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ABSTRACT

‘The Accumulation, Biotransformation and Elimination of Paralytic Shelifish Toxins in
Mynlus eduliy as a Function of Prior Scasonal Exposure to Natural Blooms
of Alexandrium excavarum

Hanadie A. Chebib

In a transplant experiment, two geographically distinct populations of Mytilus
edulis with different histories of contamination by Paralytic Shellfish Poisoning (PSP)
toxins were exposed o natural blooms of the toxic dinoflagellate Alexandrium excavatum.
Itis hypothesised that the biochemical response of the mussels to PSP toxins is a function
of prior exposure to the toxins, permitting chronically exposed mussels to exploit the
toxic organisim as a food souice.

Transplanted mussels were suspended in cages from the quai at the site of the
experiment. Mussel and Alexandrium cells samples were collected periodically and their
PSP toxin concentration and composition analysed by High Performance Liquid
Chiomatography (HPLC).  The mussels encountered two successive blooms of A.
cxcavarum differing in duration, maximum cell concentration and toxicity per cell. The
shorter fust bloom displayed cell concentratons an order of magnitude greater than the
sccond bloom., but the toxicity of the cells increased by a factor of four during the latter,
The two populations displayed difterent PSP toxin accumulation and elimination patterns
during and after the first but not the subsequent bloom. During the first bloom, the

manimum tonin concentraton of chronically exposed mussels was twice that of the
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pristine mussels, but in terms of tonicity  the difterence was less pronounced. However,
during the second bloom, these differences had dissapeared.

Putative toximn transformation was exammed 1 the two populations, based on
comparisons of toxin profiles in Alevandrivm cells and m mussel digestive glands and by
comparison of temporal changes in toxin epimeric ratios in the two mussel populations.
Prior exposure to toxic Alexandrizm blooms appeared to have an effect on transformation
of PSP toxins. During the first bloom, the toxin patterns of pristine mussels ressembled
those of the Alexandrium cells, but following a first exposure, the two mussel groups had
comparable toxin pattens.

In general, mussels which had not been pre-exposed to PSP toxins, seemed to
accumulate less toxin on a total molar basis in the presence of high Alevandrium cell
concentrations, but they contained a higher proportion of highly toxic denvatives, and
detoxified more rapidly than previously exposed mussels. The results tend to support the
hypothesis that the inttial differences between the two mussel groups were physiological
adaptations induced by prior seasonal exposure to PSP toxins rather than the consequence

of genotypic mechanisms.
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INTRODUCTION

GENERAL DESCRIPTION OF PARALYTIC SHELLFISH POISONING

Many shellfish porsonings occur as a direct result of toxic phytoplankton blooms,
commonly known as "red tides". Through exposure to these blooms, mollusks can
become vectors of human intoxication by filter-feeding on the harmful algae and
accumulating their toxins within their tissues. Among the various types of shellfish
poisoning of algal origin, incidents of paralytic shellfish poisoning (PSP) are the most
widely reported worldwide. The present study compares aspects of the transfer kinetics
of PSP toxins from toxic dinoflagellates to mussel populations with different histories of

seasonal exposure o these toxins.

DINOFLAGELLATE BLOOMS AND TAXONOMY OF ALEXANDRIUM SPECIES

There 18 no general agreement on the higher level categorization of
dinoflagellates. Taylor (1985) classified them in the animal kingdom as protozoa in the
order Dinoflagellida, whereas they were classified in the plant kingdom: by Leedale
(1974) (Class: Dinophyceae), and also by Dodge (1984), who placed them in the division
Pyrrhophyta. It is perhaps most informative to consider dinoflagellates as protists, in
view of their plant-like features.

The orgamisms primarily responsible for PSP outbreaks in the northern hemisphere
are fiee-living marine dinoflagetlates of the genus Alexandrium.  Since the main means
of reproduction of species within this genus is asexual, taxonomists have to rely on other

attributes for their classification,  Characteristics used have included biogeographical



distribution, morphology of the vegetative cells and sexual cysts (hypozygotes), and
biochemical properties, such as toxin and isozyme electrophoretic patterns, and nucleic
acid sequencing (Turpin et al., 1978; Schocnberg and Trench, 1930; Hayhome and
Pfiester, 1983; Cembella and Taylor, 1985; Cembella ct al., 1987; Scholin and
Anderson, 1993).

Species of the genus Alexandrium arc armoured, i1.c., the cells are covered by
cellulose plates which form a protective theca.  Attempts have been made to divide the
species using morphological criteria. These include the shape, size and chain-forming
capability of the cells, the position and shape of the thecal plates, and the disposition of
the pores on those plates. About thirty species have been identified following these
criteria (Steidinger, 1990), although species-level discrimination remains problematic.
The species which blooms in the lower St. Lawrence estuary, Alexandrium excavatum,
forms angular cells of 30 to 40 um diameter (Balech, 1985) (Fig. 1). The genus Alex-
andrium includes all of the Prorogonyaulax tamarensisicatenella group complex,
previously identified as species of Gonyaulax (Steidinger, 1990; Steidinger and Mocestrup,

1990).



Figure 1: Schematic representation of the ventral view of an Alexandrium

excavarum cell (scale lem=3.5um)






It Dikely that toxic dinoflagellate blooms have been occurring since this group
evolved some hundieds of milhon years ago: the first evidence suggesting dinoflagellate
blooms -and presumably shellfish poisoning, comes from analyses of sediments dating
back to prehistoric times which revealed high concentrations of Gymnodiniim catenatum
cysts (Dale et al., 1993). Recently, phytoplankton blooms resulting in shellfish poisoning
outbreaks gamed importance due to their negative impact on the fishing and tourism
industries. The i s environmental factors which induce toxic phytoplankton blooms
can only be speculated upon.  Environmental conditions resuvlting in increased cell
division as well as convergent migration and transport of cells have been suggested as

plausible causes of blooms (Steidinger, 1983).

PARALYTIC SHELLFISH POISONING TOXINS

Two theones tor the source of PSP toxins have been put forward. One theory
states that PSP toxms are synthesised in the nucleus of the dinoflagellates from amino
acud precursors (Anderson and Cheng, 1987; Doucette and Anderson, 1993; Shimizu et
al., 1984 and 1985), they may even be mvolved in the metabolism of nucleic acid
(Mickelson and Yentsch, 1979). The second theory suggests that PSP toxins are
synthesised by bactena within the toxic dinoflagellate cells (Kotaki et al., 1985; Kodama

¢t al., 1989).



DETECTION METHODS FOR PSP TOXINS

PSP toxicity was first associated with dinotlagelates i the mid thirnes, but the
toxins were not isolated from the dinotlagellates for another twenty years (Schantz,
1986). Since their discovery several procedures have been developed for therr detection

and quantification.

A. Assays of PSP toxins

The first assay for PSP toxins, was based on a mouse bioassay developed by
Sommer and Meyer (1937) and this assay is still widely used today. This procedure was
standardized by the Association of the Official Analytical Chemists (A.O.A.C.) in 1958,
and was adopted as an official PSP assay method in 1965 (A.O.A.C', 1984). The
standard unit of mecasurement of toxin potency, the mouse unit (MU), has been defined
as the minimum amount of toxin required to Ml a 20-gram mousc m 15 minutes,
following an intraperitoneal injection of one millilitre of tissue extract (Sommer and
Meyer, 1937).

Paralytic shellfish poisonings of humans in California allowed Mcyer (1953) to
estimate that the minimum lethal toxin dose in humans 15 approximately 20,000 MU
Nevertheless, Prakash et al. (1971) stated that as hittle as 200pg (=1,000 MU) of PSP
toxin have caused death. Other sources ((Tennant et al., 1955; Bond and Medcof, 1958)
estimated the lethal limit at 3,000 MU of PSP toxin. These apparent discrepancices in the

lethal dosage may be explained by differences in the foods or hiquids consumed with the
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shellfish, and the age and health of the victim,  The former variables are known to
dramatically alter the absorption rate of toxins in the digestive tract.

The maximum PSP toxin concentration detected in mussel samples has been
registered at 5,000ug g ' of tissue (25,000 MU) (Schantz et al., 1957), a level which may
reflect the upper limit of shellfish tolerance.  Mouse units have been standardized to
saxitoxin (STX) equivalent units (ugSTXeq): one MU is equal to 0.2ugSTXeq (Sommer
and Meyer, 1937; Schantz et al., 1958). One shortcoming of the mouse bioassay pro-
cedure is ity high threshold of detection at 40ugSTXeq 100g! tissue (W.H.O., 1984), a
level that may cause discomfort in humans.  Moreover, this test approach requires a
large number of mice, which is an increasingly important drawback, given the opposition
by animal rights groups to the use of mammalian bioassays. Thus, more acceptable
bioassay procedures have been sought. Towards this end, a fly bioassay has been
developed (Sieger et al., 1984 and Ross et al., 1985) whereby the toxin extracts are
injected into the insect and the time lapse to death is determined. Two other assays take
advantage of the Na* flux inhibition properties of PSP toxins in eukaryote cells: a culture
tissue assay (Kogure ct al., 1988) and a nerve binding assay (Davio and Fontenlo, 1984).
Finally, immunoassays have also been developed for PSP toxins to include radio-
immunoassays (R1A) (Carlson ¢t al., 1984) and enzyme-linked immunosorbent assays

(LLISA)Y (Chu and Fan, 1985; Cembella and Lamoureux, 1990; Sako et al., 1993).



