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Abstract The inter-species variability of contamination by domoic acid (DA), okadaic acid and analogues (OAs) and
spirolides (SPX) in mussels, oysters, cockles, carpet shell clams and razor clams was assessed. DA concentrations were
measured using both high performance liquid chromatography (HPLC) with Ultra Violet (UV) detection and HPLC cou-
pled with tandem mass spectrometry (HPLC-MS/MS); OAs and SPX were measured using HPLC-MS/MS. Observations
showed that for each phycotoxin, the contamination rates are species-dependent and the most contaminated species differ
according to the kind of phycotoxin. For DA and SPX, cockles appear to be the most contaminated species whereas mus-
sels seem to be the predominant vector for OAs. The effect of cooking process on DA concentrations was investigated in
five different bivalve species by comparing toxin concentrations in whole raw flesh with concentrations in whole cooked
flesh. The DA concentration decreased in cooked cockles and razor clams whereas it increased in cooked mussels, carpet
shell clams and donax. Thus the impact of cooking is bivalve species-dependent. For OAs and SPX, the cooking process
was studied on mussels and resulted in an increase in the toxin concentration because of their lipophilic nature. These re-
sults should be taken into consideration in exposure assessments and in the design of regulatory monitoring programs, as

the current banning levels based on raw bivalves may over- or under-protect consumers when shellfish are eaten cooked.
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1. Introduction

Phycotoxins are secondary metabolites produced by toxic
phytoplankton which can be accumulated in the food chain
(particularly in bivalves) and thus can cause food poisoning
when bivalves are ingested by human beings[1-2]. Among
known phycotoxins, we will focus on three groups of toxins
which are the main sources of contamination in Western
Brittany (France): domoic acid (DA) and analogues; oka-
daic acid (OA) and analogues (dinophysistoxins, DTXs);
and spirolides (SPXs). DA and some of its isomers (e.g.
epi-DA) are known to be Amnesic Shellfish Poisoning
(ASP) toxins. In humans, DA can cause gastroenteritis and
produce neurodegeneration and central nervous system
dysfunction, notably loss of short-term memory[3]. His-
torically, OA and its congeners (OAs) are classed under
Diarrheic Shellfish Poisoning (DSP) because of the symp-
toms they cause (gastrointestinal distress, diarrhoea, nausea,
vomiting and abdominal pain)[4]. SPXs are toxins identi-
fied more recently, and so far no case of human illness due
to SPXs has been reported. They are however classified as
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fast-acting toxins due to symptoms caused in mice[5].

Over the past few decades, phycotoxins have become in-
creasingly controlled and considered as an important food
safety issue because of their expansion. They can have a
significant impact on humans, however accurate data on
exposure to phycotoxins via shellfish consumption are very
limited. On this point, the European Food Safety Authority
(EFSA) scientific panel noted i) the lack of representative
data on the contamination of shellfish notably regarding the
species of shellfish and ii) the lack of data on the possible
impact of shellfish processing (e.g. cooking). The aim of
this work is to obtain these data, as recommended by the
panel.

Phycotoxin levels are heavily dependent on the shellfish
species. Each phycotoxin seems to have dominant con-
tamination vectors, depending on the bivalve’s ability to
accumulate and to depurate (more or less quickly) phy-
cotoxins. For instance, Hess et al. (2001) ([6]) showed, in
Scotland, that for domoic acid, 73 % of scallops, 50 % of
razor clams and only 26 % of mussels were affected. James
et al. (2005) ([7]), in Ireland, obtained greater differences
with 89 % of scallops, and only 2 % of mussels for the same
toxin. In these two studies, the level of contamination was
also the highest in scallops (up to 240 pg/g) and the lowest
in mussels (0.09 pg/g). For OAs, mussels are often consid-
ered as the sentinel species because they are the species the
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most often contaminated and with the highest concentra-
tions[8-9]. However, specific studies concerning inter- spe-
cies variability are limited or inexistent (for SPXs). The
majority of studies do not involve species taken at the same
time and location. Thus we chose to conduct a specific in-
ter-species study on bivalves harvested at the same time and
location. The bivalve species were the five of the most
popular species in our area of interest: mussels (mytilus
edulis), oysters (crassostrea gigas), cockles (cerastoderma
edule), razor clams (ensis spp. or solen spp.) and carpet
shell clams (ruditapes spp.).

