1995; Grundy et al. 1996; 
Ringwood et al., 1998). Thus, structural 
changes in the lysosomal membranes with 
subsequent failure to retain OA within the 
lysosomes could explain why the viability 
was reduced in cells exposed to 1 µM OA but 
not 10 or 100 nM. 

In conclusion, we found no support for the 
model that mussel blood cells express p-gp 
activity in the cell membranes which would 
contribute to the high resistance to the 
cytotoxic effects of OA. Instead, we propose 
that the lysosomal system might function as a 
protective mechanism against OA in the 
blood cells. Future experiments will include 
lysosomal response to OA in both digestive 
gland cell cultures as well as further studies in 
blood cells. Analysis of OA content in 
subcellular fractions of mussel tissue will also 
be performed in order to determine 
intracellular localisation of OA.  
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Abstract

Depuration of mussels contaminated by Diarrhetic Shellfish Toxins (DST) is a potential option

for the shellfish industry to manage the impact of DST. Field observations have suggested that the

main factor regulating the rate of depuration of DST is the quantity of nontoxic algae available for

the mussels to feed upon. In this paper, the effects of the quantity of food, which mussels feed upon,

on the rate of depuration of DST in Mytilus edulis L. was tested in a laboratory experiment. Mussels

naturally contaminated by the DST okadaic acid (OA) were collected from a mussel farm located on

the Swedish west coast during a bloom event. Individual mussels were placed in filtered seawater

and given daily rations of a mixture of nontoxic algae as follows: no food, 0.5% and 1.5% of dry

weight body mass day� 1. Depuration was performed over 1, 2, 4, 8, 16 or 32 days. The levels of OA

decreased in all treatments with time, with an average of approximately 50% reduction after 32 days.

No significant differences in content of OA among food rations were detected. In contrast to

predictions, a trend towards lower levels of toxins in the mussels receiving no food compared to both

food treatments was observed after 32 days of depuration. The loss of toxins in mussels that were not

feeding correlated with a considerable loss in the mass of the digestive gland between 16 and 32

days. It was concluded that the rate of depuration of OA in mussels is not positively correlated with

digestive activity and fecal production. Instead, the lipophilic character of the OA molecule suggests

that OA may have affinity for lipid-rich cellular and intracellular components. Increased usage of

lipid stores, which occur during starvation, may accelerate the release of OA. This model could

explain the observations made during the last part of this experiment. In management of toxic
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mussels, depuration in waters free of toxic algae is not likely to be enhanced by increasing the food

supply to mussels; however, long periods of depuration in the absence of food should be avoided

because of the negative effects on the condition of the mussels.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Diarrhetic shellfish poisoning (DSP) is one of several seafood poisoning syndromes

caused by marine phycotoxins. Although not a life-threatening condition, DSP is a

worldwide problem for the bivalve aquaculture and fisheries industries (Hallegraeff,

1993). Closure of shellfish harvest areas for long periods due to the presence of DSP

toxins (DST) are common and are causing major economical losses in some countries. For

example, farmed blue mussels, Mytilus edulis, along the Swedish west coast generally

contain levels of DST above the tolerance limit for harvest of shellfish for up to 6 months

each year (Lindegarth, 1997). This is the largest impediment to the development of mussel

farming in Sweden (Kollberg, 1999).

The toxic compounds mainly responsible for DSP are okadaic acid (OA) and the

structurally related DTX-1, DTX-2 and DTX-3 (Yasumoto et al., 1985; Kumagai et al.,

1986; Carmody et al., 1996). Except for DTX-3, which is believed to be a metabolic

product in the bivalves (Lee et al., 1989), these lipophilic polyether fatty acids are

produced by marine dinoflagellates of the genera Dinophysis and Prorocentrum (Yasu-

moto et al., 1980; Murakami et al., 1982; Murata et al., 1982). The toxicity of the OA

group of compounds comes from their ability to bind and inhibit the activity of protein

phosphatases, which in turn causes major effects on signal transduction pathways inside

cells (Bialojan and Takai, 1988; Haystead et al., 1989).

Different options for how the negative impacts of DST can be managed and

minimised have been proposed (Christophersen and Strand, 1994; Dijkema et al.,

1995; Blanco et al., 1999; Kollberg, 1999). In several areas, DST-producing algae have

been reported to be more or less permanently absent (Sedmak and Fanuko, 1991;

Haamer, 1995; Poletti et al., 1996). Such waters, usually fjords, bays and lagoons

characterized by restricted inflow of water from the open sea, can be used permanently

for farming but also temporarily for ‘storing’ and depuration of bivalves, which are

relocated from other areas.

Another option is to develop methods for the depuration of toxic mussels in natural or

controlled systems. However, to achieve cost-effective depuration both in controlled

systems and in the natural environment, it is essential to identify whether environmental

conditions affect the depuration kinetics of DST. Also important is to understand the

physiological mechanisms by which bivalves eliminate DST.

Some field observations and experiments on depuration of DST in various species of

bivalves have been performed (Lindahl and Hageltorn, 1986; Haamer et al., 1990;

Sampayo et al., 1990; Marcaillou-Le Baut et al., 1993; Sedmak, 1995; Bauder et al.,

1996; Poletti et al., 1996; Blanco et al., 1999). Some of these studies have suggested
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that the quantity of nontoxic food resources is the most important factor regulating the

rate of depuration. One physiological model to explain how food affects the rate of

depuration of DST in mussels is discussed in Blanco et al. (1999). When nontoxic food

resources become more abundant, ingestion rates in the mussels increase, which in turn

leads to a higher digestive activity and greater metabolic fecal loss. Fecal deposition

has been suggested to be the main route for elimination of DST (Bauder et al., 1996;

Blanco et al., 1999). Thus, as a consequence of increased feeding rates, it is

hypothesized that DST is eliminated at a higher rate in the mussels. In Swedish blue

mussels, high levels of OA are generally detected during the autumn and winter period,

followed by a fast reduction during early spring. The reduction of OA coincides with

the spring bloom of diatoms. This indicates that feeding on nontoxic algae may be

important for depuration. The observations of positive correlations between the con-

centration of algae and the rate of depuration is consistent with, but not evidence for

the notion that high rates of ingestion causes high rates of depuration. This has yet to

be shown in manipulative experiments.

Here, the model that the supply of nontoxic algae to mussels affects the rate of

depuration is tested. It was predicted that the concentration of OA would decrease at a

greater rate in mussels, which received larger concentrations of food than in those

receiving lower concentrations or no food. A laboratory experiment was performed where

blue mussels, naturally contaminated by OA, were supplied with different rations of algae

and depurated for up to 32 days.

2. Materials and methods

2.1. Animals and algal food source

Blue mussels containing OA were collected from a long-line mussel cultivation farm

on the 23rd of October, 1998, 1 day prior to the start of the experiment. The farm is

situated in the vicinity of Tjärnö Marine Biological Station on the west coast of

Sweden where the experiment was conducted. Levels of OA above the limit for harvest

(160 Ag kg� 1 mussel meat) had been detected for approximately 1 month prior to

October 23. Monitoring data from the farm between July 1998 and April 1999 is

shown in Fig. 1 and the experimental period is indicated in the graph. Equally sized

mussels (age 3–5 years, shell length 85F 3.5 mm S.D.) were selected for the

experiment and a subsample was taken for determination of soft tissue dry weight

(4.6F 1.5 g) and OA (2.90F 0.90 Ag OA g� 1 digestive gland). The mussels were kept

in air at 4 jC overnight.

A mixture of two species of unicelled algae were used as food: Isochrysis galbana

var. tahaitian (T-ISO), and Thalassiosira pseudonana (3H), supplied as algal pastes from

Reed Mariculture, Inland Sea Farm, USA. The dry mass per volume unit (mg ml� 1) was

estimated for each paste and based on this, equal amounts of paste were then combined

in the proportions four parts of T-ISO to five parts of 3H. The final cell concentration

was 5.6� 109 cells g� 1 dry mass. The algal pastes were resuspended in filtered seawater

by a magnetic stirrer to desired concentrations.
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2.2. Experimental conditions

The experiment was designed as a two-factor analysis of variance (ANOVA) with food

rations and days of depuration as fixed factors. Three levels of food rations were used: no

food, 0.5% (ration 1) and 1.5% (ration 2) of dry body mass day� 1. The total amount of

algae and cell numbers in each food ration is shown in Table 1. These food rations were

chosen as moderate and high concentrations and were based on observations on feeding

rates for mussels of the size employed in this experiment (Bayne, 1976).

The mussels were depurated for 1, 2, 4, 8, 16 or 32 days. The animals were then

sacrificed for subsequent weight measurements and analysis of OA content. Five replicate

mussels were included per treatment at each time. Thus, a total of 90 mussels were

included in the experiment.

The experiment was conducted between October 24 and November 26, 1998 at 10 jC.
This corresponded to the water temperature in the field when mussels were collected.

Table 1

Total amounts of algae in food rations 1 and 2

A B C

Ration 1 0.5 23 129

Ration 2 1.5 69 387

(A) % dry body mass day� 1.

(B) mg dry weight day� 1.

(C) cell numbers� 106 day� 1.

Fig. 1. Data from the national monitoring program on concentration of OA (Ag kg� 1 mussel meat) in mussels

from Tjärnö Vattenbruk farm site from July 1998 to April 1999. The experimental period is indicated between the

arrows.
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Individual mussels were placed in 1l plastic beakers containing 800 ml of filtered natural

seawater (0.2 Am Millipore filter) with a salinity of 2.5%. Air was supplemented to each

beaker in order to keep the algae in suspension and to avoid oxygen depletion, as well as to

reduce ammonia levels. Care was taken not to resuspend any fecal material. Every second

day during the experiment, the whole volume of water was replaced by freshly filtered

seawater. Prior to changing water, the fecal deposits were collected by a Pasteur pipette

into preweighed glass vials and stored in a freezer for determination of total fecal

production for each depuration period. The insides of the beakers were cleaned to avoid

microbial growth.

Algal particles were added by pipetting 5 ml algal suspension to each beaker 10 times

per day. Before adding new algae, the water was visually inspected to verify that the

mussels had cleared the cells from the previous addition. To the no-food treatment, 5 ml of

filtered seawater was added at each feeding occasion. Ingestion rates were not explicitly

measured but the production of faeces was measured and used as an indirect measure of

ingestion. Only minor amounts of pseudofaeces were occasionally produced in the high

ration level. This was not included in the estimation of fecal production.

2.3. Measurements

When mussels were sacrificed, soft tissue was removed from the shell and drained on

paper whereafter the digestive gland was separated from the rest of the tissue. Total soft

tissue wet weights and weights of the digestive glands were determined. The digestive

glands were then immediately frozen in � 20 jC for chemical analysis of OA.

Content of OA and DTX-1 was analyzed in individual digestive glands according to the

HPLC method of Lee et al. (1987) with minor modifications. The 1-pyrenyldiazomethan

(PDAM, from Molecular Probes, Europe, the Netherlands) was used as a fluorescent

labelling agent and for clean-up procedures, silica gel cartridge columns were used.

Faeces produced for each treatment were stored in � 20 jC and dry mass was later

determined by incubating the glass vials for 12 h in 80 jC. OA content of faeces was not

measured.

2.4. Statistical analysis

Differences among treatments were analysed using a two-factor analysis of variance

(ANOVA). Data was first checked for homogeneity of variances using Cochran’s test. For

significant effects, Student–Neuman–Keuls (SNK) a posteriori test for differences among

means was applied.

3. Results

3.1. Concentration of OA in the digestive gland

The effects of food rations and days of depuration on concentration of OA are

shown in Fig. 2a. In general, the concentration of OA was reduced in all rations
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during the experiment from 3.1 Ag OA g� 1 digestive gland (dg) on average at day 1

to 1.51 Ag OA g� 1 dg at day 32. Between the first 2 days, there was a trend towards

an increase in the toxin concentration for all treatments. In mussels feeding on rations

1 and 2, the concentration of OA was then reduced after 4 days, whereas in the

mussels receiving no food, there was a further increase. At day 4, the toxin

concentration in mussels receiving no food was significantly higher compared to

rations 1 and 2 ( p < 0.05 for food ration� depuration days, Table 2). This was the

only day where a significant difference was observed between treatments. Although

not statistically different, the second largest effect among experimental treatments was

observed after 32 days of depuration. At this time, the lowest concentration of OA

was observed in mussels receiving no food. This result was qualitatively contradictory

to the predicted effects of food concentration, since it seemed to indicate that mussels

receiving no food might have a faster reduction of OA.