B. Chemical and instrumental detection methods

The above considerations have led to the development of chenucal detection of
toxins. Nevertheless, there is concern about the effectuveness of such methods in
reflecting the combined dosage of toxins that may be ingested. A simple chemical assay
for PSP toxins has been developed (Bates and Rapoport, 1975) whereby the toxing are
oxidized with hydrogen peroxide and fluorescent products are measured by
spectrofluorometry. Gershey et al. (1977) moditied this technique by adding biacetyl to
the extracts which yields coloured derivatives of the oxidized toxins,

Individual PSP toxins may be identified and quantified by several analytical
techniques, including low pressure column chromatography, thin-layer chromatography
(TLC), high-performance liquid chromatography (HPLC), electrophoresis and mass
spectometry (MS). Duc to its high sensitivity and time cfficiency, HPLC is the most
commonly employed method (Sullivan and Iwaoka, 1983; Sullivan and Wekell, 1984).
The combination of HPLC with fluorometric detection (Buckley et al., 1978 and Jonas-
Davies et al., 1984) has proved to be a cost and time efficient procedure for the
separation and detection of PSP toxins. Detection is achieved through post-column
oxidation of PSP toxins to fluorescent derivatives (Sullivan, 1990; Shoptaugh ¢t al.,
1981 Sullivan et al., 1985; Sullivan et al., 1988). In addition to being a more precise
technique than the mouse bioassay, the HPLC method s highly sensiive (SpgSTXeq
100g™"). Since such low concentrations are not hazardous to human health, the ability to
monitor toxins at these levels allows a measure of safety. Thus, the fluorometric-HPLC

technique may be highly useful in a PSP regulatory programme



CHEMICAL PROPERTIES OF PSP TOXINS

The structure of PSP toxins and their chemical properties have been elucidated
using nuclear magnetic resonance (NMR), MS and infrared spectroscopy (IR) (Schantz,
1984 and 1986; Shimizu, 1986; Hall and Reichardt, 1984; Sullivan et al., 1988; Hall et
al., 1990) (Fig. 2a and 2b).

PSP toxins are tetrahydropurine derivatives that can be separated chromato-
graphically using cationic resins (Schantz, 1986).  Saxitoxin (STX) includes two
guanidinium groups (pK,=8.22 and 11.28), which determine binding of STX to carbo-
aylate cation resins at physiological pH. Neosaxitoxin (neoSTX) differs from STX in
having a third dissociable group (pK,=6.75). At physiological pH, gonyautoxins 1-4
(G'TX,,), and B,, are able to bind to cation resins, however, these analogues dissociate
more readily due to their lower charge. The C-toxin derivatives are not charged under
the same pH conditions and consequently do not bind to the cations. The PSP toxin
analogues can be separated into two major groups: the low toxicity sulfamate toxins,
which include B- and C-toxins (B, and C,), and the highly potent carbamate toxins,
which include the gonyautoxins (GTX, ), neoSTX, and STX. While the mechanism of
action of all the analogues is the same (i.e. Na* channel blocking activity), their
potencies, based on mouse bioassay analyses, differ between and within the groups (Hall
and Reichart, 1984 and Hall. 1982).  Table I provides estimates of the respective
potencies of PSP toxins.  Some rescarchers claim that neoSTX and STX are the most
potent analogues, whereas others rank STX and GTX; as the most potent (in Steidinger,

[983).
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Figure 2a:  Basic chemical structure of PSP toxins showing the sites of

radical groups (RI, R2, R3 and R4) that distinguish analogues

Figure 2b: The three primary subgroups of PSP toxins:
- Carbamate: Saxitoxin (STX), ncosaxitoxin
(ncoSTX), Gonyautoxins 1-4 (GTX,,);
- N-Sulfocarbamoyl: B, , and C,
- Decarbamoyl:  (de-STX, de-neoSTX,  de-

GTX,.,).
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Table I: Absolute (MU) and relative tovcrty rankings of ten PSP toxin analogues.

ABSOLUTE TOXICITY RELATIVE TOXICITY
TONIN SULLIVAN! SCHANTZ’ SULLIVAN' natt!
STX 2200 §500 ! {
neoSTX 2050 5000 093 1
GTXI 2000 09l 073
GTX?2 1200 2500 055 0.42
GTX3 2000 2000 0.91 0.67
GTX4 1800 0.82 0.27
Cl 25 600 0.01 0.02
2 250 60 0.11 0.02
B1 150 0.07 0.05
B2 175 0.08 0.09

Adapted from: 'Sullivan et al., 1988, *Schantz, 1986 and ‘Hall, 1982,

EFFECTS OF PSP TOXINS ON MOLLUSKS
A. General physiology

Limited work has been carried out on the physiological etfects of PSP toxing on
mollusks. Several physiological activitics seem to be affected by the initial ingestion of
toxic Alexandrivm tamarensis (Prorogonyaulax tamarensis) (Shumway ct al., 1985 a;
Shumway and Cucct, 1987 and Cucci et al., 1985).  Among the symptoms observed,
closure of shell valves, retraction of the mantle, production of @ mucus hke material,
increase in pscudofacces production and decrease m byssus production, were the most

obvious. Other changes included a decrease in filtraton and heart rates, and an increase



in O, consumption.  All these activities returned to normal following the exposure to
toxic phytoplankton. ‘These findings support the suggestion that repeated exposures to
PSP toxins impart physiological adaptations to mollusks that may persist and become a
genetic selection factor.  Genetic selection would be witnessed by increased resistance
to toxins. The work of Twarog et al. (1972) lends support to the genetic selection
hypothesis; the authors reported variation in the musse! nerve response to PSP toxins
between populations with apparent differences in exposure histories to toxic phyto-
plankton. ‘Twarog and Yamaguchi (1975) and Shumway and Cucci (1987) suggested that
the ability of certain species to accumulate (oxins is the result of differing sensitivities
of the nervous system to the PSP toxins, these being species specific. But Winter (1973)
found that physiological activities of mussels were affected in a similar manner when

they were exposed to high densities of non-toxic phytoplankton.

B. Kinctics of PSP toxin in mollusks

In the course of filter feeding on toxic phytoplankton, mollusks ingest the toxins
contained within the algal cells. Upon digestion of the dinoflagellate cells, the toxins are
released into the ahmentary tract of mussels, then assimilated and stored primarily in the
hepatopancieas. Some secondary accumulation of toxins occurs in the gills, the mantle
the gonads and the foot (Bricely et al. 1990 a and b). In a laboratory study, the latter
authors  demonstrated  that the accumulation of toxin in mussel tissues follows a
Michachs Menten type of curve, whereby the maximum concentration may reflect the

tolerance level of the mussels (4.5 X 10'wgSTXeq 100g” of tissue). In the presence of



high concentrations of toxic cells, the mtal rate of increase of tonicity i mussels is
logarithmic and can result in contamination levels that exceed the allowable linat tor
human consumption (80pgSTXeq 100g ") in less than an hour,

Price and Lee (1971) have suggested that PSP toxins arc bound to mussel tissues
by simple reversible ionic bonds. The release of significant quantitics of toxin lrom the
digestive gland can be detected within 24 hours atter the environment becomes toxin-free
The rate of release of PSP toxins is dependant on the specific toxin analogues present in
the dinoflagellate strain and on the contaminated shellfish species (Fremy et. al, 1991;
Bricelj et al. 1990 a and b).

Some evidence of biotransformation of PSP toxins by mollusks has been reported.
The composition of toxin analogues in Mynlus cdults was compared to that of
Alexandriuvm minurim (Ledoux et al., 1993) and Alexandrium fundyense used in toxin
uptake experiments (Bricelj et al., 1990 a) as ways of studying toxin biotiansformation.
In both cases, toxin analogues in mussels differed from those in the phytoplankton.
These findings lead to the conclusion that mussels are capable of metabolizing toxins and
converting them to their respective derivatives, as was previously reported tor other
shellfish species (Oshima et al., 1987; Sullivan et al., 1983a and Shimizu and Yoshioka,
1981). The work of the latter groups revealed that relative increases in carbamate toxins
were offset by proportional decreases in the sulfamate analogues. This temporal pattern
suggests three possibilities: [. that the low-toxicity sulfamates are transformed to high-

toxicity carbamates by the shellfish; 2. that the carbamate toxins are sclectively retained
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and 3. that the sutfamate toxins are sclectively eliminated.  However, Sullivan et al.

(1983 by did not deteet enzymatic conversions of PSP toxins in Myrilus edulis.

SIGNIFICANCE OF PSP CONTAMINATION

‘The impact of PSP on the worldwide fishing industry has resulted in the
establishment of momtoring programs, primarily to regulate shellfish marketing and
ensure pubhic safety and eventually to alleviate the problem. Governmental regulatory
agencies, cluding those in Canada and the United States, permit shellfish to be
marketed when PSP contamination levels are below 400MU (80pugSTXeq 100g™) of
cdible shellfish tissue, a level considered safe for human consumption (A.O.A.C, 1984).