In terms of consumer health protection, knowledge of the
effects of processing on the phycotoxin levels is very im-
portant because bivalves can be consumed both raw and
cooked. Previous studies have shown that cooking can have
a significant effect on the concentration and distribution of
various toxin groups in a variety of molluscs. The loss of
fluid during the cooking process generally determines the
increase or decrease in toxin levels in shellfish depending
on the hydrophilic or lipophilic nature of the toxin.

Concerning the effects of the cooking process on DA
levels, several conclusions have been drawn: i) the reduc-
tion of visceral DA concentration and the diffusion of tox-
ins through the tissues because of this hydrophilic nature
[10]; ii) the minimal effect (nil or a slight increase by 20 %)
of conventional steaming on the DA level of whole mussel
tissue[11]; and iii) the difference in the effect of the cooking
process according to the bivalve species[12]. Concerning
lipophilic toxins, such as azaspiracids (AZAs) and OAs, an
opposite influence of steaming has been reported, that is
consistent with their lipophilic nature. Hess ef al. (2005)[13]
reported that processing of fresh raw mussels resulted in a
two-fold increase in AZA levels in both whole flesh and
digestive gland tissue compared to uncooked flesh. This
change was attributed to water loss during steaming and
was confirmed by McCarron et al. (2009)[14] who investi-
gated the effect of heating on AZAs in the absence of water
loss. In the same way, McCarron ef al., (2008)[15] and Re-
boreda et al. (2010)[16] concluded that a steaming, auto-
claving or boiling treatment increased the level of OA tox-
ins (OA and DTX2) in the whole mussel flesh. Concerning
processing effects on SPXs, no information is available.
However, given their lipophilic nature, it is reasonable to
assume that they would exhibit similar behaviour to AZAs
and OAs. Depending on the toxin and the bivalve species,
processing seems to have a different influence on shellfish
toxicity (the toxin content of shellfish may fall below or rise
above the regulatory limit). However literature on the in-
fluence of cooking on phycotoxins is sparse[17]. The aim of
this study was to examine the effect of cooking on concen-
trations in different shellfish (mussels, cockles, donax, razor
clams, carpet shell clams) for DA, OAs and SPXs.

This study was undertaken to examine the potential effect
of different parameters on the phycotoxin levels in shellfish
and their consequences on food safety. Firstly the difference
in contamination according to the shellfish species (inter-
species variability of contamination) was investigated. Then

the influence of the cooking process was assessed. Lastly
the difference in cooking process impacts between shellfish
species was studied for DA.

2. Material and Methods
2.1. Standards and Chemicals

Water was deionized and passed through a Milli-Q water
purification system (Millipore, Billerica, MA, USA). Ace-
tonitrile (HPLC-MS grade) was purchased from Carlo Erba
(Val de Reuil, France). Methanol (absolute, HPLC-MS
grade), trifluoroacetic acid (TFA) and ammonium formate
were purchased from Fisher (Loughborough, United King-
dom). Ammonium hydroxide (25 %), hydrochloric acid
(37 %) and sodium hydroxide (32 %) were purchased from
Merck (Darmstadt, Germany). Formic acid was purchased
from J.T Baker (Deventer, the Netherlands). The certified
reference materials (CRMs) DA (CRM-DA-f100.7 £2.1 ug
mL"), OA (CRM-OA-b 14.3 + 1.5 pg mL™"), 13-desmethyl
spirolide-C (SPX1) (CRM-SPX1 7.0 = 0.4 ng mL™"), MusC
(CRM-ASP-Mus-c 41 pg.g' DA) and MusB (CRM-DSP-
Mus-b 10.1 pg.g'1 OA) were purchased from the National
Research Council, Institute for Marine Biosciences (Halifax,
Canada).

