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a b s t r a c t

A laboratory experiment was performed with the clam Ruditapes decussatus, fed with the toxic dinofla-
gellate Gymnodinium catenatum and the non-toxic algae Isochrysis galbana (14 days) and subsequently
only with I. galbana (15 days). Individual paralytic shellfish toxins were determined by LC-FLD in
G. catenatum cells, whole clam tissues, and particulate organic matter (POM) produced by clams. The
toxins dcSTX and dcGTX2þ 3 in the algaewere less abundant than C1þ 2 and B1, but were predominant in
clams during both the exposure and depuration phases. The toxin dcNEO was only detected in clams
during a short period, indicating conversion from other compounds. The toxin composition of the POM
indicated the export of dcSTX as faeces or pseudo-faeces along the entire experiment (2.5e14 nmol mg�1),
B1 was present in a short period of the exposure and C1 þ 2 and dcGTX2 þ 3 absent. A mass balance
calculation indicated that approximately 95% of C1þ 2 and 85% of B1 supplied to the clamswere converted
into other toxins or lost in solution. Conversely, the net gain of 512, 61 and 31 nmol for dcSTX, dcGTX2þ 3
and dcNEO, respectively, suggests the conversion from other assimilated compounds by clams during
exposure and depuration phases.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Paralytic shellfish toxins (PSTs) are a group of neurotoxic alka-
loids produced in the marine environment by dinoflagellates like
Alexandrium spp., Pyrodinium bahamense and Gymnodinium cate-
natum (Llewellyn, 2006). The documented PSTs are grouped into
three structural families in decreasing order of toxicity (Oshima,
1995a; Anon, 2009): carbamate (saxitoxin-STX, neosaxitoxin-NEO
and gonyautoxins-GTX1 to GTX4), decarbamoyl (dcGTX1 to
dcGTX4, dcSTX and dcNEO), and N-sulfocarbamoyl (B1, B2, C1 to
C4). Most of the Alexandrium species have a carbamate-dominated
toxin profile, while decarbamoyl and N-sulfocarbamoyl toxins are
dominant components in G. catenatum (Cembella et al., 1987; Chou
et al., 2004; Ordás et al., 2004; Band-Schmidt et al., 2005; Costa
et al., 2010). It is well documented that PSTs are efficiently accu-
mulated by filter-feeders during blooms of toxic phytoplankton
species, being causative agents of paralytic shellfish poisoning in
humans (Sommer andMeyers, 1937; Gessner andMiddaugh,1980).

Various studies have proved that shellfish exposed to dinofla-
gellates exhibit different PSTs profiles from the toxin producers

(Bricelj et al., 1990; Oshima et al., 1990; Cembella et al., 1993;
Samsur et al., 2006). Metabolic interconversion of assimilated PSTs
achieved by enzymatic and chemical reactions in shellfish tissues
may contribute to those differences (Shimizu and Yoshioka, 1981;
Kotaki et al., 1985; Oshima, 1995b; Bricelj and Shumway, 1998).
Incubation in vitro of toxic dinoflagellates or purified toxins
extracts allowed elucidating the role of enzymatic activities
(Sullivan et al., 1983; Fast et al., 2006; Artigas et al., 2007). Different
uptake and depuration kinetics of individual PSTs may also
contribute to the registered modifications on toxin profiles
between the toxic algae and the exposed shellfish (Blanco et al.,
2003; Yu et al., 2007; Botelho et al., 2010a).

Despite the low concentration of individual toxins in the dis-
solved fraction their quantification provides additional information
on the elimination of individual PSTs (Bricelj and Shumway, 1998;
Sekiguchi et al., 2001). Toxins in particulate organic matter rejected
by shellfish are at higher concentrations, but may be difficult to
interpret if encompassing particles from different pathways,
namely faeces, pseudo-faeces andwasted food (Samsur et al., 2006;
Estrada et al., 2007; Samsur et al., 2007).

This work reports the levels of the toxins C1 þ 2, B1, dcSTX,
dcGTX2 þ 3 and dcNEO in whole tissues of the clam Ruditapes
decussatus and in particulate organic matter rejected by the
clams during a 29-day feeding experiment, including exposure to
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G. catenatum and subsequent depuration. Toxin composition of
toxic algae, clams and particulate fraction in conjunctionwith mass
balance calculations for individual toxins, allowed identifying the
toxins exported as faeces or pseudo-faeces, as well as the
compounds biotransformed during exposure and depuration
phases.