Several attempts at finding strategies to enhance toxin elimination from harvested
shellfish have been made with varying degrees of success. Aalvik and Framstad (1981)
advocate the simple tansfer of contaminated mussels to sites free of toxic organisms.
Other researchers have found that PSP contamination may be lessened by exposing
mussels to ozone or sodium hypochlorite before harvesting (Blogoslawski, 1988;
Blogostawski and Stewart, 1978 and Chin, 1970). Nishitani et al. (1984) noted the
disruptive effect of an Alexandrivm endoparasite on Alexandritm blooms, and considered
adding 1t to the medium.  None of these processes are used on a commercial scale
because their potential for adverse environment cffects has yet to be assessed and their

efficacy 18 doubttul,



PURPOSE AND HYPOTHESIS OF THE STUDY

The principal objective of the present rescarch was to compare aspects of the
kinetics of toxin accumulation, climination and biotransformation, among transplanted
mussel populations with different histories of exposure to Alexandrium excavatum. ‘Ths
objective required that an initial survey of several sites be conducted to locate a mussel
population with a reliable history of scasonal exposure to toxic dinoflagellate blooms.
The other population was obtained from a mussel culture site with no known record of
exposure. Observation of the contamination patterns of mussels collected at various sites
allowed the identification of the site-specific characteristics of shellfish with a likely
history of PSP exposure.

The project is deemed to be unique because toxin Kinetics are examined in
transplanted mussels subject to i sire blooms.  In laboratory studies with cultured algac,
Shumway et al. (1985) have suggested that shellfish periodically exposed to toxic
phytoplankton blooms, may develop mechanisms permitting them to exploit these
organisms as food with no ill cffects.  Conceivably, through contact with the toxins,
mussels could increase their tolerance; thereby accumulating more toxin, and may inhibit
their ability to convert sulfamate toxims to carbamate derivatives prior to chimnation,
Experienced mussels may be expected to reflect the presence of less toxic denvatives
through metabolism related-processes whereas highly toxic analogues would tend 1o

prevail in naive mussels.
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MATERIALS AND METHODS

A. SAMPLE COLLECTION

Mussel samples (Mytilus edulis) were collected from four sites with varying
histories of exposure to PSP toxins. One set of samples was obtained from a mussel
culture station on the Magdalen Islands (MAD) in the Gulf of St. Lawrence; the other
samples were collected from the intertidal zones at Trois Pistoles (TP), Metis (MT), Cap
Chat (CC: abbreviation for the i siru experiment and CAP: abbreviation for the mussel
transplant experiment), along the south shore of the lower St. Lawrence estuary (Fig. 3).
These arcas correspond to the following area codes shown in table 1I, as designated by
the Department of Fisheries and Oceans of Canada.

Table 11 [-isheries and Oceans sector code and geographical coordinates for the
four sites from which mussel samples were obtained for the experiment.

Site Code Geographical Coordinates

Magdalen Islands (MAD) A-14.1 4724’ N Equator
61°50" W Greenwich

Trors Pistoles (TP) B-3.1.2 4808 N Equator
61°02" W Greenwich

Metis (MT) B-6.3 48°59" N Equator
67°00" W Greenwich

Cap Chat (CC and CAP) B-10.1 2 49"06° N Equator
66'42" W Greenwich

Rioassay data were provided through the inspection division of the Department
of Fishenies and Oceans in Quebee. These were based on the A.O.A.C. hot HCI toxin
evtraction techmgue from whole mussel homogenates, intraperitoneal injection of 1 ml

enract into a 20g mouse, and recording of tumes of death.,



Figure 3: Map of lower St. Lawrence region.
Points of interest: Trois Pistoles, Metis, Cap Chat, the Magdalen

Islands and Pointe-aux-Cenelles (experment site).
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1. Field study of in situ mussel populations (1987)

During the summer of 1987 (Junce 15-September 200, batches of five adult mussels
each were collected weekly from the intertidal zone at TP, MT and CC and stored frozen
at -20°C upon arrival, In 1989, the whole soft tissue extracts of two mussels from cach
batch were analyzed individually, whereas equal volumes of extract from the other three

mussels were pooled for analysis.

2. Simultaneous mussel transplantation experiment (1990)

For the mussel transpiant experiment, 250 adult mussels  were collected from a
natural population inhabiting the intertida! zone at Cap Chat and transported in scawater
to the experimental site.  Another group of 250 two year old mussels from a suspended
culture site in the Magdalen Islands were shipped on ice to the experiment site. Four
mussels were selected randomly from each of the two populations and used as reference
specimens for toxicity determination at time zero. Within 24 hours of their arrival at the
site of the experiment, the remaining mussels of each population were placed in tandem
wire-mesh cages (vol=0.650m*; mesh size=1cm) and suspended from the dock at the
Maurice Lamontagne Institute (IML), Pointe-aux-Cenelles, Quebee.  The cages were
submerged at a depth of 3m below the mid-point of the tidal cycle and anchored at the
bottom of the water column (7m depth). A penod of one week was allowed for both

groups 1o acchimate to their new environment prior to commencement of sub-sampling.



a. Cell density estimates

‘The density of Alexandrim cells in the water column adjacent to the cages was
estimated at the start of the experiment.  These estimates were based on cell counts of
the vertical net tows (20p meshy collected bi-weekly. These were used to establish the
mitiaton of the tirst Alexandrivm bloom. The volume of water filtered by the net was
calculated by assuming a cylindrical column of water with a raJius equal to that of the
opening of the net (r=0.25m) and a height equal to that of the water column (h=7+1m)
(mxr’xh=1,374 m’); the filtered particulate fraction (=20pm) was collected in a 0.2m?
cod-end, giving a concentration factor of 6,872x. The number of cells in a 0.1ml
Palmer-Maloney chamber was counted under an optical microscope (250X) and
multiplicd by the concentration factor to estimate the number of cells per litre in the

water column,

b. Sampling Strategy
1. Mussel sampling trequency

A strategy was developed to optimize the sampling effort and to ensure that the
frequency of samphng was highest during the more critical stages of the experiment.
‘Two considerations were used in this determination. One was the dinofiagellate density
in the water column and the other, the concentration of toxin in mussel samples analyzed
from the previous interval. The imtial sampling frequency of once a week was doubled
when the cell counts rose to 50 cells 11 or when the toxicity of the most recent sampled

mussels surpassed 40peSTXeq 100g ! tissue.  Sampling was increased to three times a



week when the Alexandrinm cell count exceeded 5000 cells 1! or when the toxicity
exceeded 80pgSTXeq 100g ' tissue. This sampling frequency was continued for two
weeks beyond the time when the cell counts or the toxicity fell below these arbittary
levels.

An analysis of Alexandritm cell counts and toxicity data showed that two blooms
occurred during the course of the mussel transplant experiment in 1990, In accordance
with the above sampling strategy, mussels were sub-sampled three times a week during,
and for the two weeks tollowing, each of the blooms (bloom 1, post-bloom I, bloom 1l
and post-bloom II). Over the four week period separating the blooms (inter-bloom), and
for the last six weeks of the experiment (end phase), the sampling frequency was

maintained at twice a week. A total of 45 sub-samples were obtained from cach group.

ii. Phytoplankton samples

In addition to the samples collected for the crude cell density estimates, vertical
net-tow samples were collected from the immediate vicinity of the cages and used for two
purposes: to determine the relative density of Alexandrium cells and to concentrate them
for chemical analysis of their toxin composition.

For the determination of relative phytoplankton species composition, 20mls
samples of the net-tow material were collected weekly and preserved in 4.5% formalin.
The dominant species composition was determined microscopically by calculating the
ratio of each species 1o the total phytoplankton abundance in a sub-sample of 200 phyto-

plankton cells selected at random.  Dommant species were defined  arbitrarily as

r9
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consirtutig at east 40% ot the total identifiable phytoplankton counts in the =20u mesh
fracton. ‘The remamder of the net tow sample was used for HPLC analysis of PSP
toxins. ‘The net-tow sampling frequency was adjusted according to the concentration of
Alexandrinm cells in the water column.  Once the Alexandrium cell concentration rose
to 1000 cells 11, net-tow samples were collected at the same frequency as the mussel
samples and used similarly for HPLC analysis.  For toxin analysis, the phytoplankton
samples were passed sequentially through a series of 150, 73 and 20u mesh sieves to
obtam an Alexandrium-enriched cell fraction retained on the finest mesh. This fraction
was transferred to a 20ml scintillation vial. A 2ml sub-sample of cell concentrate was
diluted (1:10) by adding 2mls of 40% formalin and 16mis of filtered seawater (0.2u).
The Alevandrivm cetl density in this {raction was counted in a Palmer-Maloney chamber
(0. Iml) under a phase-contrast microscope (200x). Five replicate counts were averaged
to determine the total number of Alexandrium cells in each sample used for HPLC

analysis (Table | in Annex 1).