Fig. 2. The effects of food rations and days of depuration on levels of OA. (a) Concentration of OA, expressed

as Ag g� 1 digestive gland. (b) Total content of OA, expressed as Ag in the digestive gland. Error bars represent

S.E.
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3.2. Total content of OA in the digestive gland

The increase in the concentration of OA during the first days of depuration was

somewhat confusing because no toxin-producing algae are added to the mussels. This

increase can be explained if the digestive gland mass is reduced and at the same time, the

content of OA remains constant or decreases at a lower rate compared to digestive gland

mass. Because concentration of OA is calculated as micrograms per gram digestive gland,

this could then render higher concentrations of OA. This explanation is supported by the

observations of the weights of the digestive glands (Table 3). The increased concentration

of OA at day 4 in the mussels, which were starved, coincides with a lower weight of the

digestive glands compared to the other food treatments. Therefore, an additional analysis

was done on the total content of OA (concentration of OA multiplied by the mass of the

digestive gland), which is illustrated in Fig. 2b. The mean content of OAwas reduced in all

treatments from 8.3 Ag on day 1 to 3.1 Ag OA on day 32. Toxin content was significantly

Table 2

ANOVA on the effects of food ration and days of depuration on concentration of okadaic acid content (Ag OA

g� 1 digestive gland), total content of OA in individual digestive glands (Ag OA) and fecal production (g dry

weight), untransformed data

Source of df Concentration of OA Total content of OA Fecal production

variation
MS F P MS F P MS F P

Food Ration 2 1.32 1.28 0.28 7.46 1.11 0.34 0.10 244.1 0.0001

Days 5 11.96 11.62 0.0001 98.86 14.69 0.0001 0.09 212.9 0.0001

Ration�Days 10 2.28 2.21 0.03 7.46 1.11 0.37 0.03 65.4 0.0001

Residual 72 1.03 6.73 0.0004

SNK day 4: no food>ration 2 =

ration 1

day 2 = day 4 = day 1 =

day 8>day 16 = day 32

day 8, 16 and 32:

no food < ration 1 < ration 2

For significant effects ( p< 0.05), Student–Neuman–Keuls (SNK) a posteriori test for differences among means

was applied.

Table 3

Soft tissue wet weights and digestive glands wet weights for each food ration and depuration period during the

experiment

Days of depuration

1 2 4 8 16 32

Soft tissue wet weight (g)

No food 18.2F 1.6 16.8F 4.0 15.7F 4.2 16.5F 1.7 17.3F 3.7 14.4F 3.1

Ration 1 16.6F 1.9 16.5F 3.6 18.9F 1.4 19.8F 2.2 13.5F 2.5 15.5F 2.9

Ration 2 17.7F 2.3 17.5F 3.4 15.7F 4.9 19.2F 2.2 15.8F 1.0 16.6F 1.8

Digestive gland wet weight (g)

No food 3.1F 0.5 2.5F 0.8 2.2F 0.5 2.6F 0.6 3.0F 0.5 1.7F 0.4

Ration 1 2.3F 0.2 2.7F 0.5 2.9F 0.4 2.9F 0.4 2.0F 0.6 2.0F 0.3

Ration 2 2.6F 0.5 2.3F 0.6 2.9F 1.0 3.0F 0.5 2.3F 0.4 2.4F 0.5

Values are meansF S.D. (n= 5).
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lower after 16 days of depuration and thereafter ( p < 0.0001, Table 2). No significant

differences between mussels fed on the different food rations after 4 days of depuration

were detected, which indicated that reduction in the mass of the digestive glands in

mussels receiving no food contributed to the significant increase in the concentration of

OA in the previous analysis. Even so, a trend towards an increase in content of OA for

both ration 1 and the no-food treatment during the first days of depuration remained. The

difference, although not statistically significant, between mussels receiving no food on one

hand and mussels feeding on rations 1 and 2 was further pronounced after 32 days. Mean

total content in the mussels, which did not receive any food, was 1.3 Ag OA compared to

4.6 and 3.4 Ag OA in rations 1 and 2, respectively.

3.3. Fecal production

Total fecal production (g dry weight) for each treatment during the experiment is

shown in Fig. 3. The amount of faeces produced differed significantly among treatments

after 8 days and thereafter (Table 2). Ration 2 had a higher production compared to

ration 1, which in turn produced more faeces, compared to the starved mussels. In the

no-food treatment, only a minor increase in total fecal production was observed during

the whole experiment, indicating that no further ingestion occurred. The small increase

in fecal production towards the end of the experiment is probably due to metabolic fecal

loss. Overall, the differences in fecal production among treatments indirectly confirmed

that mussels were feeding and ingesting food according to what was intended in the

experimental design.

3.4. Soft tissue and digestive gland mass

Average mass of soft tissues and digestive glands for each treatment during the

experiment are presented in Table 3. Some temporal variability among treatments was

Fig. 3. Total fecal production for each treatment, expressed as g dry weight. Error bars represent S.E.
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observed. In general, the temporal changes for mussels feeding on rations 1 and 2 were

very similar. For example, the mass of soft tissue and digestive gland seemed to increase

slightly from day 1 to day 8 and then decrease between 8 and 16 days of depuration. After

32 days, tissue and digestive gland mass were more or less similar to the initial values at

day 1. For mussels that received no food, a trend towards a decrease in tissue and digestive

gland mass was observed during the first 4 days and was followed by a slight increase up

to 16 days. Both tissue and digestive gland mass then decreased again and was lower at

day 32 compared to day 1. The tissue was also visually inspected when the mussels were

dissected. Mussels that were feeding on rations 1 and 2 appeared to have healthy tissues

and digestive glands with a dark colour and firm texture throughout the experiment.

Mussels receiving no food were showing signs of starvation, such as pale flesh colour and

digestive glands as well as water-filled, soft tissues. This was most pronounced at the end

of the experiment. Care should always be taken when interpreting data on tissue wet

weights since differences in water content in the tissue could mask real changes in tissue

mass. For starved mussels, the loss in body mass was probably larger than what was

indicated by measuring wet weights. To summarise, the overall observations on total tissue

and digestive gland mass indicated that mussels receiving no food behaved differently to

those feeding on nontoxic algae.

4. Discussion

The availability of nontoxic food has been proposed by several authors as the main

factor affecting depuration of DST in mussels (Haamer et al., 1990; Sampayo et al., 1990;

Marcaillou-Le Baut et al., 1993; Poletti et al., 1996; Blanco et al., 1999). A physiological

mechanism to explain how food affects rate of depuration of DSTwas proposed by Blanco

et al. (1999) where increased ingestion rates leads to a higher digestive activity and greater

metabolic fecal loss. Since fecal deposition has been suggested to be the main route for

elimination of DST by Blanco et al. (1999) and Bauder et al. (1996), the toxins are

eliminated at a higher rate during high ingestive activity. Field depuration by relocating

mussels from toxic to nontoxic environments has been performed by Haamer et al. (1990),

Marcaillou-Le Baut et al. (1993), Poletti et al. (1996) and Blanco et al. (1999). Blanco et

al. (1999) found in a multivariate analysis of the effects of environmental conditions that

indirect measures of particle concentration (fluorescence and light transmission) appeared

to increase the rate of depuration. Marcaillou-Le Baut et al. (1993) transplanted toxic

mussels to an oyster culture pond and compared depuration with mussels depurated in the

laboratory. They assumed that the faster rate observed for mussels in the oyster pond was

due to a higher supply of natural phytoplankton compared to the laboratory condition.

However, differences in several other factors between the oyster pond and the laboratory

environment may also have contributed to this result. Both Haamer et al. (1990) and

Poletti et al. (1996) observed reduction in DST content when mussels were transplanted to

less toxic environments; however, no measures of food content in the water was

performed. Depuration experiments in the laboratory has also been done by Haamer et

al. (1990) and Croci et al. (1994). Haamer et al. (1990) compared depuration of mussels in

basins with or without the addition of yeast particles. Toxin content was reduced after 1
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week in both treatments but the authors observed more variability among replicates in

mussels not receiving yeast. Croci et al. (1994) observed a high rate of depuration in two

out of three samples in ozonised artificial seawater without any food added. These two

studies suggest that depuration can occur even though no food particles are added to the

system.

Even though most of the observations made by these authors suggest that food

availability affects the rate of depuration of DST in mussels, the results are inconclusive

and lack of replicates and controls for the effects of other factors indicate that it is still not

clear whether this factor affects depuration of these toxins. Thus, the experiment presented

in this paper was conducted in order to test the effects of food on depuration during

controlled conditions. It was found that mussels that were fed with a high ration of algae

had the highest amount of fecal production compared to mussels fed with a lower ration

and starving animals. This confirmed that ingestion rates differed among treatments

according to the predictions and in this way the experiment was successful. However,

there was no significant difference in content of OA among food treatments over time.

Depuration was achieved in all treatments with an average of 50% reduction after 32 days.

Somewhat faster rates of depuration have been found by Marcaillou-Le Baut et al. (1993),

Poletti et al. (1996) and Blanco et al. (1999). In these studies, depuration was observed in

the field where the naturally occurring seston was available for the mussels to feed upon.

The laboratory environment is likely to be less favourable and more stressful for mussels,

which may have influenced the overall performance and rendered the relatively lower rates

of depuration. Also, only two species of algae were used and the nutritional value of these

species might not have been adequate for the physiological needs of the mussels. This

imply that not only the quantity of food but the composition and phytoplankton species

present in the food may be important aspects to consider for rate measurements in mussels.

Visual observations during the experiment in combination with measures of fecal

production did, however, confirm that the mussels were filtering and ingesting algae,

indicating that the water quality was acceptable for the mussels. Also, recontamination was

avoided by removing fecal pellets together with water changes continuously during the

experiment. The different rates of depuration observed in other studies could be explained

by seasonal variations in the physiological status of mussels. Particularly in temperate

latitudes, mussels undergo annual reproductive cycles that are associated with marked

seasonal changes in biological composition and physiological rate processes (Hawkins and

Bayne, 1992). Since the experiment reported here was performed in November at a low

temperature, it is likely that general physiological rates were slow in the mussels, which

resulted in the relatively low rate of depuration.

The significant increase in the concentration of OA for mussels receiving no food

compared to the other treatments after 4 days of depuration was abolished by correcting

for the decrease in digestive gland mass. Similar results where toxin concentration has

been found to increase rather than decrease during the first days of depuration were

observed by Haamer et al. (1990) and Marcaillou-Le Baut et al. (1993), who suggested

that this phenomenon might be due to transport stress causing an increased metabolic rate

and reduction of digestive gland. Hence, for the interpretation of the results in depuration

experiments, it is important to monitor such changes in tissue mass. Even so, a trend

towards increased levels of OA for ration 1 and the no-food treatment remained after
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correction for changes in digestive gland mass. High variability in content of DST among

individuals of naturally contaminated mussels (Edebo et al., 1988) may contribute to the

variability observed during the first days of depuration where levels seem to fluctuate in

different directions between days. It is also possible that hydrolysis of esterified OA to OA

by esterases in the mussel digestive gland contributed to the initial rise in OA. Recent

papers have indicated that mussels are capable of transforming OA, DTX-1 and DTX-2 to

7-O-acyl ester derivatives (so-called DTX-3) by attaching a fatty acyl group to the

corresponding parent toxin (Marr et al., 1992; Fernández et al., 1996,1998; Suzuki and

Mitsuya, 2001). The esterified DSTs exhibit low polarity and are not detected in standard

HPLC analysis because a hydrolysis step to convert the esterified DST to its respective

parent compound must be included in the analysis. Hence, a bioconversion of esterified

OA to OA in the mussel tissue might have occurred, which could explain the increased,

although not statistically different levels of OA during the first days of depuration.

Biotransformation of OA to 7-O-acyl OA is likely to be a route for detoxification of OA in

mussels since esterified OA exhibits lower toxicity, i.e. it is a less potent inhibitor of

protein phosphatases (Yasumoto et al., 1989).

It was observed that the rate of depuration for feeding mussels was faster during the

first 2 weeks and then slowed down during the last part, indicating biphasic depuration

kinetics. This suggests that the toxins are distributed into two compartments with different

depuration kinetics. Similar patterns have also been observed by Marcaillou-Le Baut et al.

(1993), Fernández et al. (1998) and Blanco et al. (1999) for blue mussels and also for

scallops by Bauder et al. (1996). Bauder et al. (1996) found that the rapid loss of toxins

during the first 3 days of depuration coincided with the evacuation of toxin-producing

algae from the viscera. Fecal deposition of recently ingested toxic algae and toxin not

already incorporated into the tissue may hence be important for the release of DST during

the first days of depuration. It seems possible that this process could be increased by

adding food to the system. This was also observed in our experiment where content of OA

in mussels feeding on the high ration was slightly lower on day 2 compared to the other

treatments.

A pool of toxins more tightly bound to the tissue also seem to exist. The distribution

and affinity of DST in the digestive gland tissue is likely to be governed to some degree by

the physicochemical properties of the toxins. Following the pattern observed for xeno-

biotics such as organic contaminants, the degree of bioaccumulation depends mainly on

the hydrophobicity of the contaminant together with the lipid content of the organism

(Phillips, 1993). Similar pattern may be predicted for DST. The DST is lipophilic

(Yasumoto et al., 1978) and the digestive gland is a major site for lipid storage in mussels

(De Zwaan and Mathieu, 1992). The DST may thus have affinity for lipid-rich cellular and

intracellular components such as lipid droplets or membrane structures. The release of

DST from this compartment would then be dependent on a turnover of such cellular

components. The route for elimination of DST from this compartment is probably through

metabolic fecal loss as suggested by Blanco et al. (1999) but increasing the digestive

activity by feeding the mussels may not result in a higher loss of DST. Instead, increased

usage of lipid storages, which occur during late stages of starvation, might enhance the rate

of depuration. This model could explain our observation that mussels given no food had a

tendency to loose more toxins at the end of the experiment compared to the feeding
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mussels. In future experiments, the relationships between lipid content and levels of toxin

during depuration should be explored. To understand the depuration mechanisms, it is also

important to identify more precisely where in the digestive gland tissue the DST are

localised during uptake and depuration.