2. Material and methods

2.1. Algal culture

The culture of the dinoflagellate G. catenatum (strain C37-07,
IPIMAR collection) was maintained in natural seawater enriched
with GSemedium (salinity 28, Blackburn et al., 2001) at 18 �C under
a 16 h light: 8 h dark photocycle with a light intensity of 15 mmol
photons m�2 s�1. The strain was then mass cultured in 10-L culture
flasks under the same conditions to supply to the clam feeding
experiment. Cells of G. catenatum were harvested in the late
exponential growth phase. The non-toxic microalgae Isochrysis
galbana was grown in Wallerstein and Miquel medium (Bandarra
et al., 2003) at 18 �C in 75-L plastic bags under constant illumina-
tion at salinity 25. Cells of the toxic microalgae were counted in
Palmer-Maloney chambers under an Zeiss IM 35 inverted micro-
scope and of I. galbana in an automatic particle counter (Coulter
EPICS XL).

2.2. Clams

A total of 450 clams (R. decussatus) were obtained from growth
banks at Ria Formosa, a coastal lagoon located in southern Portugal
with an annual production of 5000 T. Clams were collected in
November 2008, after several years of undetected G. catenatum
blooms in the lagoon or adjacent coastal zone. Animals were
acclimatized during 15 days to the laboratory conditions in a 50-L
aerated polyethylene tank with filtered seawater and fed daily
with the non-toxic microalga I. galbana culture (2 � 109 cells).
Whole tissue wet weight and shell length of the clams ranged
within 1.3e1.8 g and 2.8e3.9 cm, respectively.

2.3. Feeding experiment

Clams were divided into 42 groups of 10 individuals each and
placed into 5-L plastic tanks filled with filtered natural seawater
stored in a reservoir. The seawater in the tanks was continuously
aerated and renewed daily. Water temperature remained at
12 � 1 �C. The feeding experiment consisted of two phases sche-
matically illustrated in Fig. 1. During phase I (14 days) each 10-clam
group was fed twice a day with 1�104 cells of G. catenatum culture
and 5 � 107 cells of I. galbana culture. During phase II (15 days)

clams were fed twice a day only with 5 � 107 cells of I. galbana
culture. No control animals were considered in the experiment,
since I. galbana does not produce toxins and clam responses to toxin
exposure was not studied. Throughout the 29 days of the experi-
ment no clam deaths occurred and changes in the whole tissue
weight were negligible.

2.4. Samples

Toxic algae. Aliquots of 400-mL G. catenatum culture were har-
vested at days 3, 9 and 14 of the phase I for toxin analysis. Algal
mass was obtained by filtering the culture under light vacuum
pressure (100 mmHg) through GF/C glass filters (1.2 mm), and
freezing in 0.1 M acetic acid at �80 �C until analysis.

Clams. Specimens from three pools of 10 clams each were
sacrificed in days 0, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27 and 29,
dissected and composite samples (n ¼ 10) of whole soft tissues
were prepared and stored at �80 �C until analysis.

Particulate organic matter. Particulate organic matter (POM)
produced by clams was collected from the experimental tanks daily
after day 3. Seawater of three tanks was transferred to an inverted
conic recipient and particles were left settling for 12 h. Material was
then collected by filtration through 0.45 mm polycarbonate
membranes, and kept frozen in 0.1 M acetic acid at �80 �C until
analysis.

2.5. Reagents

All chemicals and solvents used were LC or analytical grade.
Sodium hydroxide and hydrogen peroxide were from Merck
(Germany). Ultra-pure water was obtained by a Milli-Q system
Millipore (France). Acetonitrile, acetic acid, methanol and ammo-
nium formate were purchased from SigmaeAldrich (Germany).