2.2. Sample Preparation

Naturally contaminated shellfish were harvested from the
northwest coast of France (Auberlac’h and Cap Coz, Fin-
istére). The samples were harvested monthly (when tide
coefficient was > 95) from June 2009 to June 2010. Samples
were carried in a cool box containing local sea water or in a
basket with wrack to keep them cold, respectively for dug up
bivalves and non dug up bivalves. Samples were taken to the
laboratory, shells were removed and flesh was frozen within
12 hours of being removed from the water. In order to assess
inter-species variability of contamination, shellfish were
collected on the same day from the same location.

2.3. Cooking Process of Shellfish Samples

Live harvested shellfish were randomly separated into two
batches. One sub-sample (containing at least 50.0 g of flesh)
was left raw and a second was cooked as consumed by peo-
ple (whole shellfish steamed for a short time in a pan over
heat, for about 3-5 minutes). After removing the whole flesh
of each sub-sample from the shell, homogenisation was
carried out using a domestic blender. Mussels were ho-
mogenized both with and without cooking juice whereas all
other species were homogenized without cooking juice. The
samples were then split into two equal parts and frozen at
-80°C or -20°C for analysis of lipophilic toxins or DA, re-
spectively.

2.4. Domoic Acid Analysis
2.4.1. Extraction

A minimum of 50.0 g of tissues were removed and finely
blended with a domestic blender. Accurately weighed 4.00 g
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subsamples were extracted in 50 ml centrifuge tubes with 10
ml of MeOH/H,O (50:50, v/v) for three minutes at 13,000
rpmi with a T25 Ultraturrax homogeniser (IKA® Works,
Wilmington, NC, USA). Sample adhering to the Polytron
probe was rinsed into a second tube using 6 ml of extraction
solvent and briefly homogenized. This rinse was saved for
the second extraction. The first crude extract was centrifuged
(Jouan, C412) at 4,800 rpmi for ten minutes. The supernatant
was transferred to a 50 ml volumetric flask. The probe rinse
solution in the second tube was added to the tissue residues
and vortex mixed. Following centrifugation the two super-
natants were combined. Aliquots of the final extract were
filtered through 0.20 pm filters (PVDF/GF, Interchim) into
HPLC vials[18]. These filtered extracts were analysed di-
rectly without further clean up.

2.4.2. HPLC-UV-PDA analysis for DA

DA was determined as the sum of DA and epi-DA, closely
following the procedure published by Quilliam et al. (1995)
[18], without the clean-up step and with some minor modi-
fications. A Waters HPLC system coupled to a photodiode
array detector (PDA) was used with a C-18 column (QK
Uptisphere, 250 mm, 4.6 mm, 5 pm) maintained at 40°C. The
elution system was as follows: phase A was water containing
0.11% TFA and phase B was acetonitrile, both delivered at 1
mL/min. Phase A decreased quickly from 92 to 91% from 0
to 10 minutes; decreased slowly from 91 to 90% from 10.01
to 20 minutes (to improve separation of DA from tryptophan
to > 2.5 minutes); decreased linearly to 0% from 20.01 to 32
minutes and held until 35 minutes at 0% and then increased
to initial conditions during 10 minutes.

2.4.3. HPLC-MS/MS Analysis for DA

DA was also determined by High Performance Liquid
Chromatography-tandem Mass Spectrometry (HPLC-
MS/MS). Chromatographic separation was achieved using a
Waters Alliance 2690 HPLC system (Waters, Guyancourt,
France). Separation was achieved on a Luna C18 (150 mmx
2 mm, 3 pm) column maintained at 40°C. Mobile phase A
was water and mobile phase B was acetonitrile/water (95:5,
v/v), both containing 2 mM ammonium formate and 50 mM
formic acid. The gradient started at 6% phase B. Phase B
increased linearly to 85 % in 10 minutes then to 90 % in 11
minutes and to 100% in 4 minutes. A flow rate of 0.2 mL/
min and an injection volume of 10 pL were used. Mass-
spectrometric detection was performed using a Micromass
Quattro Ultima tandem mass spectrometer (Waters- Mi-
cromass, Manchester, UK) equipped with an electrospray
ionization (ESI) interface. The mass spectrometer was op-
erated in positive ESI mode. Cone voltage and collision
energy were optimized. Two product ions were selected for
each toxin to allow quantification as well as identification of
the specific toxin.

2.5. Lipophilic Toxin Analysis
2.5.1. Extraction

The group of lipophilic toxins covered both OAs and SPX.