Studies on the effects of food on depuration of other types of toxins and contaminants

in mussels have been investigated. Novaczek et al. (1992) and Wohlgeschaffen et al.

(1992) found no difference in depuration rate of the hydrophilic neurotoxin domoic acid in

feeding compared to starving M. edulis. Multivariate analysis of the effects of environ-

mental factors on depuration of paralytic shellfish toxins (PST) in Mytilus galloprovin-

cialis by Blanco et al. (1997) found that environmental variables, including phytoplankton

concentration, seemed to be unimportant for the detoxification process. Chen and Chou

(2001) observed that the depuration efficiency of PST in the purple clam, Hiatula rostrata,

was similar for clams fed with nontoxic algae and starvation. Depuration of three

congeners of hydrophobic polychlorinated biphenyls (PCB) in blue mussels was not

affected by different algal concentrations (Björk and Gilek, 1997). In summary, depuration

of various exogenous substances, including OA in our experiment, seems to be unaffected

by food availability and occur regardless of whether the mussels are feeding or not.

In the natural field situation, depuration is likely to occur in mussels when the ingestion

of toxic algae per time unit is reduced. This happens if the concentration of toxic algae

decreases or disappears from the water column but filtration is maintained at a constant

rate in the mussels. Also, an increase in the relative abundance of nontoxic species

accompanying Dinophysis spp. may enhance depuration of DST. This was observed by

Sampayo et al. (1990) in Portuguese waters. They suggested that a high relative abundance

of nontoxic phytoplankton caused reduction in the filtration activities of the mussels in

order to regulate their physiological needs for food. The intake of Dinophysis per time unit

would thus decrease. This model is supported by several studies reviewed by Hawkins and

Bayne (1992), where mussels have been found to maintain relatively constant rates of

nutrient acquisition by adjusting rates of ingestion against their needs for maintenance and

growth. This could also explain the increased rates of depuration of DST in mussels in

Sweden during the onset of the spring bloom of diatoms. Usually, Dinophysis is still

present in the water column during this period. This model together with the results from

this paper suggest that the quantity of nontoxic food affects the mechanism of accumu-

lation of DST rather than directly affecting the mechanism of depuration. Similar results

concerning the rate of accumulation of PST in M. galloprovincialis was published by

Morono et al. (2001) who found that accumulation of toxins was dependent on the

volume-specific toxin concentration (VOSTOC) in a mixture of food particles.

5. Conclusions

Depuration can be an alternative for management of toxic mussels in order to ensure a

continuous supply of mussels to the market. The results from this study have shown that

depuration occurs even without the presence of algae in the system and that levels of OA

can be reduced to approximately 50% of initial toxin content within 16 days. Depuration

systems for mussels containing DST could hence be developed without the addition of
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extra food, which reduces the cost for such systems. Long periods of depuration during

conditions where no food is available is, however, not recommended since it has negative

effects on the condition of the mussels, resulting in a loss of the commercial value. For

depuration to be successful, i.e. to reach levels below the limit for marketing of mussels, it

should be started before the mussels have accumulated high levels of toxin since

depuration seems more effective during the first weeks. In order to optimise the conditions

for depuration of DST in mussels, more information about seasonal variability as well as

the effects of other environmental factors such as salinity and temperature on the rate of

depuration is needed. The influence of phytoplankton composition in the food should also

be of interest in future studies. These should also include the analysis of the DST ester

derivatives and take into account their additional toxicity as well as evaluating the

importance of biotransformation for detoxification of DST in mussels.
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ANALYSIS OF THE RELATIONSHIP BETWEEN LIPID CONTENT AND 
DEPURATION OF OKADAIC ACID (DIARRHETIC SHELLFISH TOXIN) 

IN MUSSELS, MYTILUS EDULIS: RESULTS FROM A FIELD STUDY AND 
A LABORATORY EXPERIMENT 

SUSANNE SVENSSON* AND LARS FÖRLIN

Department of Zoology, Göteborg University, Box 463, S-405 30 Göteborg, Sweden 
*E-mail address: susanne.svensson@zool.gu.se, fax nr: +46 31 773 3807 

Abstract: Accumulation of diarrhetic shellfish toxins (DST) is a serious problem for the 
culture and fishery of mussels around the world. A potential strategy to increase the availability 
of marketable mussels is to develop large-scale depuration methods of toxic mussels. The 
feasibility of depuration depends to a large extent on how fast DST can be reduced in the 
mussels. Therefore, knowledge about the environmental conditions and physiological processes, 
regulating the rate of depuration of DST, is essential. In this paper, we investigated the 
importance of lipid turnover for elimination of okadaic acid (OA) in a field study and a 
manipulative laboratory experiment. Initially, the lipid content and concurrent concentration of 
OA in the digestive glands of farmed blue mussels, Mytilus edulis, was analysed during a 
sampling period of six months. The concentration of OA was positively correlated with the 
amounts of lipids in the field. This supports a previously proposed theory that increased 
utilization of lipid stores may accelerate the release of this toxin.  

To test this causal model, a laboratory experiment was performed during 24 days. Mussels 
intoxicated by OA were exposed to experimental treatments, increased water temperature and 
food limitation, which was predicted to increase their energy requirements and need to 
metabolise lipids. We found that lipid content was significantly reduced in mussels exposed to 
an increased water temperature (24° C) compared to ambient temperature (18°C). The amount 
of lipids was not affected by food limitation. Although lipid content was reduced in 24°C, the 
rate of depuration of OA was not enhanced by this treatment and no correlation was detected 
between lipids and concentration of OA. Depuration rates were very similar for all treatments 
and followed an exponential decrease relationship (t1/2=8 days). Thus, the proposed model that 
lipid metabolism affects the mechanism of elimination of OA was rejected. Nevertheless, the 
observed rates of depuration provide useful information and a potential predictive tool for large-
scale depuration of mussels. The difficulties to influence the rate of depuration in mussels 
suggest that processes, insensitive to short-term manipulation of the external environment, 
regulate depuration of this toxin. It is proposed that seasonal changes in the physiological status 
of the mussels affect depuration rates of OA. 

Keywords: blue mussel, depuration, diarrhetic shellfish toxin, environmental factor, lipid, 
okadaic acid 
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1. Introduction 

Okadaic acid (OA) and the structurally related 
Dinophysistoxins (DTX-1, DTX-2 and DTX-
3) are the principal toxic compounds causing 
diarrhetic shellfish poisoning (DSP) in 
humans (Yasumoto et al., 1985; Carmody et 
al., 1996; Kumagai, 1986). The DSP toxins 
(DST) are lipophilic polyether molecules 
produced by dinoflagellates of the Dinophysis
sp. and Prorocentrum sp. genera and 
accumulate in the digestive system of 
bivalves when feeding on these plankton 
species (Yasumoto et al., 1978; Yasumoto et 
al., 1980); Murakami et al., 1982; Murata et 
al., 1982).  

DST occurs in bivalves in all parts of the 
world and pose a serious threath to both 
public health and a sustainable aquaculture 
industry. The toxins accumulate to high levels 
and usually reside in shellfish for long preiods 
as well as being tumor promoting agents 
(Fujiki & Suganuma, 1993; Shumway et al.,
1995; Lindegarth, 1997; Vale et al., 1998; 
Vieites & Leira Sanmartin, 2000.  

There is an increasing demand from the 
commercial shellfish industries for 
management plans to reduce the impacts of 
DST. Large-scale depuration of toxic mussels 
is a potential option to increase the 
availability of marketable mussels (Kollberg, 
1999). Wether this will be an economically 
feasible option depends on the rate at which 
DST can be reduced to acceptable levels in 
mussels (Shumway et al., 1995). Hence, 
information about the influences of 
environmental conditions on depuration rates 
of DST is of great importance. Equally 
important is to understand the endogenous 
physiological processes by which mussels 
eliminate these compounds.  

Because of its general effect upon basal 
metabolic rates in poikilothermic organisms, 
temperature is assumed to be an exogenous 
factor which regulate depuration rates of 
toxins in mussels (see reviews by Wieser, 
1973 and Hawkins & Bayne, 1992; Shumway 

et al., 1995). Observations of mussels in the 
field also suggest that depuration rates are 
affected by the availability of non-toxic food 
(Haamer, 1990; Sampayo et al., 1990; 
Marcaillou-Le Baut et al., 1993; Poletti et al.,
1996; Blanco et al., 1999). A physiological 
process model to explain the relationship 
between food and the mechanism of 
depuration of algal toxins was discussed by 
Morono et al. (1998) and Blanco et al.
(1999). They suggested that food increase 
ingestion rates which affect depuration rates 
by increasing the digestive activity and 
metabolic fecal loss, including faster 
elimination of DST through fecal deposition. 
However, this model was not supported in a 
laboratory depuration experiment performed 
by Svensson (2003) where toxic blue mussels 
were fed different amounts of non-toxic 
algae. Instead, a strong tendency for lower 
levels of OA in mussels receiving no food 
was observed during the last part of the 
experiment, when the mussels were showing 
signs of starvation.  

To explain these enhanced rates of OA 
loss during food limitation, an alternative 
physiological mechanism was proposed. The 
lipophilic character of the OA molecule 
together with the relatively high lipid content 
of the digestive gland (De Zwaan & Mathieu, 
1992) indicates that OA may have affinity for 
lipid-rich cellular and intracellular 
components such as membranes and lipid 
droplets. The release of OA would then be 
dependent on a turnover of such cellular 
components. Hence, increased usage of lipid 
storages, which occur during stressed 
conditions when the demand of maintenance 
energy exceeds net energy gain (Thompson et 
al., 1974), could enhance the rate of 
depuration. Additional support for this model 
is given by the fact that one of the most 
important factor affecting bioaccumulation of 
lipophilic organic pollutants are the lipid 
content of the organism or tissue involved. 
Accumulation of lipophilic compounds are 
directly, or indirectly via variability in lipid 



3

levels, affected by reproductive condition and 
seasonality (Livingstone & Pipe, 1992; 
Phillips, 1993; Spacie & Hamelink, 1985; 
Farrington, 1989). 

In this paper, the model proposed by 
Svensson (2003) regarding the importance of 
lipid turnover for depuration of DST was 
explored. A field study was performed during 
January-June 2000 in order to investigate the 
correlation between lipid content and DST in 
the natural environment. Mussels, M. edulis,
from a long-line farm was sampled once a 
month and the concentration of DST together 
with total lipid content both in the digestive 
gland and the mantle was measured. We also 
compiled data from the national monitoring 
program on OA and plankton concentration in 
the farm site area to study the temporal 
relationship between depuration and blooms 
of diatoms during this season. Secondly, a 
laboratory experiment was performed in 
August, 2000, where mussels contaminated 
by OA were exposed to different temperature 
and food conditions and depurated for 24 
days. We predicted that a rise in seawater 
temperature and/or in combination with 
starvation would alter metabolic processes 
and result in a greater demand for energy 
reserves such as lipids in mussel tissue. We 
then predicted that mussels with reduced 
levels of lipids would contain less OA, that is, 
there would be a positive correlation between 
lipid content and OA. The experiment was 
also performed with the purpose to evaluate 
the effectiveness of manipulating 
environmental factors for depuration of OA 
from a management perspective. 

2. Materials and methods 

2.1. Field study 

The field study was conducted between 
January to June, 2000. Blue mussels (7-8 cm 
shell length) were collected once every month 
from a long-line mussel farm at Tjärnö in the 
Northern archipelago of Bohuslän on the 

Swedish west coast. The mussels were 
transported to Tjärnö Marine Biological 
Laboratory where they were immediately 
frozen and stored in –74°C until the various 
analysis were done. At each sampling 
occasion, the concentration of OA in the 
digestive gland together with the lipid content 
were analysed in 6-8 individuals as described 
below. To study the temporal relationship 
between depuration of OA and spring bloom 
of diatoms during this year, data from the 
national monitoring program on concentration 
of OA (measured by HPLC according to Lee 
et al., 1987), values in µg OA*kg-1 mussel 
meat) in mussels from the farm site from 
January to June, 2000 was compiled together 
with total cell concentration of diatoms 
(cells*l-1), sampled from 0-10 m in the nearby 
Kosterfjord. 

2.2. Laboratory experiment 

The laboratory experiment was performed 
during 24 days, starting on the 19th of August, 
2000. Mussels were harvested from a 
commercial long-line mussel farm 80 km 
south of Tjärnö Marine Biological Laboratory 
where the experiment was conducted. The 
day of collection, mussels contained 1055 µg 
OA*kg-1 mussels (data from the national 
monitoring program), no other DST 
compounds were present. In the laboratory, 
mussels were cleaned from epiphytic growth 
and sorted to obtain mussels of similar size 
for the experiment (shell length 70 mm). They 
were then kept in air at 4° C overnight until 
the next day when the experiment was started. 
A random sample of mussels were frozen in –
80°C for analyses of initial levels of OA, dry 
weight, glycogen and lipid contents. 

A mixture of four different species of 
microlgae was used as food supply : 
Isochrysis galbana var. tahaitian (T-ISO), 
Chaetoceros gracilis (CHGRA), Tetraselmis
sp. and Thalassiosira pseudonana (3H). The 
algae were obtained from Reed Mariculture 
Inc., Inland Sea Farm, USA, as concentrated 
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algal pastes. Equal volumes of each algal 
species were mixed and resuspended in 
filtered seawater to desired concentrations. 