2.6. Toxin extraction and oxidation

Toxic algae. Toxins of G. catenatum cells retained on filters were
extracted according to the method described in Artigas et al.
(2007), with the following modifications. The extraction was
done by freeze/thaw cycle followed by ultrasonication in an ice
bath for 30 s at 60% amplitude and 20 W (Vibra Cell, Sonics &
Materials Inc.). Cell debris after ultrasonification was examined
under an inverted microscope revealing full disruption of the
surveyed samples. The crude extract was centrifuged at 2500 g for
10 min, and then cleanup using a Solid Phase Extraction (SPE) C18
cartridge (Sep-Pak Light, Waters, USA). The 130-mg C18 cartridge
was conditionedwith 1.5mLmethanol and 1.5mL ultra-purewater.
Subsequently an aliquot of 250 ml of supernatant was loaded, then

Experimental Tank 

Sets of 
10 clams

Particulate organic matter (daily after day 3)

Gymnodinium catenatum +

Isochrysis galbana

Phase I: exposure (14 days)

Phase II: depuration (15 days) 

(algae supplied  twice a day)

Set of clams (day 0, day 3 and every two days)

Isochrysis galbana

Fig. 1. Schematic representation of the laboratory feeding experiment.
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washed with 500 ml of ultra-pure water. The pH of the extract was
adjusted to 6.5 with 0.2 mol L�1 NaOH, and diluted to exactly 1 mL.

POM. Toxins in the collected POMwere extracted using the same
procedure as for dinoflagellate cells, except for the cleanup step,
which was skipped due to the low toxin content. After centrifu-
gation the extract was filtered through disposable 0.2 mm regen-
erated cellulose syringe filters.

Clams. Approximately 5 g of clam homogenate were double-
extracted with 1% acetic acid solution (first extraction with heat-
ing), following AOAC 2005.06 (Anon, 2005). The extract passed
through a SPE C18 cartridge (500 mg/3 ml, Supelclean, Supelco,
USA).

Aliquots of G. catenatum, clams and particles extracts were used
for peroxide and periodate oxidation of PSTs prior to liquid chro-
matography with fluorescence detection (LC-FLD) analyses. The
procedure used in the oxidation of PSTs was based on the AOAC
method (Anon, 2005) with a procedural modification due to
dominance of N-sulfocarbamoyl and decarbamoyl compounds in
the G. catenatum toxic profile (Botelho et al., 2010b). Similar
procedures of peroxide and periodate oxidations were followed,
substituting the oxidant reagent by water in order to detect natu-
rally fluorescent compounds.

2.7. LC-FLD analysis

The LC system consisted of a HewlettePackard/Agilent
(Germany) Model 1050 quaternary pump, Model 1100 in-line
degasser, autosampler, column oven, and Model 1200 fluores-
cence detector. The HewlettePackard Chemstation software per-
formed data acquisition and peak integration. The PST oxidation
products were separated using a reversed-phase Supelcosil LC-18,
150 � 4.6 mm, 5 mm column (Supelco, USA) equipped with
a guard column Supelguard Supelcosil C18, 20 � 4.0 mm id, 5 mm
(Supelco, USA). The column was kept in an oven at 30 �C. The
mobile phase gradient used 2 mobile phases: A (0.1 M ammonium
formate, pH ¼ 6) and B (0.1 M ammonium formate in 5% acetoni-
trile, pH ¼ 6). The elution gradient consisted of 0e5% B in the first
5min, 5e70% B in the next 4min and back to 0% B in the next 5min.
Flow rate was 1 mL/min and the injection volumes were 50 mL and
100 mL, for the oxidation products of peroxide and periodate reac-
tion, respectively. The excitation and emission wavelengths for
fluorimetric detectionwere set at 340 nm and 395 nm respectively.

2.8. Quality control

The certified reference materials, CRM-STX-e, CRM-NEO-b,
CRM-GTX2&3-b, CRM-GTX1&4-b, CRM-dcSTX, CRM-dcGTX2&3,
CRM-GTX5-b (B1), CRM-C1&2 and CRM-dcNEO-b were obtained
from the Institute for Marine Biosciences, National Research
Council Canada (IMB, NRCC, Halifax, NS, Canada). For PSTs
quantification in shellfish tissues, matrix matched calibration
curves with cleaned-up clam tissue extract were used as
described in Botelho et al. (2010a). Calibration curves prepared in
solvent were used for toxin quantification in G. catenatum and
particles extracts. Evaluation of linear ranges for PSTs and
instrumental limits of detection (LOD), are described in Botelho
et al. (2010b). Instrumental LODs were 3.9 nmol L�1 (C1 þ 2);
4.0 nmol L�1 (B1); 4.0 nmol L�1 (STX); 4.9 nmol L�1 (dcSTX);
8.2 nmol L�1 (dcGTX2 þ 3); 8.5 nmol L�1 (GTX2 þ 3); 25 nmol L�1