Two grams of whole-flesh tissue shellfish homogenate were
extracted in duplicate. For the first extraction, homogenates
were homogenized with 9 ml methanol with a T25 Ultra-
turrax homogeniser at 11,000 rpm (IKA® Works, Wil-
mington, NC, USA) for two minutes. The extract was cen-
trifuged for six minutes at 4,800 rpmi. The supernatant was
transferred to a 20 ml volumetric flask. Ultraturrax was
washed with 9 ml methanol and this methanol was used for
the second extraction. In the second extraction, after cen-
trifugation, washing methanol was added to tissue residues
and vortex mixed for two minutes. The extract was centri-
fuged for six minutes at 4,800 rpmi. The supernatant was
transferred to the first 20 ml volumetric flask and the volume
was made up to 20 ml with methanol. The crude shellfish
extract was filtered through a PTFE 0.45 pm membrane filter
(Phenomenex, Torrance, CA, USA) prior to being purified
by SPE.

2.5.2. Hydrolysis of Esters

For determination of the ester forms of OA, DTXI1 and
DTX2 present in the shellfish sample, alkaline hydrolysis
was performed. In a test tube, 500 pl of 2.5 M sodium hy-
droxide solution was added to 4 ml of the centrifuged crude
extract. The contents of the closed tube were mixed and the
tube was placed in an oven at 76°C. After 40 minutes the
hydrolysed extract was cooled to room temperature and
neutralized with 500 pl of 2.5 M hydrochloric acid. To check
for evaporation of methanol during heating of the test tubes,
they were weighed before and after hydrolysis. Extracts were
purified by SPE before HPLC-MS/MS analysis. Toxins
released by hydrolysis were calculated by subtracting free
toxin levels measured in the unhydrolysed extract.

2.5.3. SPE Procedure

The SPE procedure was carried out as described by
Gerssen et al. (2009). Strata-X cartridges, 60 mg, 3 mL
(Phenomenex, Torrance, CA, USA), were conditioned and
equilibrated using 3 mL of methanol and methanol/water
(30:70, v/v), respectively. The methanolic shellfish extracts
(3 mL) were diluted with 7 mL water. After 3 mL of diluted
extract had been loaded onto the cartridge, the cartridge was
washed with 3 mL methanol/water (10:90, v/v) containing
0.1 % v/v of a 25 % ammonium hydroxide solution in water.
Finally, the toxins were eluted from the cartridge with 3 mL
methanol.

2.5.4. HPLC-MS/MS Analysis for Lipophilic Analysis

Lipophilic toxins (OAs and SPX) were analyzed by
HPLC-MS/MS following the procedure published by
Gerssen et al. (2009)[19], with some modifications. It cor-
responds to the system and the conditions used for DA.

3. Results and Discussion

In our area of interest, three kinds of phycotoxins (DA,
OAs and SPX) have been identified. This study was under-
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taken to examine the potential effect of different parameters
on the phycotoxin levels in shellfish and their consequences
on food safety. The investigated parameters were: i) the
difference in contamination according to shellfish species
(inter-species variability of contamination); ii) the influence
of the cooking process; and iii) the differences in cooking
process impacts according to shellfish species. The most
harvested local bivalve species (i.e. mussels, oysters, cock-

les, carpet shell clams, razor clams and donax) were studied.

For DA quantitation in shellfish, two chromatographic
methods were used: HPLC-UV and HPLC-MS/MS; for
OAs and SPX (grouped under the name “lipophilic toxins”)
HPLC-MS/MS was carried out. Moreover the cooking
process can increase the diffusion of DA[10] and OA group
toxins from the digestive glands to the tissues[15], thus
analyses were performed on the whole flesh (digestive
glands and tissues). Indeed, McCarron et al. (2008)[15]
concluded that, from a food safety perspective, analysis of
whole flesh may be more appropriate for regulatory moni-
toring practices, particularly if samples have been cooked.

3.1. Shellfish Inter-Species Variability of Contamination

To investigate the differences in contamination between
bivalves, five of the most harvested bivalves in the area of
interest were collected at the same time and location. Sam-
pling over one year showed three months of contamination
for DA (thus three independent experiments) and two main
months of contamination for OAs (including one month
during which contamination was observed in the two sam-
pled areas (leading to three independent experiments)).