Mussels were placed in plastic tanks (20 l) 
connected to hoses in a flow-through system 
(1.2 l*min-1). The experimental treatments 
consisted of two different temperature 
regimes (18°C or 24°C), with or without the 
addition of algal food particles (food or no 
food). The ambient seawater temperature in 
the mussel farm area was 18°C when mussels 
were collected which also was the 
temperature in the laboratory water system. 
Immersion heaters were used to achieve 24°C 
which was done by directing the incoming 
seawater into a large water tank containing 
adequate numbers of immersion heaters. The 
warmed water was then redirected to the 
appropriate experimental tanks. Water flow 
and temperature of the incoming water was 
checked daily and, if necessary, adjusted to 
achieve a constant temperature throughout the 
experiment.  

Food was added to the tanks from plastic 
1.5 l bottles, which were placed above the 
experimental setup. Hoses were connected to 
the bottom of the bottles from which the algal 
suspension of desired flow rate could be 
supplied into the tanks. Diluted algal paste 
corresponding to 4.8* 109 cells (or 1.0 g dry 
weight) was added to each food treatment 
every day during a period of 8 hours. Earlier 
experiments have shown that mussels 
receiving no extra food experience starvation 
since the concentration of food particles in the 
incoming seawater are negligible (Svensson, 
2003). As an indirect measure of ingestion, 
the amount of fecal production (dry weight) 
was estimated. At the end of the experiment, 
fecal pellets from each tank were collected on 
a filter (100 µm) and transferred to pre-
weighed vials followed by drying at 80°C 
over night.  

For each combination of temperature and 
food, two replicate tanks were used, yielding 
a total number of 8 tanks. Forty mussels were 
placed in each tank. Sampling was done after 

8, 16 and 24 days of depuration. At each time 
of sampling, two replicate samples, each 
consisting of three pooled individuals, were 
taken from each tank. Each sample was 
analysed for OA, glycogen and lipid content. 
An additional four mussels were removed for 
individual dry weight analysis. Thus, ten 
individuals were removed from the tanks at 
each sampling occasion. In order to keep 
constant densities in the tanks, removed 
mussels were replaced by ten new mussels, 
which were tagged for identification but never 
used for analysis. After removal, mussels 
were immediately frozen and stored in –74°C 
pending analyses. Mussels were then thawed 
and the digestive glands were removed. Total 
soft tissue and digestive gland wet weights 
were determined for each pooled replicate 
sample. 

2.3. Measurements 

2.3.1. Preparation of samples for analysis of 
OA, glycogen and lipids 

The digestive glands or mantle tissue were 
homogenized for 30 seconds in ice-cold 
conditions using an Ultra-Turrax knife 
homogenizer. 1 g of the homogenate were 
diluted with 4 ml of 80% methanol for 
analysis of OA. Appr. 500 mg of the 
homogenate were transferred into Eppendorff 
tubes and immediately frozen in –80°C for 
analysis of glycogen (not done in the field 
study). The remaining homogenate was 
transferred into pre-weighed test tubes and 
freeze-dried for analysis of total lipid content.  

2.3.2. Analysis of OA in mussel tissue 

The methanol extracts were centrifuged in 
3000 rpm for 10 min and then cleaned using 
petroleum ether and chloroform extraction 
following the sample clean-up protocol for 
HPLC described by (Lee et al., 1987). The 
chloroform extracts were used for detection of 
OA by protein phosphatase inhibition assay 
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(PPIA) according to (Vieytes et al., 1997) 
with slight modifications (Godhe et al.,
2002). The assay was performed in 96 well 
plates and the following buffers were used: 
Dilution buffer (DB): 50 mM Tris-HCl pH 
7.0 containing 0.1 mM CaCl2. Phosphatase 
assay buffer (PAB): DB containing 3 mM 
NiCl2 and 0.4 mg*ml-1 BSA. PP2A buffer 
(PP2A): PP2A (200 Units*ml-1, Upstate 
Biotechnology) diluted in enzyme dilution 
buffer was added to PAB to yield a final 
concentration corresponding to 0.02 
Units*well-1. Substrate buffer (MUP): 
Methyl-Umbelliferyl Phosphate (Life 
Technologies) was diluted in DB to yield a 
final concentration in the wells of 42 µM 
MUP. An OA standard curve was prepared by 
dissolving OA (LC Laboratories) in 80% 
methanol to a stock solution of 2 µg ml-1. The 
stock was then further diluted in DB to 
concentrations ranging from 0.2 to 0.0075 
µg*ml-1 which was found to meet the linear 

interval for 0.02 U PP2A per well used in the 
assay. Before the analysis was done, 1 ml of 
the mussel chloroform extract was evaporated 
and redissolved in 100 µl of 100% methanol 
and 900 µl of DB was added. This extract was 
further diluted in order to fit the sample into 
the linear part of the standard curve. To start 
the analysis, 35 µl of PAB were added to each 
well and the plate was left to stand for appr. 
10 min. 10 µl of sample or standard were then 
added in duplicate to the wells. 35 µl of PP2A 
were added and the plate was incubated for 15 
min. in 37°C. 120 µl of MUP were added and 
the plate was left in room temperature in a 
dark place for 1 h before fluorescence was 
measured in a Victor multilabel counter at 
excitation wavelength 385 nm and emmitance 
wavelength 405 nm. OA concentration in the 
samples were calculated from the standard 
curve equation and expressed as µg OA 
equivalents*g-1 digestive gland (µg OA eq.*g-

1). Ten randomly chosen samples were also 
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Fig. 1. OA concentration (filled squares, µg*kg-1 mussel meat) in mussels from Tjärnö mussel farm and total diatom
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analysed by HPLC (Lee et al., 1987) and 
compared to the results from the PPIA 
analysis. The chemical method confirmed that 
OA was the only DST compound present in 
mussel tissue. 

2.3.3. Analysis of glycogen 

Concentration of glycogen in the digestive 
gland tissue was determined 
spectrophotometrically in a coupled reaction 
using a commercial kit (Boerhinger 
Mannheim, kit nr. 207748). Briefly, glycogen 
in the tissue is hydrolyzed into D-glucose by 
the enzyme amyloglucosidase. D-glucose is 
then phosphorylated to glucose-6-phosphate 
(G-6-P) by hexokinase in the presence of 
ATP. Finally, G-6-P is oxidized by G-6-P 
dehydrogenase to D-gluconate-6-phosphate in 
the presence of NADH which is converted to 
NADPH. The amount of NADPH formed is 
determined by reading the absorbance at 340 
nm and is stoichiometrically equivalent to the 
total amount of D-glucose in the tissue (free 
D-glucose and D-glucose formed in reaction 
step 1). For each sample, the amount of free 
D-glucose in the tissue (sample blank) was 
measured and subtracted from total D-glucose 
by omitting the enzyme amyloglucosidase in 
the first step of the reaction. Homogenized 
digestive gland tissue was diluted in ice-cold 
water (1:100) and used in the analysis which 
was performed in 96 well plates. A glycogen 
standard curve (0.2-2 mg*ml-1) was used for 
calculation of glycogen content in samples. 
Glycogen concentration was expressed as 
mg*g-1 wet weight. 

2.3.4. Analysis of lipids 

Total content of lipids in digestive gland 
tissue was analyzed using the gravimetric 
method by Gardner et al. (1985) with some 
modifications. Appr. 1 g (wet weight) of 
homogenized tissue was freeze-dried in pre-
weighed test tubes and then finely grinded. 
The dry weight of the material was 

determined. 5 ml of chloroform-methanol 
(2:1) was added and the sample was 
thorougly mixed, ultrasonicated for 30 s. and 
then centrifuged for 15 min. in 3000 rpm. The 
supernatant was collected into new, pre-
weighed test tubes and 2 ml of chloroform-
methanol (2:1) was added to the remaining 
pellets and mixed. The solution was 
centrifuged again as above and the 
supernatant was pooled with the previous 
supernatant. To this extract, 1.7 ml of KCl 
(0.88%) was added to remove non-lipid 
contamination. The mixture was centrifuged 
in 300 rpm for 15 min and the overlying 
aqueous phase was removed by a Pasteur 
pipette. The organic solutions in the extracts 
were evaporated in room temperature in a 
fume cup-board and the test tubes were 
further dried in 50°C in a drying cabinet for a 
couple of hours. The weight of the remaining 
lipid fraction in the test tubes was determined 
and lipid content was calculated as % lipids of 
dry weight. 

2.3.5. Statistical analysis  

Analysis of variance (ANOVA) was used to 
test hypotheses about the effects of 
temperature, food and time on concentration 
of OA (start value not included). A three 
factor (fixed effects) orthogonal design was 
applied (Underwood, 1997). In order to 
control for any potential “tank effects”, the 
experimental unit (tank) was also replicated 
and included in the statistical analysis as a 
nested factor within temperature and food. 
Data was checked for homogeneity of 
variances using Cochran´s test and for 
significant effects, Student-Neuman-Keuls 
(SNK) a posteriori test for differences among 
means was applied. ANOVA was also used to 
test the effects of treatments on lipid content 
(tank not included as a factor). 

Rates of depuration for each treatment 
was calculated by fitting the data to an 
exponential function, Tt=T0*e-λt where 
T0=toxin concentration at the start of 
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depuration (µg OA eq.*g-1), λ=exponential 
decay coefficient (loss*day-1) and t=time 
(days). This assumes that the depuration rate 
is constant over time, which corresponds to a 
one-compartment model (Spacie & Hamelink, 
1985; Silvert & Cembella, 1995). The 
correlation coefficient value (r2) indicates 
how well the data fit the chosen model. Using 
this equation, the depuration half-lifes (t1/2),
which is the time to reach a 50% reduction in 
toxin content, were calculated as t1/2=-ln(1/2)* 
λ-1.

The relationship between lipid content and 
concentration of OA was tested using 
correlation analysis. 

3. Results 

3.1. Field study 

Fig. 1 shows the monitoring data on OA 
concentration (µg*kg-1) in mussels from the 
Tjärnö farm site and total diatom 
concentration (cells*106 l-1) sampled in the 
nearby Koster Archipelago between January 
and June, 2000. OA was the only DST 
detected in mussels during this period. A fast 
decrease in toxin concentration occurred 
between the 4th of January (852 µg*kg-1) and 
the 15th of February (231 µg*kg-1). Low 
concentrations of diatoms (below 10 000 
cells*l-1) were observed between January to 
February but then a large increase occurred 
between 8th of February (9 400 cells*l-1) and 
8th of March (565 000 cells*l-1). The bloom 
had disappeared in early April (4th of April, 
56 cells*l-1). This data suggest that a 
substantial reduction of OA in mussels 
occurred before the peak of the diatom spring 
bloom during 2000 in this area. Thus, it 
appears that there is no support for the model 
that the decrease of OA is caused by an 
increase in non-toxic food. 

The results from the monthly sampling on 
OA concentration together with lipid content 
in the digestive gland is shown in fig. 2. 
Between 18th of January and 16th of February, 

a substantial decrease in OA concentration 
was observed. Mean concentration of OA in 
the digestive gland decreased from 3.23 to 
1.78 µg*g-1. This is in agreement with the 
data fom the monitoring program where the 
fastest reduction of OA was observed during 
the same period. OA was further decreased at 
each time of sampling and in June, the OA 
concentration was 0.31 µg*g-1. Lipid content 
in the digestive gland showed the same trend 
as OA concentration between January and 
February with a reduction from 21.6% to 
14.6%. No change in lipid content was 
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observed between February and March but in 
April, a large increase in lipid levels was 
measured (30.2%). Lipid content remained 
relatively high in the digestive gland 
throughout the rest of the study. The 
correlation between lipid content and OA 
concentration from January to March was 
analysed using correlation analysis, the results 
are shown in fig. 3. There was a significant 
positive relationship between these variables 
during the first three times of sampling 
(p<0.05). This result supported the model that 
the large reduction in OA content may be due 
to an increased use of lipid stores during this 
period. 

3.2. Laboratory experiment 

3.2.1. General observations and effects of 
environmental factors on physiological 
variables 

Differences in ingestion between mussels fed 
the algal suspension and those not receiving 
food was confirmed by the production of 
faeces. Mussels supplied with food had 
produced approximately 5 times as much 

faeces compared to the no food treatment at 
day 24 (data not shown). During the last days 
of the experiment, some mortality was 
observed for feeding mussels kept in 24°C. 
Soft tissue dry weights, glycogen 
concentration and total lipid content in the 
digestive gland were measured as general 
markers of physiological stress (table 1). 
Mean dry weights did not change throughout 
the experiment in all treatments except in 
24°C food where a decreasing trend was 
observed, indicating that mussels were 
loosing body mass in this treatment. Since 
this was also the treatment where some 
mortality occurred, mussels appeared to be 
highly stressed in this experimental treatment. 
The same pattern was not observed for 
glycogen where variability was large among 
replicates and there were no apparent 
difference among treatments. Temperature, 
however, significantly affected lipid content 
in mussel digestive glands (table 2, p<0.05). 
Compared to 18°C, lipid content in mussels 
subjected to 24°C was lower already after 8 
days of depuration and throughout the rest of 
the experiment. The differences in lipid 
content appeared to be small, about 2% lower 
in 24°C on day 8 and 24 and 5% on day 16. 