1. Water samples

Water samples were collected in Niskin bottles at three depths (0, 3, and 7m).
Alexandrinm cell counts at each depth interval were obtained by sedimenting a 200ml
sub-sample - a graduated cylinder for 4 days, then removing the top 180ml of
supernatant scawater using a Pasteur pipette attached to a vacuum system. The
renuuning 20ml sedimented fraction (10: 1 concentration) was vortex-mixed to re-suspend

the cetls. A Smlmverted mictoscope sedimentation chamber was filled and allowed to



settle tor 12 hours. When cell counts were low, the total phytoplankton content of the
chamber was counted: when high cell concenttations occurred, the count was limited to
an area of lcm’, corresponding to a 1.02ml volume.

Various other water column variables were also determined weekly from samples
collected in Niskin bottles at the site of the experiment. Water temperatute was 1ecorded
for each of the three depths following a one minute period for cequilibiation of the
thermometer in the Niskin bottle. A 200m! aliquot was transferred to salinity bottles and
the salinity was measured subsequently using a "Guildine Autosal 8400" salinometer.
This device measures the conductivity of a sample and compares it to the conductivity
of standards of predetermined salinity in accordance with the 1978 UNESCO practical
salinity formula (Strickand and Parsons, 1972). The turbidity of the water column was
measured using a Secchi disk. The extinction coefficient (K) for water column turbidity
was calculated as 2.1/Sccchi depth.

These values are presented 1 Figure 4. No differences were observed n
temperature or in salinity among the three depths. A mean ditference of 2°C was
observed between the first and the second part of the scason (includimg bloom 1 and
bloom 11 respectively), but no significant differences in salinity were observed during this

period of the experiment (Table 1 in Annex II).



Figuie 4: Mecasurements of water turbidity as given by the extinction
coefficient (K) and of water temperature (°C) and salinity (/)

at 0, 3, and 7 metres at the Pointe-aux-Cenelles experiment site.
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B. TOXIN EXTRACTION
1. Mussels

In the 1987 experiment, for each sampling date and site, five mussels were
collected and excised soft-tissue was weighed individually, De-ionised water was added
to the tissue of cach individual mussel in a proportion of one ml g'. Each sample was
homogenized separately using a tissue homogenizer (IKA Labortechnik Ultraturrax) until
a viscous suspension was obtamed. Five mls of homogenate were removed for purposes
not related 1o this experiment. A volume of 0.2N acetic acid equivalent to that of the
de-1onized water was added to the remainder of the suspension. The preparation was
again homogenized. Five mls of this homogenate were stored at -20°C until further
treatment,

FFor the mussel transplant experiment, four mussels were removed from each cage
at cach samphing interval and stored whole at -80°C until dissected (within two weeks).
Disscction involved the removal of the digestive gland-stomach complex of each of the
four mussels.  These tissues were combined and treated subsequently as a composite
sample. Although mitigated by the requirements to detect trace levels of PSP and limit
the number of samples analyzed, the latter step is recognized now by the author as
atfecting the statistical inferences from the experiment since the combined samples cannot
be regarded as tue individual replicates. The rest of the soft tissues were discarded
except for the last month of the experiment.  During this latter period, the remaining
ussues ol the tour mussels of cach sub-sample were combined and analyzed for their

tonms sepatitehy from the digestne glands. The height and length of the shells were



measured using a Vermer nmicrometer. The combined wet weight of the four digestive
glands, and the wet weight of the residual (in the end phase) tissues were recorded. To
each sample, a volume ot 0. IN acctic acid equivalent to the weight of the sample was
added and the mixturc was homogenized. A Sml volume of the homogenate was stored
at -20°C until further treatment.

The homogenates were subsequently thawed and centrifuged in a high-speed
centrifuge at 3,000xg for 20 minutes at 4°C.  This treatment resulted in a clarified
supernatant. A 0.Sml volume of supernatant was transferied o an ultrafiltration
cartridge (Millipore 10,000 NMWL PLGC Ultrafree MC) and spun at 2,000xg for 50
mins at 4°C to obtain at least 0.18ml of filtrate. In the case of the mussels collected in
site in 1987 at TP, MT and CC, equal volumes of filtrate from three individual mussels
per sampling date were combined for analysis, whercas filtrates from the other two
individuals were analyzed separately. This was done to investigate the variation in toxin
concentration among individuals collected on the same date from the same site. The
filtrates were transferred to 0. 1ml HPLC autosampler vial inserts, and stored at -20°C

prior to injection into the HPLC.

2. Toxic Phytoplankton samples

Sixteen mls of the Alexandrinm-enriched cell fraction collected from net tows
(20u) was filtered under low vacuum through a 25mm Whatman Gl/I glass-fibre filter
to dryness. The cell mat on the filter was scraped and the cells were transferred 1o a

1.5mi plastic vial and stored at -20°C. To extract the toxins trom the cells, Tml of
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0.03N acctic acid was added to cach vial.  While in an ice bath, the mixtures were
subjected to ultrasonication in six bursts totalling one minute, using an ultrasonicator
equipped with a microprobe. Subsequently, the sample was centrifuged at 2,000xg for
10 nunutes at 4°C. Lach sample was then filtered through a syringe-mounted 0.45x HA
Millipore nitrocellulose membrane, and transferred to individual HPLC autosampler vials

prior to analysis.

C. HPLC ANALYSIS
. Toxin separation and detection

Separation of PSP toxin components from the mussel and phytoplankton samples
was achieved by reverse-phase ion-pair HPLC. The equipment consisted of a Varian
5000 Liquid Chromatograph coupled with a Varian 9090 autosampler, a Kratos PCRS-
520 post-column reaction module, a Perkin-Elmer LS-4 fluorescence spectrophotometer
and a Walers Baselind® computerized data integrator. Ten ul o” toxin extract were
sampled automatically and injected onto a polystyrene divinylbenzene resin column
(Hamilton PRP-1, 10 particle size; 4. 1x150mm i.d.). The analytical column, equipped
with a PRP-1 resin (10-20p particle size) pre-column cartridge, was maintained at 35°C
m the post-column reactor. Toxin separation was effected by binary gradient elution,
with heptane and hesane sulfonate in mobile phases A and B serving as ion-pair reagents
(Table HD. A post-column oxidation reaction rendered the products detectable by
Huorescence (eacitation: 340nm; emission:400nm bandwidth+10nm), according to the

method of Sullivan and Wekell (1986). The reaction involved the post-column mixing
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of an oxidant (periodic acid) with the column cluent, followed by heating at 90°C in a
Iml Tefzel reaction cail, and continuous neutiahization of the minture with mitric acid
(0.75N) prior to 1ts detection by fluorescence. A dual-head Fldes Slo Syn SS80O piston

pump was used to dehver the oxidant (0.3-0.5m1 min'y and the acid (0. 1-0.3ml min ).

Table III: Composition of the mobile phases and the post-column reaction reagents
Solution Chemical Composition pligi 002)
Phase A 1.5mM ammonum phosphate butter 670

SmM hexane sultonate
.SmM heptane sultonate

=)

Phase B 6.25mM ammonum phosphate butfer 7.00
SmM hexane sulfonate
.SmM heptane sultonate
25% vol. acetonitnle

—_——

Oxadant SmM penodic acid 7.80
100mM sodiime phosphate butier

2. Toxin identification and measurement

Individual PSP toxin components (Frg. 2b) in the samples were identified by
comparing their retention times with those of standard reference toxins, Comparison of
peak areas between unknowns and standards provided a quantitative measure of cach
toxin component. PSP toxin secondary standards for routine chromatography were
prepared from purified dinoflagellate extracts and calibrated to a primary standard

(MS-33: J. Sulhivan, U.S.I.DUAL, Seattle, WA L) (Table 1V).
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Table TV: Secondary standard (MSPR-3 and MSPR-5) nominal retention times
(miny), toxm concentration (uM) and HPLC detection limit of PSP toxin

analogues.

Toxin R T, (mins) MSPR-3 [uM]| | MSPR-5 [uM] Linut (uM)™
Cx’ 2.040.5 8.54 24.60 0.01
G X4 7.341 1.99 8.87 0.02
GIXt 9411 2.58 22.13 0.03
GTX3 10.7 £0.5 2.91 3.14 0.002
GIx? 11.8¢1 3.75 1.53 0.005
neoSTX 159105 24.27 19.08 0.02
SIX 16,9405 7.13 17.70 0.02

Taepresents an epimenc nmuixture of toxins €, and Ca.
“detined as two times the maxmmum hiseline noise; 10ud injection.

A Waters Millipore Baseliné® 810 chromatography workstation integrator was
linked to an NEC PowerMate2 APV 1V computer programmed to convert the toxin peak
arcas into concentration units.  The molar concentrations (uM) of the toxins were

' for mussel tissue or fmol cell! for

converted ¢ toxin concentrations (nmol g’
Alexandrium) and to toxicity units (ugSTXeq 100g" for mussels and pgSTXeq cell”! for
Alexandrium) usig the published toxin-specific conversion factors of mouse units (MU)

10 pgSTXeq (Table V) (Boyer et al., 1986), assuming 0.18ugSTXeq per MU (Schantz

¢t al., 1958).
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Table V: Toxin conversion factor used to convert the concentration of individual
tonins (M) o tovicity units (ueSTNeq panolY) (from Sullivan
Wekell, 19806).