Concerning DA, Table 1 summarises the DA concentra-
tions in whole shellfish obtained by HPLC-UV and HPLC-
MS/MS for cockles, carpet shell clams, razor clams, oysters
and mussels. Results obtain by the two methods are in the

Table 1.

same order of magnitude, with a greater sensitivity for the
HPLC-MS/MS method. The results revealed inter-species
variability. In the three independent experiments, cockles
were the most affected species whereas the classification of
other species varied. Although mussels were responsible for
the only one fatal outbreak of ASP in Canada, they do not
appear to be the dominant contamination vector. In the
same way, a previous study reported that pacific razor
clams (Siliqgua patula) could accumulate DA at significant
levels, however in our study, examined razor clams (Ensis
spp. and Solen spp.) revealed DA levels inferior to cockles.
Nevertheless, these results are consistent with those ob-
tained by Vale and Sampayo (2001)[20] and Grigoriadou et
al. (2005)[21] who reported that cockles accumulated more
than razor clams and carpet shell clams (Ruditapes), which
in turn accumulated more than oysters and mussels. The
low DA accumulation in the oysters is consistent with the
fact that oysters rarely exceed the regulatory limit. The lim-
ited DA intake could be explained by i) a combination of
reduced clearance rate and rejection of Pseudo-nitzschia
spp. cells in pseudofeces (in case of the presence of mono-
specific, toxic Pseudo-nitzschia spp. blooms) or ii) a pref-
erential rejection of Pseudo-nitzschia spp. cells in
pseudofeces (in the event of a multispecific bloom in which
Pseudo-nitzschia spp. make a lesser contribution to the total
food supply)[22].

Tables 2 and 3 summarise the OAs and SPX concentra-
tions in whole flesh obtained by HPLC-MS/MS for cockles,
carpet shell clams, razor clams, oysters and mussels. For the
family of OA and analogues, our samples only showed OA
in free form. Neither DTX1 nor DTX2 were detected; yet
after hydrolysis high levels of DTX3 were detected.

DA concentrations (ng/g) in raw whole tissue measured in five different bivalve species from Cap Coz (Western Brittany, France), harvested at the

same time and location, obtained for two or three different experiments (depending on the bivalve species)

HPLC-UV determination of DA (ug/g total tissues)

. 30th March 27th April 14th May
Species Mean
2010 2010 2010
Cockle 2.68 2.81 0.83 2.11
Carpet shell clam 1.13 223 0.79 1.39
Razor clam nh 2.11 0.55 1.33
Oyster 1.37 1.32 0.32 1.00
Mussel 0.89 0.93 0.58 0.80
nh: non harvested (adverse weather conditions)
HPLC-MS/MS determination of DA (pg/g total tissues)
. 30th March 27th April 14th May
Species Mean
2010 2010 2010
Cockle 2.73 3.71 0.84 243
Carpet shell clam 1.35 2.58 0.59 1.51
Razor clam nh 2.52 0.45 1.49
Oyster 1.25 1.73 0.45 1.14
Mussel 1.18 1.04 0.72 0.98

nh: non harvested (adverse weather conditions)
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Table 2. OA concentrations (ng/g) in raw whole tissue measured in five different bivalve species from Cap Coz and Auberlac’h (Western Brittany, France), harvested
at the same time and location for each experiment, obtained for two or three different experiments

HPLC-MS/MS determination

of OA (ng/g total tissues)

. 30th March 27th April 14th Ma
Species 2010° 201012 2010 Y Mean
Cockle 2264.4 1148.6 6.5 1139.8
Carpet shell clam 949.5 956.0 30.6 645.4
Razor clam 832.1 1378.6 7.0 739.2
Opyster 275.0 204.7 144 164.7
Mussel 1053.5 1586.6 124.8 921.6

®Cap Coz * Auberlach

Table 3. SPX concentrations (ng/g) in raw whole tissue measured in five different bivalve species from Cap Coz and Auberlac’h (Western Brittany, France),

harvested at the same time and location for each experiment, obtained for three

different experiments

HPLC-MS/MS determination of SPX (ng/g total tissues)