Table 1. Soft tissue dry weights (glycogen concentration in the digestive glands (mg*g-1 wet 
weight) and total lipid content in the digestive gland, expressed as % lipids of dry weight, in 
the various treatments. Values are means ± SD with number of replicates inside brackets.
Variable Temperature Food/ Start  Days of depuration 
 (°C) No food  8 16 24 
Dry weight (g)    2.1±0.5 (8)
 18 Food  2.0±0.4 (8) 2.1±0.8 (8) 1.9±0.9 (8) 
 18 No food  1.8±0.6 (9) 1.8±0.9 (8) 2.3±0.3 (8) 
 24 Food  2.1±0.7 (7) 1.6±0.5 (8) 1.2±0.7 (4) 
 25 No food  2.1±0.4 (7) 2.1±0.9 (8) 1.9±0.7 (8) 
Glycogen (mg*g-1) 42.1±31.7 (4) 
 18 Food  52.3±11.3 (4) 50.2±22.0 (4) 33.8±10.5 (4) 
 18 No food  44.8±5.3 (4) 32.8±5.8 (4) 31.6±10.8 (4) 
 24 Food  41.1±15.6 (4) 47.1±32.3 (4) 32.6±2.9 (4) 
 24 No food  37.4±10.4 (4) 28.4±10.5 (4) 41.1±3.9 (4) 
Lipid content (%)  23.0±1.6 (2) 
 18 Food  18.3±3.5 (3) 18.8±1.8 (4) 18.2±2.7 (2) 
 18 No food  20.4±5.8 (3) 19.0±1.5 (4) 18.1±1.8(4) 
 24 Food  19.6±2.1(3) 13.3±0.5 (2) 17.3±5.9 (4) 
 24 No food  17.7±0.7 (3) 15.6±0.9 (3) 15.9±2.1 (4) 



9

However, if calculated as proportional loss, a 

2% reduction (e.g. from 20% to 18%) 
represents a 10% loss of lipids, which is a 
rather large reduction. Food limitation did not 
affect lipid content in this experiment (table 2, 
p>0.05). Hence, increasing the temperature 
reduced lipid content but high temperature in  
combination with starvation did not further 
reduce lipid levels in the mussels. 

3.2.2. Effects of environmental factors on rate 
of depuration of okadaic acid 

The results from the experiment are shown in 
fig. 4. At the start of the experiment, the 
mussels contained on average 2.89±0.36 SE 
OA eq.*g-1 digestive gland. The effects of 
environmental factors on depuration of OA 
was analysed using ANOVA (table 3). No 
“tank” effect was found in this experiment 

Table 2. ANOVA on the effects of temperature, 
food supply and days of depuration on lipid content 
in the digestive glands (% lipids of dry mass). 
Significant effects for differences among means 
(p<0.05) were analysed using Student-Neuman-
Keuls (SNK) aposteriori test.  

Source of 
variation 

df MS F P 

Temperature, =Te 1 40.50 4.53 0.04 
Food/no food, =F 1 0.02 0.00 0.96 
Temp * Food 1 1.46 0.16 0.69 
Time, =Ti 2 20.36 2.28 0.12 
Te * Ti 2 12.15 1.36 0.27 
Ti * F 2 4.78 0.54 0.59 
Ti * Te * F 2 8.11 0.91 0.42 
Residual 27 8.94   

SNK: 18°C>24°C
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(time*tank (temp, food), p=0.76), hence tests 
of hypotheses about effects of food, 
temperature, time and their interactions were 
done (Underwood 1998). The concentration 
of OA was significantly different among 
times (p<0.001) which was the only factor 
affecting concentration of OA in this 
experiment. Mean concentration of OA was 
1.35±0.09 SE OA eq.*g-1 at 8 days of 
depuration. At 16 and 24 days, OA was 
reduced to 0.70±0.13 and 0.42±0.07 
respectively. SNK a posteriori test showed 
that there were significant differences among 
all levels of time (8 days>16 days>24 days). 
Apart from the significant effect of time, there 
was a trend towards an interaction between 
time and food supply (time*food, p=0.13). 
Compared to the no food treatment, 
concentration of OA in mussels receiving 
food tended to be lower at both 8 days (no 
food: 1.44±0.17, food: 1.28±0.04) and 16 
days (no food: 0.90±0.20, food: 0.46±0.12) 
but not at 24 days of depuration (no food: 
0.40±0.10, food: 0.44±0.10). We observed 
that variability among replicates were larger 
in the no food treatment at 8 and 16 days of 
depuration. 

To obtain rates of depuration, data from 
each treatment was fitted to the exponential 

loss equation Tt=T0 e-λt, fitted curves and 
equations are shown in fig. 4. The r2 values 
ranged between 0.82-0.99, which suggested 
that the depuration dynamics was accurately 
described using a one-compartment model 
approach. Depuration rates were highly 
similar for all treatments, ranging from 8.4% 
day-1 for the 18°C food treatment to 9.3% day-

1 for the 24°C food treatment. The average 
expected half-life (t1/2) for all treatments was 
calculated to 8 days. 

3.2.3. Relationship between lipid content and 
concentration of okadaic acid 

The correlation between lipid content in 
digestive glands and OA concentration was 
analysed by correlation analysis (fig. 5). Data 
for lipid content ranged between 13 to 26% 
and OA concentration between 0.2 to 2.2 µg 
OA eq.*g-1. According to the predictions, a 
positive correlation between these variables 
was expected, however, no trend towards a 
relationship between lipid content and OA 
was detected (p=0.61, r2=0.007).  

4. Discussion 

Our results from the field study together with 

Table 3. ANOVA on the effects of temperature, food supply and time on depuration of okadaic acid (µg 
OA equivalents*g-1 digestive gland), untransformed data. Significant interaction effects for differences 
among means (p<0.05) were analysed using Student-Neuman-Keuls (SNK) aposteriori test.  
Source of variation df MS F P Error Term 
Temperature, =Te 1 0.06 0.71 0.45 Tank  (Temp, Food) 
Food/no food, =F 1 0.40 4.66 0.10 Tank  (Temp, Food) 
Te * F 1 0.01 0.15 0.72 Tank  (Temp, Food) 
Tank (Temp, Food), =Ta 4 0.08 0.82 0.52 Pooled MS 
Time, =Ti 2 3.61 34.87 0.0001 Pooled MS 
Ti * Te 2 0.04 0.36 0.70 Pooled MS 
Ti * F 2 0.23 2.21 0.13 Pooled MS 
Ti * Te * F 2 0.11 1.04 0.36 Pooled MS 
Ti * Ta (Te * F) 8 0.07 0.61 0.76 Residual 
Residual 24 0.12    
Pooled MS 32 0.10    

SNK: 8 days>16 days>24 days 
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the monitoring data from the Tjärnö region 
during early 2000 indicated two things: (1) a 
rapid decrease of OA occurred before the 
peak of diatoms this season (2) the reduction 
in OA between January to March coincided 
with a decrease in lipid content in the 
digestive glands. This supported the theory 
that changes in utilization of lipid stores may 
affect the release of lipophilic OA. The 
reduction in lipid content (and OA) which we 
observed occurred during a time of the year 
when food had been limited for some time 
which indicated that mussels depended on 
energy storage products such as glycogen and 
lipids to maintain vital processes. The 
digestive gland is together with the mantle the 
major storage organ for lipids in Mytilus sp.
(De Zwaan & Mathieu, 1992). Lipid content 
has been found to remain rather constant 
throughout the year in Mytilus platensis (De 
Moreno et al., 1980) but (Thompson et al.,
1974) found seasonal changes in the amount 
of lipids in M. edulis with maximum levels in 
July (>30% of dry weight) and minimum in 
late winter (11%). We found that total lipid 
content in the digestive glands changed 
considerably during this period, for example, 
the content doubled between March (14%) 
and April (30%). This increase is most likely 
explained by the mussels responding to the 

algal spring bloom, replenishing the lipid 
stores. Also, the increased lipid levels with 
concurrent decrease in OA concentration 
from April-June suggested that the release of 
this toxin is not exclusively governed by rate 
processes involved in metabolism of lipids. 

Following on the observations of a 
positive correlation between lipid and OA 
content in the field, we wanted to test this 
causal model in a laboratory experiment. A 
prerequisite for this was to obtain variability 
in lipid content among individuals or groups 
of toxic mussels. Therefore, factors which 
could influence the energy requirements and 
need to metabolise lipids were considered. In 
poikilothermic organisms such as mussels, the 
energy requirements for maintenance 
metabolism are strongly regulated by the 
surrounding water temperature (see reviews 
by Wieser (1973) and Hawkins & Bayne 
(1992)). Transferring mussels to an 
immediate increase in temperature is known 
to result in modulation of biochemical and 
physiological rate processes in order to 
acclimate to the new condition (Hawkins et 
al., 1987). This acclimation period may last 
for days or even weeks and is associated with 
an extra energy cost (Bayne et al., 1973; 
Widdows & Bayne, 1971). If acclimation is 
incomplete, the reduction in net energy gain 
signifies a ‘stressed condition’ (Bayne, 1985) 
and material from the digestive gland is 
rapidly utilized during stressed conditions 
(Thompson et al., 1974). Increased 
temperature is by itself associated with higher 
energy requirements for maintenance 
metabolism in poikilothermic organisms such 
as mussels (Wieser, 1973). Hence, we 
predicted that exposing mussels to an increase 
in temperature would increase the need to 
utilize lipids as an energy source compared to 
mussels maintained in the ambient seawater 
temperature. We measured this as a change in 
total lipid content in the digestive glands. An 
increase in lipid utilization was also expected 
for starving mussels compared to mussels 
receiving food. In Mytilus sp., metabolic rate 
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1) in digestive glands of mussels, data from the
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processes and usage of body energy reserves 
are highly regulated by the availability of 
food (Hawkins & Bayne, 1992). However, the 
results showed that lipid content remained 
unaffected by food treatment in this 
experiment. Bayne et al. (1973) and Widdows 
(1973) reported a decline in metabolic rates in 
M. edulis in response to starvation. Because 
we did not see any effects of food limitation 
on lipid content in our study, it seems 
possible that these mussels reduced the 
metabolic rates and energy requirements and 
thus need to use lipids. Alternatively, the 
quantity or quality of the microalgae, supplied 
to the mussels in the food treatment, were 
inadequate for maintenance, resulting in a 
similar response as for non-feeding mussels. 

The dry weights of mussels kept in 24°C 
and supplied with food were reduced and 
mortality was observed towards the end of the 
experiment, indicating that mussels were 
highly stressed in this treatment and were 
using their body energy reserves for survival. 
This was not observed for non-feeding 
mussels in 24°C, which suggested that the 
energy requirements were lower during food 
limitation, possibly as a result of a general 
depression of metabolic rates as discussed 
above. 

Interestingly, there was no significant 
effect of temperature on glycogen 
concentration which would be expected if 
glycogen reserves are used as the primary 
energy source before lipids as suggested by 
Zaba & Davies (1984). It should be noted that 
variability among samples was large, 
indicating that the difference among 
treatments needs to be large to detect 
statistical differences. 

In contrast to food limitation, exposing 
mussels to an increased temperature reduced 
the amount of lipids in the digestive glands. 
This was in agreement with the predictions. 
Significantly lower levels of lipids were 
observed in mussels exposed to 24°C 
compared to 18°C at all sampling occassions. 
The relative differences in mean lipid content 

among treatments were small but variability 
among individual samples during the 
experiment ranged from 13-26%, hence we 
tested if OA concentration was positively 
correlated to the lipid content in the digestive 
gland. However, we found no relationship 
between these variables in the experiment. 
This was in contrast to the correlation 
observed in the field study. Since we could 
not experimentally verify the significance of 
this relationship, the model that lipid 
metabolism affects elimination of OA was not 
supported in the laboratory experiment.  