(dcNEO); 30 nmol L�1 (GTX1þ4) and 31 nmol L�1 (NEO). Recov-
eries of the analytical procedure were assessed through clam
tissues spiked in triplicate, with the addition of a toxin mixture at
two concentration levels. Intervals of the mean recoveries for the
quantified PSTs in clams were: 71e74% (C1 þ 2), 97e98% (B1),
77e114% (dcSTX), 85e107% (dcGTX2 þ 3) and 55e56% (dcNEO).

Repeatability values in terms of relative standard deviation were
from 1 to 18%. Moreover, recoveries were assessed in POM spiked
with B1 and dcSTX in triplicate at two concentration levels. Only
the toxins quantified in POM were considered. The following
intervals were obtained: 101e107% (B1) and 76e97% (dcSTX).
Repeatability values were from 12 to 18%.

2.9. Mass balance calculation

The mass balance for individual toxins in clams was calculated
for a basis of 100 clams by the following equation:

Ta þ Tg ¼ Tc þ Tp þ Tl þ Tr (1)

where:

Ta: mass of individual toxin in the toxic algae supplied to the
clams
Tg: mass of individual toxin in clams gained by conversion of
other assimilated compounds
Tc: mass of individual toxin accumulated in whole clam tissues
Tp: mass of individual toxin in particulate organic matter of the
experimental tanks
Tl: mass of individual toxin in clams lost by conversion
Tr: mass of individual toxin released by clams to solution

The mass balance was calculated assuming that clams have
ingested the whole algal mass supplied, and consequently the
particulate organic matter collected in the experiments tanks
consisted of material produced by clams. This assumption is
consistent with the lack of G. catenatum intact cells in seawater
from the tanks that was examined microscopically on a daily basis.
In equation (1) Tg, Tl and Tr are unknown terms, their sum being
substituted by Tng that may be considered as a net gain quantity. By
resolving the equation (1) Tng was calculated by:

Tng ¼ Tc þ Tp � Ta (2)

2.10. Statistical analysis

Data statistical analysis were performed using the STATISTICA
6.0 Statistical Software System. The fitting of time-course variation
of toxin concentrations to the experimental points was assessed by
SigmaPlot 8.0 (Systat Software Inc.).

3. Results

3.1. Toxin profile of G. catenatum

Fig. 2 shows the median, the percentile 25% and 75%, minimum
andmaximum of concentrations of the toxins C1þ 2, B1, dcSTX and
dcGTX2þ 3 quantified in the culture of G. catenatum. Samples were
taken in replicates (n ¼ 4) every 5 days during the 14 days of the
exposure phase of the experiment. The N-sulfocarbamoyl
analogues B1 and C1 þ 2 were the major toxins produced by this
culture, concentrations exceeding one order of magnitude the
values found for the decarbamoyl analogues dcSTX and
dcGTX2 þ 3. Variation of the concentrations for the three sampling
periods was comparable to values of the four replicates at each
sampling period for C1þ2 (33 and 31%), B1 (41 and 31%) and dcSTX
(31 and 31%). A larger discrepancy was observed for dcGTX2þ 3 (42
and 19%). Modifications on cell size, chain length, and toxin leakage
may contribute to the observed variability (Granéli and Flynn,
2006; Band-Schmidt et al., 2010).