. 14th Ma 29th Ma 14th Ma
Species 2010° ’ 2010° Y 2010° ’ Mean
Cockle 10.9 213 11.3 14.5
Carpet shell clam 6.0 7.6 38 5.8
Razor clam 43 7.8 4.7 5.6
Oyster 8.0 11.3 4.7 8.0
Mussel 4.6 9.3 3.0 5.7

% Cap Coz; °: Auberlach

Table 4. DA concentration (ng/g of whole flesh) for both raw and cooked bivalve species; percentages of variation between raw and cooked concentrations
and (raw toxin concentration / cooked toxin concentration) ratio values. A ratio greater than one means a decrease in DA concentration in whole flesh due to

the cooking process whereas a ratio of less than one means an increase

Experiment 1

Experiment 2

Raw

Raw

(ng/e Cooked (ng/g % of Ratio (ng/e Cooked (ng/g % of Ratio
flesh) flesh) variation  (Raw / Cooked) flesh) flesh) variation  (Raw / Cooked)
Mussel * 84.95 81.02 -4.63 1.05 0.83 0.86 3.51 0.97
Mussel 1.29 1.87 44.76 0.69 0.69 1.02 47.84 0.68
Cockle 2.55 1.76 -30.90 1.45 2.53 1.43 -43.40 1.77
Ca‘fle;;heu 0.94 227 140.40 0.42 1.89 3.69 95.00 0.51
Razor clam 2.01 1.57 -21.89 1.28 0.28 0.26 -5.41 1.06
Donax 26.86 32.31 20.28 0.83 1.10 1.24 12.90 0.89
*: with cooking juice; other bivalve species without cooking juice; nd: not determined
Experiment 3 Mean
Raw Cooked N . Ratio . Ratio
f t % of t
(ng/g flesh) (ng/g flesh) voofvariation P v/ Cookedy e ofvariation b v/ Cooked)
Mussel * 0.51 0.49 -5.76 1.06 -2.30 1.03
Mussel nd nd nd nd 46.30 0.68
Cockle 0.74 0.60 -19.28 1.24 -31.19 1.48
Carpet shell clam 0.59 0.93 58.41 0.63 97.94 0.52
Razor clam nd nd nd nd -13.65 1.17
Donax nd nd nd nd 16.59 0.86

Concerning OAs inter-species variability of contamina-
tion, as expected, mussels were the predominant vector for
OAs in two out of three experiments. It should be noted
however that concentrations in cockles, razor clams and
carpet shell clams also reached significant levels. This re-
sult must be taken into account in monitoring programs:
mussels are not the only species which can exceed the
regulatory limit and in one experiment, cockles also surpass
mussel concentration. On the contrary, the least contami-
nated species seems to be oysters. Concerning SPX, in the
three independent experiments, cockles and oysters were
the first and second most contaminated species, respectively.

To the best of our knowledge, no studies on inter-species
variability of SPX contamination have been performed be-
fore. This study can therefore give an initial indication of
the choice of the species of interest for future studies and
for prioritization in food safety.

To conclude, phycotoxin contamination rates are spe-
cies-dependent and the dominant contamination vector is
phycotoxin-dependent. For DA and SPX, cockles appear to
be the most contaminated species whereas mussels seem to
be the predominant vector for OAs. These contamination
differences must be taken into account in case of phy-
cotoxin exposure assessment and in the choice of monitored
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species in national monitoring programs.

3.2. Cooking Process of Shellfish Samples

Mussels were analysed both with and without cooking
juice whereas all other species were analysed without
cooking juice.