Neither temperature nor food had any 
effect on the rate of depuration of OA. The 
rate of reduction in concentration of OA was 
similar for all treatments. This is in contrast to 
previous beliefs. It has been assumed that 
depuration is faster in higher temperatures 
(Shumway, 1995) although this was not 
observed in an experiment performed by 
Lindahl & Hageltorn (1986), who compared 
depuration efficiency of DST between 
mussels (M. edulis) kept in ambient 
temperature (0-2°C) and in heated seawater 
(10° C). In this paper, we exposed mussels to 
a instantaneous increase of 6°C and compared 
depuration rates with those kept in ambient 
seawater temperature. This approach was 
chosen in order to induce an increased 
requirement to utilize energy reserves as 
discussed above. A different approach to 
experimentally test the effects of temperature 
is to gradually adjust mussels to a higher 
temperature for some time and then compare 
depuration rates to mussels acclimated in 
lower temperature. This would abolish the 
stress effects and cost of acclimation and 
perhaps represents the “true” effects of 
temperature, comparable to long-term 
seasonal temperature changes in the sea. 
However, naturally intoxicated mussels 
cannot be used in this kind of study. We 
expected complete acclimation to the new 
temperature after 14 days in our experiment, 
following the results by Widdows & Bayne 
(1971) and Hawkins et al. (1987). This 
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suggested that any effect of temperature 
might have been detected after 24 days of 
depuration in our experiment but this was not 
seen. Also, feeding on non-toxic algae has 
been observed to increase the rate of 
depuration in the field but did not increase 
depuration rates of OA in the experiment by 
Svensson (2003). Our results further indicate 
that depuration is not accelerated in feeding 
mussels compared to non-feeding mussels. 
Alltogether, these results emphasize the 
difficulties to influence the mechanisms of 
depuration by manipulating external factors 
which was also the conclusion by Morono et 
al. (1998). This suggests that endogenous 
processes, insensitive to immediate changes 
in the surrounding environment, regulate the 
mechanism of depuration of the DST. We 
propose that seasonal changes in the 
physiological status of mussels, which may 
correlate to environmental factors such as 
food and temperature, is important in 
controlling depuration rates of algal toxins 
and may account for the variability in 
depuration rates observed in the field. 
Especially for mussel populations in 
temperate latitudes, the physiological status is 
related to the annual reproductive cycle which 
is associated with marked seasonal changes in 
both biochemical composition and 
physiological rate processes (Hawkins & 
Bayne, 1992). For example, a seasonality in 
the physiological response to external factors 
such as food have been documented for M. 
edulis. Hawkins & Bayne (1984) showed that, 
despite similar availability of the same algal 
species, rates of ingestion were less than half 
in a winter experiment compared to those 
measured during summer under identical 
conditions. There is also convincing evidence 
of an endogenous regulation of the seasonal 
balance between acquisition and utilization of 
nutrients with a considerably lower metabolic 
efficiency during winter compared to autumn 
(Hawkins, 1985; Hawkins & Bayne, 1984). It 
is possible that the endogenous rate processes 
involved in depuration of algal toxins show 

similar seasonal fluctuations and short-term 
inertia to changes in the environment. 

By fitting the data to the exponential loss 
equation, we could calculate the rate constant 
for depuration of OA and depuration half-life 
(t1/2). The half-life was approximately 8 days 
for all treatments in our experiment. This is 
considerably faster compared to laboratory 
results obtained by Svensson (2003) who 
found a 50% reduction of OA in M. edulis
after 16 days. Lindahl & Hageltorn (1986) 
observed a 50% reduction after 1.5 months 
and Marcaillou-Le Baut et al. (1993) after 1 
month of depuration in the laboratory. Similar 
depuration rates to those in this paper were 
observed by Blanco et al. (1999) (t1/2=7-8 
days), Fernández et al. (1998) (t1/2=11-12 
days) and Marcaillou-Le Baut et al. (1993) 
(t1/2=12 days) for M. galloprovincialis. Croci 
et al. (1994) observed very high rates of 
depuration of DST in mussels (M. 
galloprovincialis ) kept in ozonized water 
with a reduction of 50% after 3 days in two 
samples out of three.  

High r2 values (0.82-0.99) suggested that 
the depuration kinetics of OA for all 
treatments was accurately explained using a 
simple one-compartment model where 
depuration rate is constant over time (Spacie 
& Hamelink, 1985; Silvert & Cembella, 
1995). This was also observed by Croci et al.
(1994) and Blanco et al. (1995). A two-step 
depuration curve of DST, corresponding to a 
two-compartment model with an initial high 
depuration rate during the first days of 
depuration followed by a lower rate, has 
previously been observed by Bauder et al.
(2001) in the digestive gland of scallops, 
Agropecten irradians, and in mussels M. 
galloprovincialis (Fernández et al., 1998; 
Marcaillou-Le Baut et al., 1993) and M. 
edulis (Svensson, 2003). Blanco et al. (1999) 
investigated the effects of environmental 
conditions on depuration rates of DST in M. 
galloprovincialis in the field and used both a 
one- and two-compartment model approach. 
They concluded that the most accurate model 
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describing depuration kinetics was dependent 
on wether the effects of environmental 
variables was included or not.  

To summarize, different observations on 
both rates and depuration kinetics of DST in 
mussels indicate that further research into the 
physiological and biochemical processes, 
regulating accumulation and depuration of 
these compounds in mussels, is needed. 
Important is to identify the molecular binding 
site or storage location of the DST in mussel 
tissue. The turnover rate of these cellular or 
intracellular components may then be 
involved in regulating depuration rate of 
DST. The results in our experiment indicated 
that OA is not bound to lipid storage products 
in the digestive gland. An interesting theory 
was recently discussed by Córdova et al.
(2001) who suggested that the intracellular 
protein phosphatases (PP) are the main target 
for OA in mussels and that some species are 
able to compensate for the resulting loss in PP 
activity by producing higher amounts of other 
PP isoforms, not sensitive to the binding of 
DST. If so, the turnover rate of PP could be 
involved in regulating the release of DST. 

Finally, the occurrence and magnitude of 
biotransformation of OA, DTX-1 or DTX-2 
to their respective acylated forms (DTX-3) as 
a route for elimination of DST in mussels 
should be explored. The toxicity of DTX-3 is 
considerably lower than the non-acylated 
forms due to a reduced binding-affinity for 
the PP (Yasumoto et al., 1989; Yanagi et al.,
1989; Takai et al., 1992), which means that 
acylation represents a detoxification pathway 
for bivalves. Mytilus sp. generally contains 
only low amounts of DTX-3 of the total DST 
present in tissue (Fernández et al., 1996; Marr 
et al., 1992; Fernández et al., 1998; Suzuki & 
Mitsuya, 2001; Vale & Sampayo, 2002). So 
far, there is only one study which compares 
the detoxification kinetics between OA/DTX-
2 and their respective acyl-derivatives in 
mussels, M. galloprovincialis (Fernández et 
al., 1998). They found different depuration 
kinetics and considerably slower depuration 

rates for the acyl-derivatives compared to OA 
or DTX-2 which suggested that (1) rate of 
acylation is not constant (2) the mechanism 
and/or rate of tissue elimination differs 
between acyl-derivatives and parent toxins. In 
Swedish blue mussels, DTX-3 is currently not 
included in monitoring for DST and not much 
is known about the occurrence of DTX-3. A 
preliminary analysis of DTX-3 in subsamples 
from this current experiment showed that the 
proportion of acylated OA ranged between 25 
to 74% (data not shown). Hence, significant 
amounts of DTX-3 may be present in 
Swedish mussels. Because acylated OA is 
assumed to rapidly hydrolyze to OA in the 
human stomach (T. Aune, pers. comm.), large 
amounts of acyl-OA imply an additional risk 
for consumers of mussels and need to be 
accounted for in monitoring of DST. 
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LARGE-SCALE DEPURATION OF OKADAIC ACID (DIARRHETIC 
SHELLFISH TOXIN) IN FARMED MUSSELS, MYTILUS EDULIS, BY 

RELOCATION TO A FJORD AREA ON THE SWEDISH WEST COAST

SUSANNE SVENSSON1* AND FREDRIK NORÉN2
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Abstract: Large-scale depuration of mussels (Mytilus edulis) containing the diarrhetic shellfish 
toxin (DST) okadaic acid (OA) was conducted in a fjord system on the Swedish west coast, 
where native mussels rarely contain high concentrations of DST. Toxic mussels (600 µg 
OA*kg-1) were relocated from a long-line farm in the outer archipelago to the fjord. They were 
kept in large tanks, supplied with a continuous flow of natural seawater, and depurated for five 
weeks. Weekly sampling for OA and DTX-1 in mussels together with plankton toxicity and 
identification was performed both in the fjord and the farm area. A fast, exponential reduction 
of OA was observed during the first three weeks in mussels relocated to the fjord. Depuration 
half-life was calculated to seven days. After twelve days, OA levels in the depurated mussels 
were below the regulation limit for marketing (160 µg OA*kg-1). Concentrations of OA in farm 
mussels remained more or less constant throughout the period, indicating a continuous ingestion 
of toxic algae in this area. Although OA was efficiently eliminated in the fjord, mussels 
accumulated DTX-1 during the experiment. A peak in DTX-1 was observed after five weeks 
when mussels were again unsuitable for consumption. Analysis of plankton data indicated that 
plankton toxicity was poorly correlated to cellular abundance of Dinophysis sp. suggesting that 
toxin content per cell varied during the experiment. However, we could confirm that Dinophysis 
acuta was the causative species for DTX-1 production in the fjord. DTX-1 was never detected 
in the farm mussels even though D. acuta was present in substantial numbers. This geographical 
difference in toxin profiles suggested that (1): two genetically distinct populations exist along 
the coast, or (2): differences in environmental conditions between the coastal areas and the fjord 
system affect the production of DST components in D. acuta. It was concluded that depuration 
of OA can be effective as long as the water column is free of toxin-producing algae. 

Keywords: diarrhetic shellfish toxins, Dinophysis, depuration, large-scale experiment, mussel, 
okadaic acid, plankton, relocation 
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1. Introduction 

Harmful and toxic algal blooms (HAB) are a 
global problem with considerable negative 
effects on fisheries and aquaculture of bivalve 
molluscs such as mussels (Hallegraeff, 1995; 
Shumway et al., 1995; Vieites & Leira 
Sanmartin, 2000). Today, most countries 
where shellfish resources are used as human 
food have ongoing regular monitoring 
programs to detect HAB toxins in mussels 
which prevents unsafe mussels to reach the 
market in most cases (Shumway et al., 1995; 
Andersen, 1996). Although regular analysis 
of shellfish generally protects consumers 
from the effects of HAB, the people involved 
in fisheries and aquaculture activities may 
suffer great economical losses due to 
extensive periods of toxic mussels. For 
example, the outbreak of diarrhetic shellfish 
poisoning (DSP) along the west coast of 
Sweden in 1984 had devastating effects on 
the expanding mussel (Mytilus edulis)
industry which almost disappeared for several 
years (Krogh et al., 1985; Underdal et al.,
1985). Monitoring for DSP toxins (DST) 
since 1985 has revealed that okadaic acid 
(OA) is the dominant DST in Swedish 
mussels which correlate to the occurrence of 
Dinophysis acuta and D. acuminata 
(Kumagai, 1986). Large systematic seasonal 
and geographical variations in OA 
concentration occur (Edebo, 1988; Haamer, 
1990b; Lindegarth, 1997). In general, levels 
of OA are high during late autumn and winter 
and mussels in fjord areas, which are 
somewhat sheltered from the outer sea, are 
less affected by high concentrations of DST. 
Although a re-establishment of mussel 
farming activities is occurring today, the 
presence of DST in mussels is still a major 
problem for this industry in Sweden 
(Kollberg, 1999). 

To reduce the effects of DST, or other 
HAB toxins, on the mussel farming industry, 
different approaches to the problem may be 

employed. For example, various strategies to 
prevent the toxins from accumulating in the 
mussels can be used. These may include 
increased efforts to find locations for mussel 
farms where toxic dinoflagellates are less 
prevalent although there is no 100% 
guarantee that a certain area will be 
unaffected by future HAB. Also, use of 
reliable early warning systems for toxic 
events gives mussel farmers opportunities to 
take measures before the mussels become 
intoxicated. A different approach is to 
depurate toxic mussels, which would allow a 
more continuous supply of mussels. For this 
purpose, access to seawater free of toxin-
producing dinoflagellates is a prerequisite. In 
general terms, mussels depurate from DST 
when ingestion of toxic dinoflagellates is 
reduced or stopped but large, usually 
seasonal, variability in rates of depuration is 
observed in the field. To develop practical 
and cost-effective methods for depuration, 
extensive knowledge about variations in rates 
of depuration during different seasons and 
environmental conditions are needed. 

The aim of this paper was to test 
possibilities for and efficiency of large-scale 
depuration for mussels containing okadaic 
acid. Previous studies and monitoring of DST 
in mussels growing in fjords north of the 
island of Orust on the Swedish west coast has 
revealed consistently lower, or non-
detectable, levels of DST compared to 
mussels from the outer archipelago. Thus, this 
was considered a suitable area for depuration 
(Haamer, 1995; Lindahl & Andersson, 1996; 
Lindegarth, 1997). Toxic mussels from a 
long-line farm were relocated to the fjord and 
depurated for five weeks in tanks supplied 
with natural seawater. Weekly sampling for 
DST in both mussels and plankton extracts 
together with plankton counts and 
identification was performed at both sites. 
The influence of non-toxic food resources and 
proportion of Dinophysis of the total plankton 
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community for depuration efficiency was 
evaluated. 

2. Methods 

2.1. Animals and experimental set up 

Mussels (M. edulis, 70-80 mm shell length, 2 
years old) were harvested on 30th of August, 
2000, from a commercial long-line mussel 
farm situated in the Hamburgsund area in the 
outer archipelago (Fig. 1). The mussels 
contained okadaic acid (OA) as the only DST 
(600 µg OA*kg-1 mussel meat). Mussels were 
removed from the growth bands with care not 
to damage the shells. They were immediately 
transported by truck to the experimental site, 
located in Kalvöfjorden (Fig. 1). This fjord 
system north of the island of Orust is 
characterized by a restricted exchange of 
seawater from the outside area because of 
narrow straits and shallow sills (Haamer, 
1995). The experiment was conducted in a 
shallow cove on a jetty at Såtas wharf. Two 
large tanks, each with a volume of 1 m3, was 
installed next to the water. These tanks were 
originally designed for the purpose of 
removing sand from cockles (Franken BV, 
Holland). Approximately 400-500 kg of 
mussels were put in each tank. Seawater was 
pumped from 1-2 m depth through pipes into 
the tanks using a high capacity submerged 
pump with a flow velocity of approximately 
100 l*min-1 (bottom-up flow direction).  No 
increased mortality occurred in the tanks 
during the experiment. Water temperature 
was measured once a week at both sites 
(Table 4). The experiment was conducted for 
five weeks with a weekly sampling frequency 
both at the farm site and the experimental site. 
At each occasion, analysis of DST in mussels 
and plankton extracts together with plankton 
counts and identification was carried out. 
Also, changes in the condition of the mussels 
were estimated by measuring the meat yield 
and dry weights. 