M.J. Botelho et al. / Marine Environmental Research 77 (2012) 23e29 25
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3.2. Toxin concentrations in R. decussatus

Mean concentrations (�one standard deviation) of the toxins
C1 þ 2, B1, dcSTX, and dcGTX2 þ 3 in whole soft tissues of
R. decussatus collected at days 0, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25,
27 and 29 are presented in Fig. 3. In general, toxin concentrations in
clams increased during the feeding with G. catenatum, although the
accumulation pattern differed among the compounds. The first
concentration augment was registered for dcSTX in day 3,
enhancements of B1 and dcGTX2 þ 3 were found in day 5, while
a sharp increase of C1þ 2 was only observed 11 days after exposure
to the toxic algae. The maximum levels of C1 þ 2 and dcGTX2 þ 3

were registered by the end of the exposure period, while of B1 and
dcSTX were found three days after, during the subsequent depu-
ration period. The maximum concentrations pointed to a higher
accumulation of decarbamoyl toxins (dcSTX and dcGTX2 þ 3) than
N-sulfocarbamoyl (B1 and C1 þ 2). In addition to the above
mentioned toxins, dcNEO was also found in clams (not shown).
However, values were only above detection limit in days 11, 13 and
15 not exceeding 0.30 nmol g�1. Results showed an opposite PSTs
composition between clams and G. catenatum (Figs. 2 and 3).

Clams fed by a non-toxic diet exhibited a substantial decrease of
C1 þ 2 concentrations (18% of the peak value) eight days after
depuration. Conversely, values of B1 and dcSTX remained at 68%
and 50%, respectively, of the maximum concentrations after 14
days. An intermediate situation was found for dcGTX2 þ 3 that
exhibited a reduction of 37% at the end of the experiment.
Furthermore a higher dispersion of dcGTX2þ 3 concentrations was
registered between replicates in days 9, 17, 19 and 21.

3.3. Best fitting curves

The best fitting curves of the experimental points were searched
for each quantified toxin. Table 1 shows the two equation types for
exposure and depuration conditions, power equations (y¼ axb) and
exponential decay equations (y ¼ ae�bx), respectively. Correlation
coefficients and levels of significance are also given.

The calculated b values of the power equations were 2.45 � 1.07
(C1 þ 2), 1.55 � 0.202 (B1), 1.18 � 0.122 (dcSTX) and 1.33 � 0.298
(dcGTX2 þ 3). The fitting curve for C1 þ 2 presented a level of
significance above 0.05 (Table 1). The equations governing the
time-dependent toxin concentrations under depuration conditions
mirror a first-order kinetic, where a is the toxin concentration in
the clam at the initial depuration conditions and b is the depuration
rate. The levels of significance for C1 þ 2, dcSTX and dcGTX2 þ 3
curves were below 0.05, corroborating the validity of the first-order
decay approach. The calculated depuration rates (b) were

0.0

0.1

0.2

0.3

0.4

0.5

0 3 6 9 12 15 18 21 24 27 30

C
on

ce
nt

ra
tio

n 
in

 c
la

m
s 

(n
 m

ol
 g

-1
)

C1+2

0.0

0.2

0.4

0.6

0.8

1.0

0 3 6 9 12 15 18 21 24 27 30

B1

0.0

1.0

2.0

3.0

0 3 6 9 12 15 18 21 24 27 30

C
on

ce
nt

ra
tio

n 
in

 c
la

m
s 

(n
m

ol
 g

-1
)

Time (day)

dcSTX

0.0

1.0

2.0

3.0

0 3 6 9 12 15 18 21 24 27 30

Time (day)

dcGTX2+3

Fig. 3. Concentrations of the toxins C1 þ 2, B1, dcSTX and dcGTX2 þ 3 (nmol g�1) in the clam Ruditates decussatus exposed 14 days to Gymnodinium catenatum and 15 days under
depuration conditions; mean concentrations (n ¼ 3; �SD) and best fitting curves for exposure and depuration periods.

C1+2 B1 dcSTX dcGTX2+3

Toxin

0

200

400

600

C
on

ce
nt

ra
tio

n 
in

 a
lg

ae
 c

ul
tu

re
 (n

m
ol

 g
-1

)

Fig. 2. Median, percentile 25% and 75%, minimum and maximum of C1 þ 2, B1, dcSTX,
dcGTX2 þ 3 concentrations (nmol g�1) in the culture of Gymnodinium catenatum at
days 2, 7 and 12 of the clam exposure experiment; four replicates at each sampling
date.