Toxin Conmversion factor
Cx 47
GTN4 340
GTXI 346
GTX3 291
GTX?2 182
neoSTX 304
STX 3064

The total concentration (nmol g ') of toxin in the mussels was calculated by multiplying
the analyzed molar concentrations (uM) by the toxin extraction volume (ml) and by the
reciprocal of the wet weight of the tissue (g) (1). The toxicity (gSTXeq g') was

obtained by multiplying the total concentration value by the toxicity conversion factor,

nmol gt=pM X cxtraction vol.(I)/tissue weight () ... ... ..... .. (1)
ngSTXeq g'=nmol g' X conversion factor (IF) (ugSTXeq pemol’y ... . (2)

3. Toxin hydrolysis

In order to correct for co-cluting fluorescent artifacts which nughtinterfere with
the det. mination of C-toxms, samples were hydrolysed 04N HCL in o 11 volume of
acid of sample extract for 10 nunutes at 100°C. “This treatment converts the labile

N-sulfocarbamoyl (C') toxins to therr respective gonyautoxin analogues (g, 2h) (Proctor



ctab , 1975). Weak acid hydrolysis of the mussel extracts from the CC, MT and TP
stations showed that C-toxin concentraions may be overestimated from unhydrolyzed
samples due to Tuoreseent arhfacts from peak arcas, resulting in a maximum total error
mtoxicity (ueSTXeqg') of 5.1% for CC mussels, 9.0% for MT mussels and 21.4% for
TP mussels. “Thus, m the transplant experiment, six representative samples were chosen
from CAP and MAD mussels at different times throughout the experiment and
hydrolysed to calculate a correction factor. A sample was taken immediately preceding
the onset of toxm peaks i mussels. Also, a sample was taken at the peak toxin
concentrations  durmg cach bloom.  An additional two samples were used as
repiesentative of the end phase where the toxin concentration in each of the two
populations remained unchanged.  Figure S shows the percentage decrease in C, and
contesponding mcrease in the concentration of GTX, , 3 following hot acid hydrolysis for
the dates selected (abscissa). Concentrations of C-toxin samples were extrapolated using

this graph. Reported data herein represent the corrected values.
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Figure 5:

Percentage decrease in C-toxins (C,) and pereentage increase i
Gonyautoxins 2 and 3 (GTX) in mussels transplanted from Cap

Chat (CAP) and the Magdalen Islands (MAD).
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D. STATISTICAL ANALYSIS

All statistical analyses were performed through statistical software: Statgraphics®
V.5, Staustical Graphics Corp. or a spreadsheet sottware: Lotus 123% Development Corp.
For the purpose of this study, statistical sigmficance was based on probabilities of

p=<0.05 unless otherwise stated.

1. Variances within and among the populations

Toxin concentrations were determined from individual samples as well as from
pooled (n=23) samples from the mussels collected in CC, MT and TP, in 1987, The data
for each toxin were subjected to a one-way analysis of variance (ANOVA) to detect
differences 1n the variances in the levels of individual toxins between the three
populations. The level of significance for the FF-ratio, given by the p-value and the Sum
of Squarcs (SS) and the Mean Square (MS) values are presented with the results. The
coefficient of variation (CV) for each variable was calculated as the ratio of the square

root of the standard deviation to the toxin mean (V's/x).

2. Comparative testing

A Student’s T-test of the difference between the mean concentrations (nmol g')
of individual toxins and totai concentration and toxicity (ugSTXeq 100g" tissue) as well
as the mean relative molar (% Molar) toxin concentrations in CC, MT and TP musscly

was carned oul.
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Two sample Kolmogorov-Smirnov (K-S) tests were performed on the individual
toxin concentrations as well as on the total toxin concentration (nmol g') and on the total
toxicity of mussels (pgSTXeq g') to compare the distribution of the toxin concentrations
of the populations, where DN represents the maximum absolute deviation between the
two cumulative distribution functions. A pair-wise comparison of toxin concentration of
CC, MT and TP mussels before and during the peak toxin concentration was performed
as well. Toxin concentration in the digestive glands of CAP and MAD mussels were
compared during cach of the bloom phases.  Differences between the two blooms were
also determined by the comparing toxin concentrations in CAP and MAD mussels and
in the Alexandriinmn cells during the first and the second bloom. Differences in toxin
concentration were established between the two tissue fractions in each of the two mussel
groups durmg the end phase.

Discrimmant analysis was carried out to obtain a function of the concentration
(mmol g ') of the mdividual toxins of CC, MT and TP mussels prior to (n=6) and during
(n=9) the peak in toxin concentration in the mussels. In addition, toxin concentrations
i CAP and MAD mussels were compared during the different phases of the experiment,
mcluding the non-visceral tissue fraction in the end phase, to determine the most
significant toxin discrimmating between the groups during each phase.  The toxin
camposition data for the toxic phytoplankton cells were also subjected to discriminant
analysis, in order to identify which toxins differentiated between the two blooms.

A Wilconon Signed-Ranks test comparing the medians of the arcsine transformed

relative molar tovm composition an the digestive glands of CAP and MAD mussels was
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carricd owt for cach phase of the experiment, and tor the ditferent tissue fractons m ihe
end phase. Furthermore, the relative molar toxin composition in the two mussel groups
were compared with those in the Alexandriton cells. The Z-value gives the average tank

of differences about the medians.

3. Toxin kinetics

The kinetics of toxin accumulation and chmmation in the mussels were deseribed
through Tmear regression analyses of the natural logarithmical transformed toxin
concentrations as a function of time. The accumulation phase was defined as
commencing at the lowest toxin concentration preceding an increase (1=0) and ending
at the peak toxin concentration during the bloom (t=N). The climination phase was
defined as the time period between the peak toxin concentiation during the bloony (1= 0)
and the point at which the rate of decrease of the concentration levelled off (t -N), 1.e.,
did not decay exponentially. The probability of an event (accumulation or elimination)
being significant was based on the ratio of the slope of the regression line to the standard
error of the slope. giving a specific Student’s ‘I'-test value, 1.¢., a compatison of the
slope of either accumulation or climination to a slope of 0, 1.e., where no net
accumulation or chmination occurred over time.

A Student’s T-test was used to compare the toxin kinetics in CAP and MAD
mussels during cach of the two blooms. It was based on a comparison of the slopes of
cither accumulation or ehimination of toxin as a function of tme. “Toxin chmimation in

CAP and MAD mussels was turther examined through the regression analysis of the
el
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relative amount of total toxim remammg in the digestive gland (up to about 15% of the
maximumy as @ tunction of tme. In both cases, the rates of toxin elimination following

cach bloom were compated between the two populations and between the two blooms for

cach population.

4. Putative biotransformation

Ditferences in toxin composition which may be attributable to biotransformation
and/or toxin specihic retention, were determined by observing the changes in toxin pair
ratios.  The ratios of epmeric pairs GTX;:GTX, and GTX;:GTX, as well as
neoSTX:STX were calculated.  Regression equations representing shifts in these ratios
during the accumulation and climination phases for both blooms, as well as during the
inter-bloom penrod were computed. The probabilities of the toxin ratios changing over

time were based on a comparison of the slope of the regression line o zero.
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RESULTS

I. Field study of in situ rmussel populations (1987)
1. Total PSP toxin concentration and toxicity

Toxin levels in mussels collected trom TP, MT and CC in 1987, wete highest in
the latter two populations (Fig. 6) (Tables 2, 3 and 4 in Annex ). The mean toxin
concentration (nmol g) and toxicity (ugSTXeq 100g ") of CC mussels over the 15 week
sampling period were not significantly ditferent from that of M'T mussels, but TP mussels
were found to be less toxic than the other two groups (Table 2 i Annex 1), In 1987,
the mean toxin concentration of CC mussels throughout the scason was 21.3nmol ¢!
(S.E.=23.5 n=15) with a corresponding mean toxicity of 369ugSTXcq 100g!, and a
peak of 1821ugSTXeq 100g' tissue. The mean PSP toxin concentration at M1 was
14.5nmol g' (S.E.=14.3 n=15) equivalent 1o a mean toxicity of 248,pS8TXeq 100g ",
the peak toxicity was found to be 1372pgSTXeq 100g " tissue.  In contrast, the average
toxin concentration of the TP mussels throughout the season was only 6.4nmol g’
(S.E.=4.16 n=15), giving a mean toxicity of 67ugSTXeq 100g ', and a peak toxicity of
209ugSTXeq 100g ' tissue.

To examine the differences in the concentration (nmol g') and toxicity (ppSTXceq
100g" tissuc) of PSP toxins among the three sites, a multi-factor ANOVA  was
performed. The variance m the toxin concentrations between the different populations
were significantly greater than those within cach population for all toxins except GTX,
(p<0.10) (Table 3 in Annex 1), The mean coethicient of vanation was calculated for

the mussels at the three sites (Table VI



Figure 6: Total PSP toxin concentration (nmol g') and toxicity (ugSTXeq
100g ! tissue) of mussels collected from the inter-tidal zone at
Trois Pistoles, Metis and Cap Chat from June to September

[UR7.
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Table VI Coctficient of varation (CV) in toxin concentration (nmol g') for the
three mussel populations.,

Toxm cv
Cx 78.27
G X4 158.34
GIXI 351.81
G1X3 147.19
GTX?2 198.39
neoSTX 150.16
STX 159.89
Total 97.67
Toxicnty 124.49
(neSTXeq 100gY)

In order to determine whether the variation in toxin concentration (nmol g') and
toxicity (ueSTXeq 100g'y among the mussels was greater than that within each group,
a one-way ANOVA was carried out on the individual mussels (specimens 4 and 5) in
parallel to the pooled mussels (specimens 1,2 and 3) for each population. The F-ratios
ol these analyses were not significant, i.¢., the differences within each of the groups
were not greater than the differences between the three populations, except for GTX, and
neoSTN i MT and for ncoSTX in TP -these toxins were found only in trace levels in
the mussels (Table 4 in Annex 11).