3.2.1. Cooking Process Impact on DA Concentrations

DA concentration was affected by the cooking process in
very different ways in the five species studied. The cooking
process led to a decrease in DA concentration in cockles
(31%) and in razor clams (14%). On the contrary, DA con-
centrations were higher than uncooked samples in cooked
mussels (46%), carpet shell clams (97%) and donax (17%)
(Figure 1, Table 4). The difference between cockles and
carpet shell clams, in terms of response to cooking, is to-
tally consistent with results obtained by Vidal ef al. (2009)
who also observed that cockles lost a significant part of
their DA content, while Manila clams did not. The results
concerning the impact of cooking on mussels were consis-
tent with those obtained by McCarron et al. (2006)[23] who
found that DA concentrations in mussels were unaffected or
actually underwent a slight increase (20%) depending on
the harvest location.
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Figure 1. Comparison of mean (raw DA concentration / cooked DA

concentration) ratio values between the five different bivalve species. A
ratio greater than one means a decrease in DA concentration in whole flesh
due to the cooking process whereas a ratio of less than one means an in-
crease. Means are obtained from two or three different experiments (de-
pending on bivalve species). Error bars represent + 1 SD. * Mussels with
cooking juice

To explain these results, we recall that the cooking proc-
ess of bivalves containing DA affects two parameters which
have opposite effects on DA concentrations in cooked meat:
1) weight loss as a result of evaporation of flesh fluids; ii)
DA loss as the fluids leave the matrix because of the hy-
drophilic nature of DA. Thus, the increase or decrease in
DA concentration in cooked bivalves depends on the bal-
ance between the increase caused by weight reduction and
the decrease derived from DA loss with the fluids leaving
the flesh. The balance seems to tip differently for cockles

and razor clams on the first hand and for mussels, donax
and carpet shell clams on the other hand. Thus it confirms
the conclusion made by Vidal et al. (2009)[12] based on
two bivalve species: the cooking process affects the toxin
concentration in bivalves in a way that is species-specific.
Although for cockles and clams, Vidal et al. (2009)[12] did
not use exactly the same cooking processes, they suggested
that the differences found were more likely related to the
species than to the differences in treatment.

The decrease in DA concentrations for razor clams could
be explained by their difference in DA storage site. Razor
clams are a species known to accumulate a significant part
of DA in edible tissues whereas the other species accumu-
late DA almost exclusively in digestive glands. If we sup-
pose that DA left the flesh with fluids in a two-step process:
1) dispersion from the storage site to the entire tissue; and 2)
dispersion from the tissue to the fluids; it could be con-
cluded that, in razor clams, part of the DA should have only
the second step to undertake, thus it could lead to greater
loss of DA with fluids. DA distribution in cockles is not
well known thus this explanation cannot be used and veri-
fied for this species.

On the contrary, the increase in DA concentrations in
cooked mussels, carpet shell clams and donax, means that
the weight loss is proportionally greater than the DA loss
with the fluids leaving the flesh, which could be explained
by a lower accumulation of DA in aqueous tissues.

Moreover, when DA content was analysed in mussels
with the cooking juice, there was no significant difference
in DA concentration after cooking. Thus the cooking juice
decreases the DA concentration in cooked mussels com-
pared with cooked mussels without juice. Because the
cooking juice comes from the intervalvar liquid, it can be
concluded that the intervalvar liquid is proportionally less
concentrated than the mussel flesh, which is consistent with
analyses made without cooking juice.

Table 5. Comparison of (raw toxin concentration / cooked toxin concen-
tration) ratio values for OAs and SPX toxins analysed in mussel matrix
obtained for two or three different experiments (depending on bivalve
species). A ratio greater than one means a decrease in DA concentration in
whole flesh due to the cooking process whereas a ratio of less than one
means an increase

Toxin in bivalve (Raw concentration / Cooked concentration) ratio

species Exp 1 Exp 2 Exp 3 Mean

OA in Mussel * 1.74 1.79 1.34 1.62
OA in Mussel 0.39 0.78 nd 0.58
SPX in Mussel 0.69 0.81 nd 0.75

* : with cooking juice; without cooking juice; nd : not determined

3.2.2. Cooking Process Impact on Lipophilic Toxin
Concentrations

Concerning OAs and SPX, two toxin families included in
the lipophilic toxin group, experiments were performed on
raw and cooked mussels (with or without the cooking juice)
(Table 5). For each toxin, an increase in toxin concentration
is observed for mussels cooked and analysed without cook-
ing juice. The cooking process leads to fluid loss, but be-
cause of their lipophilic nature, the toxins do not leave the
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tissue with fluid, resulting in a toxin concentration in flesh.
As observed in other studies, there is an overall increase as
a result of the cooking process. Despite the differences in
increase rates between other studies and ours, the results are
consistent[13,15-16]. The conclusion is therefore also that
OAs and SPX remain concentrated in the hepatopancreas
after cooking.