M.J. Botelho et al. / Marine Environmental Research 77 (2012) 23e2926



Author's personal copy

0.17 � 0.024 day�1 for C1 þ 2, 0.049 � 0.012 day�1 for dcSTX and
0.065 � 0.0085 day�1 for dcGTX2 þ 3. The fitting curve for B1
presented a level of significance above 0.05 (Table 1), indicating
a poorer first-order decay approach. Fig. 3 shows computed and
measured toxin concentrations in clams during the two phases of
the experiment (Fig. 3).

3.4. Toxin composition of particulate organic matter

The mass of particulate organic matter (POM) produced daily by
100 clams, from 10 experimental tanks, during phase I increased
from 0.50 to 2.5 mg (Fig. 4). The amount was more irregular under
depuration conditions, varying between 0.83 and 5.5 mg. Concen-
trations of the toxins C1 þ 2, dcGTX2 þ 3 and dcNEO in POM were
always below the detection limit. Conversely, the toxin dcSTX was
quantified, concentrations increasing from 2.5 to 5.9 nmol mg�1 as
clams were fed with the toxic algae, and ranging between 3.8 and
14 nmol mg�1, under a non-toxic diet (Fig. 4). Furthermore, three
periods of dcSTX enrichment were observed in the produced POM.
An intermediate situation was found for B1, concentration being
undetectable, except during 4 days of the phase I of the experiment
that reached a maximum of 2.5 nmol mg�1.

3.5. Mass balance calculation

Table 2 gives the amounts of toxins supplied to clams, accu-
mulated in whole clam tissues and in POM produced by clams
during the exposure phase (I), depuration phase (II) and the entire
experiment. The quantities of C1 þ 2, B1, dcSTX,dcGTX2 þ 3 and
dcNEO, expressed in nmol, were computed on a basis of 100 clams,
corresponding to 10 experimental tanks. In the mass balance
calculation, the value of detection limit for each compound was
accounted when concentrations were undetected.

Table 2 presents also the net gain values (Tng) of each toxin
calculated according to the equation (2). Negative values of Tng, like
for C1þ 2 and B1 in the phase I, mean that amounts supplied to the
clams were not accounted in the whole clam tissues or POM.
Approximately 95 and 85% of the mass of C1 þ 2 (Ta ¼ 392 nmol)
and B1 (Ta¼ 470 nmol), respectively, added to the experiment tanks
were converted into other toxins by clams or lost in solution
(Tng ¼ �372 nmol and Tng ¼ �401 nmol, respectively). Conversely,
positive values of dcSTX, dcGTX2 þ 3 and dcNEO, imply a net gain
most likely resulted from the conversion of other assimilated

compounds by clams. The net gain (Tng) of dcSTX (250 nmol) and
dcGTX2 þ 3 (108 nmol) were approximately 5 times the amounts
added to the tanks (50 and 21 nmol, respectively). The net gain of
dcNEO (22 nmol) has no correspondence in the algae supplied.
Under depuration (phase II), Tng for C1þ2, B1 and dcGTX2þ 3were
one order of magnitude lower (�15, 38 and�47 nmol, respectively)
than during the phase I. Only 9 nmol of dcNEO were accounted.
Contrarily, comparable Tng were obtained for dcSTX in phases I
(250 nmol), and phase II (262 nmol). The calculation of the Tng
values for the entire experiment, points to a substantial loss of
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Table 1
Best fitting curves for C1 þ 2, B1, dcSTX and dcGTX2 þ 3 in Ruditapes decussatus
during phase I (exposure) and phase II (depuration); calculated parameters
(standard error); correlation coefficients (r) and levels of significance (p).

Phase I (exposure)

Equation type: y ¼ axb

Toxin a b r

C1 þ 2a 0.0004 (0.001) 2.45 (1.07) 0.812**

B1 0.007 (0.004) 1.55 (0.202) 0.976*

dcSTX 0.076 (0.024) 1.18 (0.122) 0.986*

dcGTX2 þ 3 0.065 (0.043) 1.33 (0.298) 0.967*

Phase II (depuration)

Equation type: y ¼ a e�bx

Toxin a b r

C1 þ 2 0.26 (0.021) 0.17 (0.024) 0.965*

B1 0.56 (0.038) 0.025 (0.010) 0.733**

dcSTX 2.06 (0.146) 0.049 (0.012) 0.886*

dcGTX2 þ 3 1.61 (0.097) 0.065 (0.008) 0.948*

*p < 0.05 and **p > 0.05.
a Valid to x > 9.