No significant differences were observed in the concentration of PSP toxins
between CC and N mussels, except for GTX,, which was found in higher concen-
trations in CC mussels during the peak in toxicity. The total toxin level (nmol g!) and

tonieity (e Neg 100g Y were also similar in CC and MT mussels prior to and during
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during the peak in toxicity. However, the test revealed that the total tonin concentration
and toxicity of MT and TP mussels were different prior to, but not duning, the peak in
toxicity. The overall toxin concentration and toxicity of TP mussels was different from

that of CC mussels both prior to and during the peak toxicity (Table 5 in Annex 1),

2. Bioassay and HPLC correlations

The correlation between toxicity determined by bioassay and HPLC was high
(Pearson correlation coefficient, r’=0.93, p=0.00), but toxicity was consistently higher
when determined directly by mouse bioassay than when calculated from HPLC data using
toxin-specific conversion factors, as shown by the displacement of the curve from a

theoretical slope of 1 (Fig. 7).

3. Variation in PSP toxin concentration

The relative molar composition of toxins in mussels from TP, MT and CC are
reported in Figures 8a, b and ¢ respectively. The composition of all toxins except GTX,
prior to the peak and GTX, and STX during the peak in toxicity were significantly
different between CC and TP mussels. Metis and TP mussels had a similar toxin
composition prior to and during the peak in toxicity, except for GTX, and ncoSTX which
were found only in slight amounts in TP mussel samples, both prior to and during the
peak. Cap Chat and MT musscls contained similar proportions of all toxins (lable 6 in

Annex II).
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Figure 7: Correlation of bioassay and HPLC toxicity results (ugSTXeq
100g " tissue) for mussels collected from Cap Chat in the
summer of 1987, Pearson correlation coefficient (1) and fitted

linear relationship for the correlation are compared to an ideal

I:1 slope.



HPLC TOXICITY

(1gSTXeq 100g~ 1 X 10°)

2.0

Y=X+0 P
e R'=1.0 7
- -7 Y¥=0.35%4 48.92
/ R'=0.93
1.0+ o
o]
0.5
0
OO
0.0 : ; : et - -
0.0 1.0 2.0 3.0 4.0 5.0

BIOASSAY TOXICITY
(ugSTXeq 100g~ 1 X 10

46

6.0



Figure 8: Relative composition of PSP toxins in the mussels collected from
the anter-tidal zone at a. Trois Pistoles, b. Metis and c¢. Cap

Chat trom June through September 1987.
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4. Mussel weights

The solt tissee wet weights of mussels collected from the inter-tidal zone at CC,
MT and ‘TP i 1987 and averaged over the sampling period are presented in Table 5
(Annex 1) Accordmg o a Student’s T-test, MT mussels weighed significantly more than

TP mussels, which i turn weighed more than CC mussels (Table 7 in Annex II).

1. Simultancous mussel transplantation experiment (1990)
A. Alexandrinm cells

During the second phase of the project, two blooms of Alexandrium excavatum
were observed. ‘The tirst bloom peaked at 1.7 X 10° Alexandrium cells L and occurred
in late June-carly July, whereas the peak cell concentration in the second bloom, which
occurred in fate August, was approximately an order of magnitude less (Fig. 9a) (Table
O 1 Annex D). The dominant phytoplankton genera in the 20u net tow fraction were
found to be the toxie Alexandrivm and the diatoms Thalassiosira, Chaetoceros and
Skeletc rema (Table 7 in Annex ). At the start of the second bloom, their ratio still
constituted an amportant fraction of the available food in the water, but decreased
sporadically so that, towards the end of the bloom, they represented an insignificant share
of the cell ratio counts i the water column. Alexandrium cells exhibited a mean toxicity
ot 3 3peSTNeq el (vode=- 104, n=5) during the first bloom and 13.8pgSTXeq cell!
(s.d.- 7.88 n 9y dunng the second bloom  (Fig. 9b) (Table 8 in Annex 1). The low
poteney N osultocarbamoyl tonins C/C, and the high potency carbamate derivatives

neoS X and STN were the domimant anaiogues in Alexandrivom (Fig. 10).



Figure 9a:  Total concentration (nmol g ') of PSP toxms m the digestive
glands of mussels transplanted fiom Cap Chat (CAP) and the
Magdalen Islands (MAD) and Alexandrium cell density at Im
depth in the water column from June to November 1990.
Inset:  Concentration for August to November 1990

10X magnitication.
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Figure 90b: Total toxicity in the digestive glands of mussels transplanted
from Cap Chat (CAP) and from the Magdalen Islands (MAD)
(neSTXeq g ') and total PSP toxicity in the water (pgSTXeq 1.
at 3m depth from June to November 1990,
Inset: Toxicity for August to November 1990 at 10X

magnification.
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Figure 10:

Percent molar toxin composition of toxin in Alexandrium ccells
for cach sample collected at each sampling interval duning the

two blooms at the experiment site.
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The concentration of cach toximn analogue (tmol cell ) as well as the total toxn
concentration and toxicity (peSTXeq cell M m the cells duning cach of the two blooms
were compared; the concentration of GTX,. GTX; and GTX, ditfered between the first
and the second bloom (Table 8 in Annex II). However, there was no discrimination
between the two blooms on basis of the toxin concentration (Table 9 m Annex 11).

The relative concentration of the toxin analogues in Alexandrium cells were not

significantly different between the two blooms (Table 10 in Annex 1),

B. Mussels
1. PSP toxin accumulation and climination
a. Toxin concentration and toxicity

Prior to the appearance of the first Alexandrinn bloom, when ambient cell density
was less than 100 cells L', mussels transplanted trom both the Magdalen Islands and Cap
Chat accumulated low levels of PSP toxins (<300uSTXeq g! digestive gland) (Tables
9 and 10 in Annex ). During the first bloom, a delay of 6 days was observed between
the maximum concentration of Alexandrium cells in the water column and the peak PSP
toxin concentration in the digestive glands (Fig. 9a). CAP mussels exhibited a greater
capacity to accumulate toxin than MAD mussels.  When expressed as total PSP
concentration (nmol g'), the difference was two-fold but when expressed as toxicity
(neSTXeq g'), CAP mussels were 1.5X more toxic than MAD mussels (Fig. 9b). A
maximum toxin concentration ot 4.23x10 mmot ¢ ' digesuve gland ¢ 7.73x1071gS'TXeq

¢! digestive gland) was reached o CAP mussels duning the hirst bloom, compared to
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2.22x10'nmol g' digestive gland (=5.13x10°ugSTXeq g' digestive gland) in MAD
mussels. During the second bloom. both mussel groups accumulated a similar toxin load
at 4.76x 10 mmol g ' and 4.67x10’nmol g' for CAP and MAD, respectively. The peak
toxicities reached in both mussel groups during the second bloom were also comparable
at 88.50upSTXeq g ' and 94.53ugSTXeq g ! digestive gland for CAP and MAD mussels
respectively. A visual comparison of Figures 20a through g reveals that the concentra-
von of C,, GTX, and GTX, in CAP mussels was greater than that of MAD mussels
during the first bloom, but only GTX, apparently differed between the two populations
during the second bloom. All other analogues seemingly reached similar concentration
levels in cach populations duting both blooms.

The concentration of C, differed between CAP and MAD mussels during the first
bloom, but durmg the second bloom, all toxin analogues were found in equal
concentrations.  During post-bloom 11, the concentration of GTX, was greater in MAD
mussels than in CAP mussels.  In the pre-bloom, post-bloom I and in the end phase, the
concentrations of cach toxin component, the combined toxin concentration (nmol g') and
total equivalent toxicity (pgSTXeq g ! digestive gland) were not markedly different (Table
[T in Annex D). The concentration of toxins in CAP and MAD mussels were also com-
parced between the two blooms (in the inter-bloom); the concentration of each toxin
component and the total concentration and toxicity were found to be different (Table 8
in Annex ).