When cooked mussels were analysed with cooking juice
(derived from intervalvar liquid), the toxin concentrations
decreased in comparison with mussels analysed without
intervalvar liquid (for cooked or raw mussels). This means
that the intervalvar liquid leads to a dilution of lipophilic
toxins. Thus, it can be concluded that the lipophilic toxin
concentration in intervalvar liquid is proportionally lower
than that of the mussel flesh. In view of the lipophilic nature
of these toxins, cooking effects on toxin concentrations
should not be species-specific, as is the case for DA, how-
ever further experimentation should be conducted to con-
firm this hypothesis.

3.2.3. Consequences of Cooking Process Impact on
Phycotoxin Concentrations

Experiments on the cooking process on different bivalve
species and different kinds of phycotoxins revealed that
phycotoxin concentrations in bivalves were affected by
cooking in different ways according to i) the kind of toxin,
ii) the shellfish species and iii) the presence or absence of
cooking juice.

The current banning levels are based on raw bivalves.
Thus, as mentioned by Vidal er al. (2009)[12], it seems
clear that these banning levels may over- or under-protect
consumers when shellfish are cooked. In this way, a reflec-
tion has been undertaken by McCarron et al. (2008)[15]
with regard to sample pretreatment for the analysis of lipo-
philic toxins in mussels to improve the methodology ap-
plied in regulatory monitoring designed to ensure consumer
safety. Indeed, the results presented in this study confirm
that for lipophilic toxins, analysis of cooked mussels (re-
flecting most closely what is eaten) (without cooking juice)
leads to an increase in toxin concentrations. This increase
may push the toxin level over the regulatory limit. Thus,
McCarron et al. (2008)[15] mentioned that, from an ana-
Iytical perspective, the use of a cooking or heating phase as
a pretreatment prior to analysis has a number of advantages.
However, if a cooking phase was implemented, the impact
on the regulatory decision-making process would have to be
carefully considered because it could lead to prolonged
closure of shellfish production areas.

For DA, the problem is also more complicated, as cook-
ing (allowing water loss) resulted in an increase or a de-
crease in the concentration of the toxin depending on the
bivalve species. Thus if a cooking phase was implemented,
it should depend on the bivalve species (otherwise it may be
more or less protective for consumer health). This is why
Vidal et al. (2009)[12] estimated that, while the approach
might be correct, in the sense that it could come closer to

the actual levels that consumers ingest, the direct introduc-
tion of these pre-processing stages without adapting ban-
ning levels, (that are in general defined for raw shellfish)
could produce differences in the actual banning levels used
in the different monitoring systems or when dealing with
different species.

4. Conclusions

In view of the information presented in this paper, two
forms of inter-species variability have been observed: in-
ter-species variability of contamination and inter-species
variability in terms of cooking impact (for DA at least).
Concerning the inter-species variability of contamination,
cockles appear to be the most contaminated species for DA
and SPX, whereas mussels and cockles are the most highly
contaminated species for OAs. Concerning the cooking
impact on phycotoxin levels, the cooking process leads to
an increase in DA concentrations in cooked bivalves for
donax, mussels and carpet shell clams, whereas it leads to a
decrease in DA concentration for cockles and razor clams.
For lipophilic toxins (OAs and SPX), the cooking process
causes an increase in toxin concentrations in cooked mus-
sels.

These variabilities must be taken into consideration in
exposure assessments and in the design of regulatory moni-
toring programs. For monitoring purposes, the use of the
appropriate species for toxin quantification is crucial.
Moreover, the choice between the conservation of the cur-
rent regulatory monitoring design based on the analysis of
raw bivalves and the implementation of a toxin quantifica-
tion of cooked bivalves should be carefully assessed. This
should notably be based on the mode of bivalve consump-
tion, the impact of the cooking process, consequences for
human health and aquaculture closures. For DA, this reflec-
tion should be made for each bivalve species due to the fact
that the cooking process affects the DA concentrations in a
bivalve species-specific manner.
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