Table 2
Mass (nmol) of toxins accumulated in Ruditapes decussatus (Tc), supplied to the
experiment (Ta) and present in particulate organic matter (Tp) after phase I, phase II,
and phases I þ II. Values of Tng were computed according to equation (2). Amounts
were calculated for a basis of 100 clams.

Toxin Tc Ta Tp Tng

nmol nmol nmol nmol

Phase I C1 þ 2 20 392 e �372
B1 41 470 28 �401
dcSTX 180 50 120 250
dcGTX2 þ 3 129 21 e 108
dcNEO 22 e e 22

Phase II C1 þ 2 �15 e e �15
B1 17 e 21 38
dcSTX �26 e 288 262
dcGTX2 þ 3 �47 e e �47
dcNEO 9 e e 9

Phase I þ II C1 þ 2 5 392 e �387
B1 58 470 49 �363
dcSTX 154 50 408 512
dcGTX2 þ 3 82 21 e 61
dcNEO 31 e e 31
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C1þ 2 and B1, amounting�750 nmol and a gain of 604 nmol of the
sum of dcSTX, dcGTX2 þ 3 and dcNEO.

4. Discussion

4.1. Conversion of toxins assimilated by clams into decarbamoyl
toxins

The concentrations of the toxins C1 þ 2, B1, dcSTX, dcGTX2 þ 3
and dcNEO aswell as their relative proportion differed considerably
in whole tissues of the clam R. decussatus and G. catenatum culture.
The dcSTX and dcGTX2 þ 3 were predominant in clams, although
being detected at minor concentrations in the algae. Conversely,
C1þ2 and B1weremore abundant in the algae andminor in clams.
In particular, C1 þ 2, which is dominant in the supplied toxic algae,
was detected later than the other toxins in the clams during the
exposure period (Fig. 3). This delay on the accumulation of C1 þ 2
pointed to different behaviour during the uptake, namely specific
metabolic transformations. The undetected concentrations of
dcNEO in the algae in conjunction with the presence in clams in
days 11, 13 and 15 indicate the conversion of other assimilated
toxins into dcNEO.

The modifications observed on PSTs profile between clams and
the supplied algae cells were less drastic than those reported in
other experiments with the clam Tapes japonica fed by Alexandrium
catenella (Samsur et al., 2006) and G. catenatum (Samsur et al.,
2007). In these feeding experiments, decarbamoyl derivatives
were found in clams (T. japonica) being undetectable in A. catenella
or G. catenatum cells that were used as food. The appearance of
those compounds in clams was attributed to enzymatic hydrolysis
of N-sulfocarbamoyl compounds supplied only once at the begin-
ning of the experiment (Sullivan et al., 1983; Oshima, 1995b). The
same explanation may be invoked to the results obtained in the
current work. However, hydrolysis may have been more effective
since G. catenatum cells were supplied daily during the exposure
phase. Ingestion by clams during 14 days may have resulted in an
ongoing biotransformation process, explaining the progressive
difference of toxin profiles between R. decussatus and the ingested
G. catenatum cells. The predominance of decarbamoyl toxins during
the depuration phase of the experiment, indicates that biotrans-
formation of other assimilated toxins into dcSTX and dcGTX2 þ 3
pursued beyond the ingestion of the toxic algae. It is recurrently
observed in national monitoring programmes that toxicity in
shellfish remains beyond the presence of high density of toxic algae
cells. The results of the current work show that dcSTX may be
responsible for the prolonged toxicity in clams exposed to a G. ca-
tenatum bloom. Two factors contribute to this extension of toxicity.
Firstly, the slower depuration rate of dcSTX in shellfish (Botelho
et al., 2010a), and the high toxicity equivalent factor in compar-
ison to the other toxins produced by G. catenatum (Oshima, 1995a;
Anon, 2009). For example, the toxicity equivalent factor of dcSTX is
10 times higher than of B1 and C1 þ 2.