Duning and followng the first bloom (in the inter-bloom phase), GTX, was the

most discriminating factor between the two populations, whereas during and subsequent



to the sccond Hloom (i the post-bloom T petiod), G'TX, was the mayor discrnimmator.
No significant function was observed in the end phase (Table 12 m Annes 1),

The total toxicity of the mussels (pgSTNeq 1002 b of mussel tissue)., as eapressed
by the A.O.A.C. (1984) mouse bioassay, was estimated from the ratio of digestive gland
weight of the mussels collected to total wet tissue weight of the mussels collected at the
end phase of the experiment (Tables 11 and 12 in Annex ). The table of estimated total

mussel weights can be tound in the annex (Tables 13 and 14 Annex 1),

b. Kinetics of PSP toxin accumulation and elimination

The patterns of toxin accumulation and elimination in the digestive glands of CAP
and MAD mussels for the two blooms are presented in Table 13 and 14a (Annex 11).
Not all the slopes of toxin accumulation during cach bloom were significant, although
the concentration of all toxins apparently increased during the initial phases of the two
blooms (Fig. 20a-g in Appendix I). During the first bloom, the slope of the increase in
GTX,, GTX, and STX in CAP mussels was greater than zero, i ¢., net accumulation
occurred. In MAD mussels, a net accumulation of G'TX,, GTX,, G'TX,, ncoSTX and
STX, as well as an increase 1 total toxicity was apparent. . During the second Alex-
andrumm dbloom, MAD mussels showed an increase in total toxicity which was not
observed in CAP mussels. Net toxin chimination from the digestive glands of the mussels
from both populations started at the end of the tirst bloom, when Alexandrium cell
numbers had plummeted to about 300 cells 1Y, During the immediate post bloom |

period, when Alexandritm cell numbers rdecreased o < 100 cells 1Y a diamatic rapd

0H0)



drop n the ot 1o content m CAP and MAD mussels was observed.  In both groups
the total toxm load drapped to about 10% of the maximum within two weeks following
the disappearance of the st Alevand v bloom (during the iter-bloom period). The
halt e tor total PSP toxin loss was 4 O days for CAP mussels, but only 2.2 days for
MAD mussels  Durning the inter-bloom (one week following the disappearance of the
first bloom), there were no substantial changes in either the concentration or the toxicity
ol the mussels

More than 90 % of the oam was lost within three weeks following the termination
of the second bloom (post bloom 1) in both mussel groups  During the end phase of
detoxitication (more than three weeks atter the disappearance of the second bloom), there
were no changes m tosm content or toxicity in either population. The toxin levels
decreased diastieally follow nig both blooms, but the rates of detoxification following the

sceeond bloom appeared slower than those following the first bloom.

1. Comparisons between populations

AL tovms were accumulated at a similar rate in CAP and MAD mussels during
the two blooms  However, the detonafication rates of individual toxins GTX,, GTX,,
GIN L neoSTN and STNCas well as the rate of decrease 1 the total toxin concentration
(ol ¢ D and tovany eSTNeq gL dittered between the two mussel groups following
the fust bloom For all tonims, MAD mussels detoxitied at a higher rate than CAP
mussels  Fhe rate ot tovm ehmmation from the digestive gland following the second

bloom did not ditter between CAP and MAD mussels (Fable 15 i Annex 11).
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i, Comparisons between blooms

The rates of toxan accumulaton e CAP and MAD mussels did net ditter between
the first and the second bloom, but the 1ates ot detovthication of STEN and ot the overall
total toxm concentiatton dittered m CAP mussels (Table 1o Annea 1.

The rate of total wonim ehmination to an awbittary level of 159 ot the peak i

|

toxicity (nmol g ' and pgSTX-q ¢! digestive gland) differed between the tiest and the

second bloon (p<0.1) m CAP and MAD mussels (Table 14b in Annea 1)

2. Toxin compositional changes
a. Toxin composition i mussels and Alevandrium

Comparison of the PSP toxin profiles of Alexandrium cells and mue-els tor the
same dates during cach of the two blooms revealed @ simular composiion. € and
ncoSTX were the magor oxin components in both CAP and MAD mussels and i the
dinoflagellate cells. These two tonins constituted at least 67% of the total toxin ol the
mussels en a relative molar basis throughout all bloom phases (g T and 124 and b)
The ditterence morelative toxan content between the two mussel groups and  the
dinoflagellate cells durmg cach bloom, was  cvaluated as an ndication ol toxin
brotransformation and/or selective uptahe and retention i the mussels. CAP mussels and
Alexand e cells dittered i then relative content of GTUX dunimg the fost bloom and
in C., GIX, and GTX, during the sccond bloom  In contrast, MAD musscls differed

from the dinotlagellates m their mean relative concentration of GEX and STX dunimg

the first bloom. and i atb tovms exeept (G X and STX) durmy the second bloom (Fy

[



T and T 120 and by ¢Table 17 1m0 Annex II). A direct comparison of mussel versus

cell toxan ratios show ratios ditferent than 1 tor most toxins (Fig. 13a and b).

b. Changes i relative toxin composition
1. Compatison between populations

Both mussel groups seem to have altered thein toxin composition relative to that
of the Alevandriom cells but also relative to each other when the cells are absent from
the water column "These modifications tended to increase the toxicity of MAD mussels
relative to that of CAP mussels. The two mussel groups differed in their relative content
of C, GTX,, GTX,, ncoSTX and STX during the first bloom and of GTX,, GTX, and
GTX, during the second bloom (Table 17 in Annex II). Qver the entire season, the
relative composition of C, GTX,, GTX, and STX differed between the two populations.
In *he post bloom H penod, the two groups differed in the relative composition of all
their toxins, except neoSTX.  Later, during the end phase, all toxins were found in

similar proportions in the mussel populations (Table 18 in Annex I1).

1. Comparson between blooms
A companison ot the relative mean toxin composition during the first and the
second blooms, showed differences m the relative content of C, and GTX, in CAP

mussels and ot GENXypm MAD mussels (Fig. 1da, b and ¢) (Table 10 in Annex I1).
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Figure 11:

Percent molar composition of PSP tonm i Alevandriom cells
(ALEX) during the two blooms and in the digestive glands of
mussels  transplanted  from Cap Chat (CAP) and from the
Magdalen Islands (MAD) during the various phases ol toxin
accumulation and ehmination (n=number of samples collected

during each phase).
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Figure 12: Percent mokiar composition of toxin in the digestive glands of
mussels transplanted from a. Cap Chat and b. the Magdalen
Islands and collected at cach sampling interval during the two

blooms.
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Frgure 13: Rato of individual toxin concentration (C,, GTX,, GTX,, GTX,;,
GTX,, neoSTX and STX) in the digestive glands of the mussels
tansplanted from Cap Chat (CAP/Alex) and from the Magdalen
Islands (MAD/Alex) over the individual toxin concentration in

Alexandrium cells during a. Bloom I and b. Bloom II.
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Figure 14:

Ratio of toxin epimers: a. GTX:GTX 5 b, GTXGTX, and ¢.
ncoSTX:STX for cach bloom phase i the digestive glands of the
mussels  transplanted  trom Cap Chat (CAP) and trom the

Magdalen Islands (MAD) to the expenment site.
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. Kmetics of toaan rahio changes

I he toxm ratio changes in the uptake and detoxification phases of each bioom,
as well as i the inter-bloom penod are presented through a series of regression analyses
of changes in eprmer ratios as a function of time (Table 19 in Annex II). There was
notable cquilibranion of G'TX; o GTX, for both CAP and MAD mussels, and a decrease
i the GUX X, and neoSTX:STX ratios for CAP mussels in the uptake phase of the
first blooni. ‘The neoSTX:STX ratio decreased during the uptake phase of the second
bloom. whercas STX consistently increased in both populations. During the detoxi
fication pnase following the first bloom, beth mussel groups exhibited a decrease in
GTX, relanve o GTX, and an increase in the neoSTX relative to STX. In addition, a
decrease i the GTX:GTX, ratio during that phase was observed in CAP mussels.
Durmg the detovitication phase following the second bloom, the ratio of GTX,:GTX, in
both mussel groups and the ratio of GTX:GTX, in MAD mussels decreased. Finally,

MAD mussels showed a decrease in the ratio of neoSTX:STX during the inter-bloom.

1. Comparsons between populations

Major ditterences were observed between CAP and MAD mussels in the changes
of the ratos of GTXGTX, and neoSTX:STX for the detoxification phase of the first
bloom and m the ratio of GTX:GTX, during the detoxification phase of the second

bloom (Table 20 i Annex 11).
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n. Compartsons between blooms

Dafferences in the GTNXGTXS ato tor both CAP and MAD mussels were
observed between the two blooms.  There was @ marhed mcrease i GUNL elative to
GTX; i the uptake phase of the first bloom, and a decrease i GTX, relative to GEX,
in the uptake phase of the second bloom. The ratios of necoSTX:STN were also different
for both populations; an increase of ncoSTX relative to STX was observed e the
detoxification phase of the first bloom, while a decrease 1 that ratio was evident
following the second bloom (Table 21 in Annex 11).

There was an observed short-lived increase in the absolute amounts of certain
toxins in MAD mussels, namely GTX, and GTX, (IFig. 15). This increase occurred
during the inter-bloom when Alexandrium cells were undetectable i the water column
(transient phase). Differences i the concentration (nmol g Yol GTX, and GFX, were

noted between CAP and MAD mussels (Table 11 in Annex 11).