2.2. Analysis of DST in mussels 

Replicate samples (n=2), each consisting of 
twelve pooled mussels, were randomly taken 
from each of the tanks at the experimental site 
or from three different depths within the farm. 
The digestive glands were removed, weighed 
and the proportion digestive gland of total 
flesh weight was determined. Analysis of OA 
and DTX-1 was done using HPLC according 
to the method of Lee et al. (1987) with minor 
modifications (Edebo, 1988). 1-pyrenyl-
diazomethan (PDAM) was used as a 
derivatization reagent instead of ADAM. The 
toxin concentration was expressed as µg OA 
or DTX-1*kg-1 mussel meat. Current upper 
limit for marketing of mussels within 
European Community is 160 µg total 
DST*kg-1 mussel meat. 

North Sea

Norway Sweden

Experimental site

0 10 km

Farm site

Fig. 1. Location of Grisholmen long-line mussel farm in
the Hamburgsund region (farm site) and the depuration
area in Kalvöfjorden (experimental site) north of the 
island of Orust. 
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2.3. Phytoplankton sampling 

Water samples for plankton species 
identification, cell counts and plankton 
toxicity was collected at the same day as the 
mussels were sampled. At the farm site, 
integrated water samples from 1 to 8 meters 
depth were collected. At the experimental 
site, seawater was collected from the pump 
system (1-2 m depths) before passing over the 
mussel tanks and a defined volume between 
30-80 litres of water was filtered through a 10 
µm mesh. From this filtrate, 100 ml were 

preserved using Lugholes iodine (1-2% final 
concentration) in brown glass bottles. The 
samples were stored in room temperature and 
analysed within 2 months. For microscopic 
studies, 1 ml of each sample were filtrated 
through a Whatman GF/F filter. A drop of oil 
were added to the filter before the coverslip 
were added, this prevented the sample to get 
dry during the examination. All cells present 
on the filter were counted. A standard 
laboratory microscope (Leitz) was used at 
100x and 200x magnification. 

Biovolumes were calculated as geometric 
bodies according to Edler (1977) and Hansen 

Table 1. Plankton species (>10 µm) identified during the experiment together with data on biovolumes. 
Species were divided into five groups and the contribution of each group to the total biomass was 
calculated. 
Species Volume (µm3) Group Comment
Ceratium furca 60000 Dino. Hansen (1992) 
Ceratium tripos 130000 Dino. Hansen (1992) 
Ceratium lineatum 28000 Dino. Hansen (1992) 
Ceratium fusus 23000 Dino. Hansen (1992) 
Prorocentrum micans 9300 Dino. Hansen (1992) 
Dinophysis acuta 40000 Dino. According to Edler (1977) 
Dinophysis acuminata 12600 Dino. w= 30µm, l=40µm, t=20µm, V=ˊ/6*w*l*t
Dinoshysis norvegica 31400 Dino. w= 40µm, l=50µm, t=30µm, V=ˊ/6*w*l*t 
Dinophysis rotundata 33500 Dino. w=40µm, V=ˊ/6*w3

Dinophysis dens 12600 Dino. According to Edler (1977) 
Polykrikos schwartzii 100000 Dino. w=50µm, l=100µm, t=20, V=w*l*t 
Protoperidinium sp. 175000 Dino. Calculated as P. depressum, Edler (1977) 
Gonyaulax grindley 16400 Dino. According to Edler (1977) 
Leptocylindrus sp. 53000 Diatom w=15µm, l=300µm
Chaetoceros sp.  4855 Diatom Calculated as the mean value of Edler (1977) 

   Chaetoceros species when <10µ were excluded. 
Dictyocha speculum 4000 Other According to Edler (1977) 
Skeletonema sp. 850 Diatom According to Edler (1977) 
Proboscia sp. 8800 Diatom According to Edler (1977) 
Tintinnida ciliater 50000 Other Approximated from Edler (1977) 
Cylindrotheca sp. 200 Diatom Approximated from Edler (1977) 
Thalassiosira sp. 19000 Diatom Approximated from Edler (1977) 
Pseudonitzschia 500 Diatom Approximated from Edler (1977) 
Nitzschia sp. 500 Diatom Approximated from Edler (1977) 
Spirulina 500 Other Approximated from Edler (1977) 
Fragilaria sp. 1000 Diatom Approximated from Edler (1977) 
Amphora sp. 3000 Diatom Approximated from Edler (1977) 
Biddulphia 3000 Diatom Approximated from Edler (1977) 
Parvilucifera sporangia 1000 Other Approximated from Edler (1977) 
Noctiluca 900000 Dino. Approximated from Edler (1977) 
Achnantes sp. 400 Diatom Approximated from Edler (1977) 
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(1992) and used as a measure of biomass 
(Hansen, 1992). A summary of values used is 
presented in Table 1. Some volumes were 
only approximately calculated due to their 
minute contribution to the total biomass and 
hence of minor importance. The plankton 
were divided into six groups; Dinophysis 
acuta, Dinophysis acuminata, Dinophysis 
norvegica, Dinoflagellates, Diatoms and 
Others. The contribution of each group to the 
total biomass was analysed. The three 
Dinophysis species were not included in the 
group Dinoflagellates. The species included 
in each group are listed in Table 1. All 
plankton samples were analysed in duplicates 
except for week 4 at the control site where 
one sample was lost. Thus, week 4 was 
excluded from the statistical analysis of the 
various plankton measures. 

2.4. Toxicity in plankton extracts 

For analysis of toxicity in the plankton 
community, samples were collected in the 
same manner as described for cell count and 
identification. The plankton concentrates 
were transferred into 50 ml Falcon test tubes 
and centrifuged at 3000 rpm for 5 minutes. 
The resulting algal pellets were stores at -
80°C until analysis of DST toxicity was done 
using the protein phosphatase inhibition assay 
(PPIA) developed by Vieytes et al. (1997) 
and modified for algal samples by (Godhe et
al., 2002). The concentration of DST in the 
plankton extracts were expressed as ng OA 
equivalents*l-1 seawater (ng OA eq.*l-1).

2.5. Analysis of meat yield and dry weights 

The meat yield and dry weights were 
estimated and used as a measure of quality. 
12 individual mussels were randomly 
sampled from each tank or from different 
depths within the mussel farm. To analyse the 
meat yield, the mussels were boiled for five 
minutes and the weight of the separated 

mussel meat and the shells was determined. 
Meat yield was expressed as % meat of total 
weight. Dry flesh weights were determined by 
removing the shells and drying the mussel 
meat in 80°C for three days and then 
weighing the remaining dried flesh (g). 

2.6. Statistical analysis 

Two-factor (fixed effects) analysis of 
variance (ANOVA) was used to test 
differences between locations and weeks of 
depuration for various variables: 
concentration of OA in mussels, plankton 
toxicity,  Dinophysis spp. abundance and total 
biovolume of plankton. The difference in OA 
concentration in mussels between the tanks at 
the experimental site was tested separately. 
No difference was detected (tank*week, 
p=0.86), thus the factor tank was not included 
in the full analysis. Data was checked for 
homogeneity of variances using Cochran´s 
test and for significant effects, Student-
Neuman-Keuls (SNK) a posteriori test for 
differences among means was used. For 
analysis of abundance of Dinophysis spp. and 
total biovolume of plankton, week four was 
excluded from the statistical analysis due to a 
lost replicate from the control site. 

3. Results 

3.1. Depuration efficiency of OA 

At the start of the experiment, mussels 
contained 600 µg OA*kg-1 mussel meat 
which was approximately four times above 
the limit for marketing (Fig. 2). Already after 
one week of depuration, OA concentration 
was significantly lower in the relocated 
mussels (261±112 SE µg OA*kg-1) compared 
to mussels at the farm site (587±129 µg 
OA*kg-1) (Table 2, p<0.05 for L*W). 
Whereas OA was further reduced after two 
and three weeks in fjord mussels, 
concentration of OA remained high in farm 
mussels until the last sampling occasion, 
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when a significant reduction was observed. 
During the first three weeks of the 
experiment, a constant depuration rate 
(exponential decrease) of OA was observed in 
fjord mussels. The data was fitted to the 
exponential loss equation, Tt=T0*e-λt

(T0=toxin concentration at the start of 
depuration (µg OA*kg-1), λ=exponential 
decay coefficient (day-1) and t=time (days)), 
and the high score for the correlation 
coefficient (r2=0.99) indicated that this model 
accurately described the depuration kinetics 
during this period. From this relationship, the 
depuration half-life of OA was estimated to 
seven days. Considering that the start value 
was 600 µg OA, it would have been possible 
to market the depurated mussels after twelve 
days since the concentration of OA was 
calculated to be below the regulation limit by 
then (160 µg OA*kg-1 mussel meat). 

3.2. Accumulation of DTX-1 in relocated 
mussels 

At the start of the experiment, DTX-1 was not 
present in the mussels. However, after one 
week in the fjord site, low amounts of DTX-1 
were detected in the relocated mussels (10±7
µg DTX-1*kg-1, Fig. 2). The uptake of DTX-
1 slowly continued and between week four 
and five, a rapid increase from 84±13 to 
356±33 µg DTX-1*kg-1 occurred. The 
accumulation of DTX-1 resulted in mussels 
being unsuitable for consumption after five 
weeks at the experimental site. DTX-1 was 
never detected in the mussels at the farm site. 

3.3. Occurrence of Dinophysis spp. and 
toxicity in plankton extracts 

Dinophysis acuta, D. acuminata and D. 
norvegica were present in various 
concentrations at both sites during the 
experimental period (Fig. 3A, B).  On 
average, D. acuta was the most abundant 
species at both locations during the 
experiment. Similar concentrations of D. 
acuta were detected at both locations during 
the experiment (Table 2, p>0.05 for 
Location). However, the mean abundance of 
D. acuta was generally higher in the fjord 
compared to the farm site with the exception 
of week three, when high concentrations (1 
650±602 SE cells*l-1) were detected in the 
farm area. In the fjord, >1000 D. acuta*l-1
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Fig. 2. Concentration of OA (µg OA*kg-1 mussel meat)
in mussels at the control and experimental site, primary
y-axis. Concentration of DTX-1 (µg DTX-1*kg-1 mussel
meat) in mussels at the experimental site, secondary y-
axis. 

Table 2. ANOVA on the effects of location (control vs experimental site) and depuration time (weeks) on 
mussel toxicity (OA,  µg*kg-1 mussel meat) and plankton toxicity (OA equivalents, ng*l-1 sea water). Note: 
n=2 at the control site and n=4 at the experimental site for all comparisons in the analysis of mussel 
toxicity. In the analysis of plankton toxicity, n=2 for all comparisons. 
  Mussel toxicity Plankton toxicity 
Source df MS F p MS F p 
Location (L) 1 1.56*106 277.0 0.0001 0.40 1.45 0.26 
Week (W) 4 33.0*103 5.87 0.0027 1.34 4.87 0.02
L* W 4 31.0*103 5.52 0.0037 0.31 1.14 0.39 
Residual 20 5.61*103   0.27 
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were observed at three sampling occasions. 
Concentration of D. acuta in this area was 
higher at all occasions compared to D.
acuminata, which never exceed 200 cells*l-1.
At week four, no D. acuminata were present 
in the plankton samples. Significantly higher 
concentrations of D. acuminata (1 319±200 
cells*l-1) were observed in the farm compared 
to the fjord at week two (Table 2, p<0.05 for 
L*W). Also, significantly higher numbers of 
D. norvegica (3 622±1 621 cells*l-1) was 
found at week three at the farm site (Table 2, 
p<0.05 for L*W). High concentrations of D.
norvegica was present at the fjord site at week 
four (3 234±1 136 cells*l-1), however, this 
occasion was not included in the statistical 
test. 