The mass balance calculated for the entire experiment (Table 2)
evidenced the net gain of decarbamoyl compounds and the
conversion of C1 þ 2 and B1 in comparable quantities (750 and
604 nmol, respectively). It appears that dcSTX and dcGTX2 þ 3
resulted mainly from the biotransformation of C1 þ 2 and B1,
although other toxins assimilated by clams should not be negligible.
This hypothesis is in line with several works pointing to the trans-
formation of saxitoxin derivatives in shellfish contaminated by
G. catenatum into dcSTX (Oshima et al., 1990; Lin et al., 2004; Vale,
2008). The slower depuration rates of dcSTX and dcGTX2 þ 3 in
comparison to C1 þ 2 observed in the current experiment indicate
a tendency to higher retention time of those compounds in clams,
either resulted from assimilation or conversion from other toxins.

4.2. Elimination of dcSTX through clam faeces/pseudo-faeces

Toxin composition of particulate organic matter in rearing tanks
is of difficult interpretation because often it reflects the mixture of
wasted food, faeces and pseudo-faeces produced by shellfish
(Samsur et al., 2006; Estrada et al., 2007; Samsur et al., 2007). The
contribution of wasted food to the POM collected in the current
experiment is most likely negligible. Firstly, because the dominant
toxic component of the G. catenatum culture added to the experi-
mental tanks (C1 þ 2) were below the detection limit in the POM.
Moreover, daily microscopic examination of seawater from the
tanks, showed no G. catenatum intact cells. This indicates that clams
have ingested the algal mass supplied daily, and particulate organic
matter collected during the period that clams were exposed to the
toxic algae (phase I) is, thus, admittedly constituted by a mixture of
clam faeces and pseudo-faeces.

A relevant aspect of this work is that dcSTX was the only toxin
quantified in the POM produced by clams during the exposure and
depuration phases of the 28-day experiment. The toxin B1 was only
detected during a short period of the exposure phase. The toxin
profile of the particles produced by clams is different from that in
the whole clam tissues. Estrada et al. (2007) proposed that PSTs in
faeces are an indicator of the toxin content in the digestive system.
The validity of this relationship cannot be tested in the current
work because clam tissues were analyzed as a whole, and toxin
concentration in the clam gut content may have been diluted with
the low values in other tissues, as shown for other shellfish
(Cembella et al., 1994; Shumway et al., 1994).

The toxin composition of faeces or pseudo-faeces produced
during the exposure phase should reflect the ingested toxic algae
composition and metabolic transformations of the assimilated
toxins. However, only dcSTX, and punctually B1, were found in the
POM. The absence of C1 þ 2 and dcGTX2 þ 3 suggests their
biotransformation as ingested by clams. A similar explanation could
be invoked regarding B1, since it was only quantified in the 8th day
of exposure to the toxic algae. Although It should not be excluded
the possibility of toxins being released in solution due to the
hydrophilic nature of PSTs (Shimizu, 2000), the contribution of the
soluble fraction to the mass balance should be low as suggested by
Sekiguchi et al. (2001).

Under depuration, dcSTX concentrations in the POM were
irregular with pronounced maximum (Fig. 4). These concentration
peaks cannot reflect the composition of ingested food since the diet
was only composed by non-toxic algae. Presumably, metabolic
processes have a key role on the composition of the eliminated
particles. Furthermore, dcSTX was the major excreted toxin by
R. decussatus after fed by G. catenatum, which indicates its prove-
nance from reactions associated with the metabolic trans-
formation. Results of the two phases of the experiments pointed to
the conversion of assimilated toxins, namely B1 and C1 þ 2, into
dcSTX and dcGTX2 þ 3. This hypothesis is in accordance with
previous works with the clamMactra chinensis (Lin et al., 2004) and
Perdonidia venulosa (Cho et al., 2008). The gain of decarbomoyl
toxins evidenced in the mass balance approach is in line with
conversion of toxins by clams. The toxin composition of the POM
showed the export of dcSTX as faeces or pseudo-faeces. The elim-
ination of C1 þ 2 and dcGTX2 þ 3 as rejected particles were
negligible, being likely transformed into other compounds or loss in
solution.

5. Conclusion

Toxin composition of particulate organic matter rejected by the
clam R. decussatus under depuration conditions after being exposed
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to G. catenatum indicates the release of dcSTX, pointing to inter-
conversion of other assimilated toxins during the exposure.
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