Toxicity in plankton extracts varied 
between 0-1.32 ng OA eq.*l-1 seawater on 
average during the experiment (Fig. 3A, B). 
In the farm site, toxicity was detected at all 
occasions and at week four, a peak was 
observed (1.13±0.89 ng*l-1). In the fjord, 
plankton toxicity was below the detection 
limit during the first two weeks. Low toxicity 
was detected in the extracts at week three but 
during the last two experimental weeks, 
plankton toxicity increased considerably, 
peaking at week four with a toxicity of 
1.32±0.71 ng*l-1. A statistically significant 
difference in plankton toxicity was detected at 
week four, when toxicity was significantly 
higher in both locations compared to all other 
weeks (Table 2, p<0.05 for Week). D.
norvegica is generally not associated with 
toxic mussels along the Swedish west coast, 
thus we focused on D. acuta and D. 
acuminata to study the relationship between 
Dinophysis and toxicity in the plankton 
extracts. In the farm, there was no apparent 
positive correlation between either the 
concentration of D. acuminata or D. acuta
and plankton toxicity. The highest values of 
plankton toxicity was observed at week one 
and four when cell numbers were generally 
low. The opposite was observed at week three 
when very low toxicity was detected in an 

extract containing high concentrations of D. 
acuta. This pattern indicated that toxin 
production per cell varied among sampling 
occasions. In the fjord, a positive correlation 
between concentration of D. acuta and 
toxicity in the plankton extracts was observed 
at week four and five. Since a rapid 
accumulation in DTX-1, but not in OA, 
occurred in the mussels between these 
occasions, it was concluded that D. acuta was 
the causative species for this, producing 
DTX-1 as a major toxic component in the 
fjord area. It should also be noted that the 
plankton extracts were non-toxic at week two 
in the fjord even though relatively high 
numbers of D. acuta (1 180±917 cells*l-1)
were present in the sample, suggesting 
temporal variability in toxin production for 
this species in the fjord. The D. acuta
population in the farm did not appear to 
produce DTX-1 since this toxin was never 
detected in mussels from this site.  
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primary y-axis) and plankton toxicity (ng OA
equivalents*l-1 seawater, secondary y-axis) during the
experiment at A. the control site and B. the experimental
site. 
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3.4. Plankton biomass and Dinophysis in the 
community 

Using biovolumes as a measure of biomass, 
total plankton biomass (Fig. 4, Table 3) and 
proportional contribution of Dinophysis to the 
total community (data not shown) was 
estimated. Total biomass was found to be 
similar at both sites throughout the 
experiment (Table 3, p>0.05 for all factors) 

although there was an indication that the 
biomass was slightly higher at the control site 
(p=0.09 for Location). This is with the 
exception of week four, when biomass was 
substantially higher in the fjord (week four 
not included in the statistical analysis). The 
dinoflagellates were the main constituents of 
the plankton community during the whole 
period (79±26% S.D.) The percentage 
contribution of D. acuta ranged between 0.3-
15.9% which was significantly higher than D. 
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Fig. 4. Biovolume of the plankton community >10 µm (mm3*l-1 seawater) at both sites during the experimental period. 

Table 3. ANOVA on the effects of location (control vs experimental site) and depuration time (weeks) on 
the abundance of Dinophysis acuta, D. acuminata and D. norvegica (cells*l-1 sea water) and total 
biovolume of plankton > 20 µm (µm3*l-1 sea water), n=2 for all comparisons. Note: week four not included 
in the analysis.  
  D. acuta   D. acuminata  
Source df MS F p MS F p 
Location (L) 1 92.3*103 0.25 0.63 0.35*106 18.0 0.0028 
Week (W) 3 0.63*106 1.72 0.24 0.34*106 17.6 0.0007 
L* W 3 1.00*106 2.72 0.11 0.43*106 22.5 0.0003
Residual 8 0.37*106   19.3*103

  D. norvegica  Total biovolume  
Source df MS F p MS F F p 
Location (L) 1 2.12*106 3.07 0.12 2.08*1018 3.60 0.09 
Week (W) 3 2.71*106 3.93 0.05 1.01*1018 1.75 0.23 
L* W 3 3.63*106 5.26 0.03 0.69*1015 0.12 .95 
Residual 8 0.69*106   0.59*1018
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acuminata (0-0.83%) at both locations 
throughout the experiment. This was with the 
exception of week two at the control site, 
when the proportion of D. acuta was lower 
than D. acuminata. The proportion of D.
acuta was also significantly higher in the 
fjord area at week two and week five 
compared to the control site. 

3.5. Mussel quality 

Changes in meat yield and dry weights of 
mussels during the experiment are shown in 
table 4. The average meat yield was reduced 
from 37 to 31% in mussels at the 
experimental site after three weeks of 
depuration. Meat yield was further reduced 
during the last weeks of the experiment. Dry 
weights of the experimental mussels were 
lower at all sampling occasions comapared to 
the farmed mussels. This indicated that 
mussels were stressed and were losing body 
mass at the experimental site. However, a 
meat yield index of approximately 30% is 
considered to be acceptable for marketing of 
mussel (Z. Uggla, pers. comm.). 

4. Discussion 

Relocation of toxic mussels to non-toxic 
environments for depuration is a future 
management option for the shellfish industry. 
Crucial is to find areas where the toxin-
producing Dinophysis spp. are less prone to 
occur. A general geographical pattern seems 
to exist where fjords, bays and estuaries with 
a restricted exchange of seawater are less 

affected by DST (Sedmak & Fanuko, 1991; 
Haamer, 1995; Poletti et al., 1996). It has 
been suggested that blooms of Dinophysis
originate in the sea and are transported to 
coastal areas by currents where they affect 
mussel farming activities (Edebo, 1991; 
Lassus et al., 1993; Reguera et al., 1995; 
Godhe et al., 2002). However, in a deep fjord 
on the Norwegian west coast, the toxicity in 
mussels is generally larger inside the fjord 
than closer to the mouth which suggest that 
local blooms of Dinophysis may also occur 
(Aune et al., 1996; Ramstad et al., 2001).  

A previous attempt to depurate mussels 
from OA by relocation from a toxic to a less 
toxic environment on the Swedish west coast 
was performed by Haamer (1990a). 
Fluctuations in OA concentrations were 
observed between days but a general 
reduction of 50% was achieved in the less 
toxic environment after 11 days of 
depuration. 

In this experiment, a fast and efficient 
reduction of OA was obtained in mussels 
relocated to Kalvöfjorden for depuration. This 
factual depuration success was evaluated by 
comparing the toxicity of mussels at the farm 
site from where the experimental mussels 
originated. In the farm, levels of OA 
remained more or less constant in the mussels 
throughout the experiment, indicating a 
steady-state relationship between ingestion 
and depuration rates of OA. In the fjord, an 
exponential decrease of OA was observed 
during the first three weeks with a depuration 
half-life (t1/2) of seven days. This implied that 
the mussels could have been marketed after 

Table 4. Water temperature (°C), meat yield (% flesh of total weight) and soft tissue dry weights (g) in 
mussels at the farm site and in the experimental area during the experiment. 

  Water temperature (°C) Meat yield (%) Dry weight (g) 
Depuration (weeks) Farm site Exp. site Farm site Exp. site Farm site Exp. site 
 1 15 16.5 35 37 2.80 2.10 
 2 13.5 14 37 31 2.51 2.07 
 3 13 14 38 31 2.29 1.94 
 4 13 12 44 28 3.04 2.19 
 5 11 11 42 26 3.35 2.23 
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twelve days of depuration without any 
negative effects on the product quality. This is 
a relatively high rate of reduction compared 
to previous attempts to depurate Mytilus sp. 
containing DST. Considerable variability in 
depuration rates have been reported and 
observed half-lives for M. edulis have been 
30-45 days (Lindahl & Hageltorn, 1986; 
Marcaillou-Le Baut et al., 1993), 16 days 
(Svensson, 2002) and 12 days (Marcaillou-Le 
Baut et al., 1993). Faster rates have been 
reported for M. galloprovincialis by (Blanco 
et al., 1999) (t1/2=7-8 days) and (Fernández et
al., 1998) (t1/2=11-12 days). Very high rates 
of depuration of DST (t1/2=3 days) were 
detected by Croci et al., (1994) for M. 
galloprovincialis.

Differences in environmental conditions 
and whether depuration is performed in the 
field or in the laboratory may perhaps explain 
some of the variability in depuration rates of 
DST in mussels. However, depuration may be 
equally effective in the laboratory as in the 
field. Svensson & Förlin (In prep.) performed 
a laboratory experiment in parallel to the field 
depuration presented in this paper. Mussels 
from the same long-line farm with similar 
initial OA levels were used and the 
experiment started ten days prior to the 
current field experiment. Thus, the 
physiological status and toxin history of the 
mussels can be considered equal and 
comparisons of depuration rates between 
these experiments are therefore relevant. The 
results showed that depuration was equally 
effective regardless of external factors 
(temperature and food conditions) with a 
calculated half-life of eight days for all 
treatments. This rate was very similar to the 
field depuration rate observed in this present 
study (t1/2=7 days). Other studies where 
attempts have been made to accelerate the 
depuration process in M. edulis by changing 
the conditions for the mussels have also 
shown that rates of depuration of DST remain 
unaffected (Lindahl & Hageltorn, 1986; 
Svensson, 2002). These results point to the 

difficulties incurred in attempts to influence 
the rate of depuration of DST by 
manipulating exogenous factors (Morono et 
al., 1998). Seasonal changes in the 
physiological status and annual reproductive 
cycle, especially in mussels from temperate 
latitudes, may contribute to the variability in 
depuration rates of DST observed in both the 
field and laboratory (Svensson & Förlin, in 
prep.). Indeed, slow depuration rates were 
observed in Swedish mussels by Svensson 
(2003) and Lindahl & Hageltorn (1986) 
during November to March whereas faster 
rates were reported during late summer in this 
paper and by Svensson & Förlin (in prep.). 
Thus, season should be considered a relevant 
factor to include when uptake and elimination 
of toxins are studied.  

Using data on several plankton variables, 
additional information about the potential 
causative factors determining toxicity levels 
in the mussels could be extracted. However, 
interpretation of relationships between 
plankton data, sampled once a week, and 
mussel toxicity, which is a time-integrated 
measure and reflects previous situations in the 
water column, is always problematic. This has 
to be accounted for when conclusions are 
drawn. Total plankton biomass was used as a 
measure of food available for the mussels at 
both locations. The importance of feeding 
physiology for depuration of DST in mussels 
have been discussed in previous papers 
(Sampayo et al., 1990; Marcaillou-Le Baut et 
al., 1993; Blanco et al., 1995; Blanco et al.,
1999; Svensson, 2003). It has been suggested 
that both the total biomass of plankton as well 
as the relative proportion of Dinophysis in the 
plankton community could be factors critical 
for depuration. These factors are likely to 
affect the filtration and uptake rates of toxic 
algae in the mussels. A reduced ingestion rate 
of toxic Dinophysis will lead to a reduction in 
the DST concentration even though the 
elimination rate remains constant. No 
significant difference in plankton biomass 
was found during this experiment, thus this 
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variable did not account for the difference in 
OA concentration observed between farm and 
fjord mussels. The proportion of both D.
acuminata and D. acuta varied between and 
within locations during the experiment which 
could have affected the ingestion rate of these 
species and hence levels of OA in mussels. 
However, this mechanism is not important if 
the algal species do not produce OA, or the 
toxicity per cell is highly variable which 
appeared to be the case in our study. For 
example, there were no correlations between 
cell numbers and plankton toxicity in the 
farm. Even so, toxicity was detected in all 
plankton samples, indicating that mussels 
continued to ingest OA-producing algae in the 
farm. In contrast to the farm site, we did not 
detect plankton toxicity during the first two 
sampling occasions in the fjord. This absence 
of plankton toxicity probably caused the 
initial fast reduction of OA in the 
experimental mussels. Highly variable toxin 
contents per cell for both D. acuta and D. 
acuminata have also been confirmed in 
Denmark, Norway, Spain and France 
(Andersen et al., 1996; Aune et al., 1996; 
Dahl & Johannessen, 2001; Fernández et al.,
2002; Marcaillou et al., 2002). This 
complicates the use of absolute cell counts, or 
proportion Dinophysis, as predictive measures 
of mussel toxicity (Fernández et al., 2002). A 
better predictive variable would be the factual 
toxin concentration in plankton extracts 
(Godhe et al., 2002). 

Mussels depurated from OA were 
unsuitable for consumption at the end of the 
experiment due to the accumulation of DTX-
1. D. acuta was confirmed to be the causative 
species for DTX-1 in the fjord area. The rapid 
accumulation of DTX-1 observed in fjord 
mussels between the last sampling occasions 
correlated to high numbers of D. acuta as 
well as high plankton toxicity in the fjord. 
Since D. acuminata has no previous history of 
DTX-1 (Yasumoto et al., 1985; Andersen et
al., 1996; Vale & Sampayo, 2000; Fernández 
et al., 2002; Marcaillou et al., 2002) and D.

norvegica is regarded as a low, or non-toxic 
species in Scandinavian waters (Dahl & 
Johannessen, 2001; Andersen et al., 1996), 
this further connects D. acuta to DTX-1 
production. Interestingly, the same species 
did not appear to produce DTX-1 in the 
coastal farm location. DTX-1 was never 
detected in farm mussels even though D. 
acuta was present in all plankton samples. 
Thus, two important conclusions about the 
fjord system can be drawn: (1). This area is 
not always safe for depuration of DST in 
mussels. (2). Different toxin profiles in D. 
acuta between the farm site and the fjord 
suggest that the two populations are 
genetically distinct and/or that differences in 
environmental conditions affect the 
production of DST components. 

Several trials to detoxify shellfish 
containing paralytic shellfish toxins (PST) 
have been done (see reviews by (Bricelj & 
Shumway, 1998) and (Shumway et al., 1995). 
Methods testing temperature and salinity 
stress, chlorination and ozone treatment of the 
seawater are reported but none has been 
shown to be effective in accelerating the rate 
of detoxification of PST. As for DST, the rate 
of depuration of PST appears to change with 
the season where slower rates are recorded 
during colder periods. 

To conclude, the most cost-effective 
depuration for DST will be achieved during 
conditions when mussels are self-depurated in 
waters free of toxin-producing 
dinoflagellates, possibly with a faster 
reduction rate during the warmer season and 
vice versa. 
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