3. Anatomical distribution of toxins in the mussels
i. Comparisons between populations

The total toxin content and the relative toxin composition in the digestive glands
of ihe two mussel populations were idistimgushable i the end phase of the experiment,
however the fraction of toxin transferred from the digeastive gland to the other tissues was

different for the two mussels groups (Tables 15 and 16 in Annex ).
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Fagare 19:

Changes i the absolute concentration of individual toxins: C,,
GTX,, GTX,. GTX,, GTX,, ncoSTX and STX, during a
transient phase (overlap of post-bloom I and inter-bloom) in the
digestive glands of mussels transplanted from Cap Chat (CAP)

and the Magdalen Islands (MAD).
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The non ssceral tssoes of CAP mussels contamned a greater proportion of total
body toxn harden Gand were more tove) than those of MAD mussels. All PSP toxin
denvatives (except GTX, m both CAP and MAD and GTX,; in MAD mussels) were
found outside the digestive gland at the end phase of the experiment. CAP mussel tissues
contamed an average of 23.63% of the total body toxin concentration, equivalent to
18 2240 of the total toxicity. The non-visceral tissues of MAD mussels contained an
average o 15249 which corresponded to 10.04% of the total toxicity (Fig. 16) (Table
22 m Annex 1.

‘The concentiation of all the toxins (except C,) and the total toxicity differed in
the non-visceral tissues of CAP and MAD mussels (Table 23a in Annex II); in the
viscera, the levels of all toxms were similar (Table 11 in Annex I1).

Durg the end phase, neoSTX and GTX, contributed to most of the observed
difterences in tovm concentration in the non-visceral tissues (Table 24a in Annex 11);
wheteas GTN; and C, were apparently the major discriminators in the viscera, although
the function was not significant (Table 12 in Annex 11).

No difierences were observed in the relative proportions of toxins in the visceral

and the non-yviseeral tissues between CAP and MAD mussels (Tables 18d and 25a in

Annes ).



Figure 16:

Toxin concentration (nmol g HY(top) and toxicity (pgSTXeq
g "y(bottom) n the digestive glands and in the other tissues of the
mussels transplanted from Cap Chat (CADP) and the Magdalen
Istands (MAD) for cach sample collected duning the end phase

of the experiment (October 1 29),
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1. Comparison between tssues

Marked differences between the two tissue fractions i CAP and MAD mussels
were found Tor all analogues except GTN, and G'TNX; m CAP mussels (Table 23b i
Annex I, GTX, and STX discriminated between the two tissue components in CAP
mussels, whereas GTX; and GTX, were the major discriminators in MAD mussels (Table
24b in Annex 1.

The relative toxin composition of most toxins also ditfered tor both mussel groups
between the two tissue fractions (Figs. 17a and b). Sigmiticant ditferences m the eliative
content of all toxins were observed between the two tissue fractions, except for STX in

CAP and MAD, and neoSTX i MAD mussels (Table 25b i Annex 1),

4. Mussel weights and shell dimensions

CAP mussels were significantly smaller and weighed less than MAD mussels
(Table 26 1 Annex 11). The digestive gland weight to total body weight ratio from
which the total weights of mussels were estimated was 0.120 (S.15.=0.008) for CAP
mussels and 0.101 (S.E.=0.009) for MAD musscls (Tables 14 and 15 m Annex ).

The relationship between digestive gland weight and calculiated total weight (Y, g)
to shell herght (X,cm) tor the two populations are presented in graphs 174 and b, “The
regression hines are given i the form of equation 3.

Y =mtercept XM (3)
There was more variability in body weight and in digestive gland werght for a

given shell height m MAD mussels than m CAP mussels

3



Figure 17:  Histogiaims showing the percent molar toxin composition in the
digestive glands and in the other tissues of the mussels transplan-
ted trom a. Cap Chat and b. the Magdalen Islands and collected

durnmg the end phase of the experiment (October 1-29).
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Figure I8: Curvilinear regression of shell haght (em) o digestive gland
weight (2) and 1o total weight () of mussels transplanted from
Cap Chat (CAP) and from the Magdalen Islands (MAD) to ihe

experiment site.
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DISCUSSION

A. Simultancous mussel transplant experiment (1990)

Mussels with difterent listories of PSP contamination seem to behave ditterently
when exposed 1o blooms of toxic Alexandriom cells, "There as a threshold Tt beyond
which mussels are not able to accumulate PSP tovins (Bricely et al., 1990 a and by, wiach
seems lower in non-previously contaminated mussels. Naive mussels accumulate toxins
at a slower rate n response to an intense bloom, but elimmnate them at a higher ate than
chironically exposed mussels, thus remaming toxic for a shorter time. Biotramsformation
of toxins also scems to be a function of previous exposure, i that pre-exposed mussels
tend to metabohise the toxins m such a way as to retain a greater proportion ot the less
toxic derivatives. Thus for a given toxin body burden, pristine mussels will be more
toxic than experienced mussels. It would scem that the difference disappears following,
a first exposure to toxic Alexandriim cells. However, this experiment did not reveal
conclusively whether or not this reflects a true physiological adaptation simce the two
blooms to which the transplanted mussels were exposed, ditfered in duration, cell numbed

and cell toxicity, although not cell toxin composttion.

1. Alexandrium cells

The Alexandrium cells exhibited a higher mean toxin content durig the second
bloom. whereas the toxi composition of the cells did not significantly differ. “Therefore,
there was an overall iercase in toxicity per cell during the second bloom.  According

to Hall et al. (1990). the same Alexandrim straan can display vatiions i toxim contents




which are mduced by aliered physical parameters.  The conditions altering cell toxin
concentration and toxicity, as described by Therriault et al., (1985), include salinity,
nutrients and water temperature.  Variations 1 the above parameters can affect the
formation of a bloom within the season and between consecutive seasons. It has been
suggested that the celular toxin levels in an Alexandrium bloom are inversely pro-
portional to the rate of cell division in a natural environment and to cell culture age in
an wthcial setung (Mickelson and Yentsch, 1979; Hall, 1982; Boczar et al., 1988).
Ogpata et al (1987; 1989) associated an increase in toxin production with a decrease in
cell growth rate. Anderson and Kulis (1993) attribute variations in toxin production in
Alexandrium cells specifically to cell cycle phases. The cause of the lower toxicity per
cell observed durnmg the first hloom of this experiment, where the cell counts were an
order ol magnitude greater than during the second bloom, may have been due to

ditterences o growth rate, mediated by in siru environmental factors.

2. Kineties of toxin uptake and elimination

Peak toxm loads in mussels were obtained following a several day delay (Fig. 9)
after the peak concentration in Alexandrinm cells was attained. Laboratory experiments
by Bricelj et al. (1990 a and b) performed on Myrilus edulis with no prior exposure to
PSP toxins, indicated that the toxin levels in the Myrilus edulis exposed to bloom
concentiations (2.6810°cell 1Y) of a high toxicity Alexandrium strain (65.7pgSTXeq
cell Yy exceeded the atlowable limit for human consumption within one hour of exposure.

Saturation levels of toxm in the mussels was reached at 4.5x10°ugSTXeq 100g™ tissue.
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Laboratory experiments allowed Prakash et al. (1963) to show that the PSP toain
concentration in clams (Mva arenaria) can exceed the 80pgSTXeq 100! human safety
limit following a three days exposure to an artificial bloom of 1.9x10" Alexandrinm cells
per litre. In this experiment, maximum toxicities attained within a week of exposure,
exceeded the regulatory harvest closure level by several orders of magnitude.

Mussels previously exposed to PSP secem to have a lower seasitivity to the toxins
and thus accumulated toxins more rapidly and endure a higher total toxin body burden
(Fig. 9). This effect is unlikely to be due simply to the use of cultured versus wild
mussels, since wild mussels from a toxin-free zone accumulate less toxin than cultured
mussels when exposed to the same natural Alexandriun bloom in a previous experiment
(Carreto et al., 1986; Desbiens et al. 1990; Needler, 1949).  Also, both populations
behaved in a similar manner during and following the second bloom with comparable
peak toxin concentrations and toxicities.  Shumway and Cucci, (1987) have shown the
antagonistic physiological effect of PSP toxins on mussels that were not previously
exposed to Alexandritm blooms. 1t would thus seem that mussels previously exposed to
PSP have evolved a mechanism which reduces their vulnerability to the clfect of the
toxin, and thus permit them to accumulale more toxin.

The elimination of toxins from the digestive glands of musscls is manifested as
a bi-phasic event. The two phases correspond to different elimination procedures: In the
first phase, the gut content is freed of unbound toxin; in the second phase, there is a
gradual loss of incorporated toxin. Gestal-Otero et al. (1978) and Aalvik and Framstad

(1981) describe the detoxtiication from mussels as a rapid dechne in the hirst phase (73 %
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n 7 days) and a slower decrease durning the second phase (94% in 10 days). Based on
maouse bioassay results, Hurst and Giltillan (1977) state that mussels depurate 60% of
their toxin load within 12 days.  Elimination of toxins also seems to be a function of
previous exposure to PSP toxins; pristine mussels detoxify at a faster rate than
chronically exposed mussels, and thus tend to retain toxicity for a shorter period of time.

The response of the pristine mussel population differed between the two blooms,
a point also illustrated by the fact that the toxins discriminating between the two
populations (CAP and MAD) are not the same in the first and the second bloom, even
though the relative content of these toxins did not vary in the Aiexandrium cells. It is
apparent that MAD mussels altered their response to the toxins subsequent to their initial
exposure o an Alexandrium bloom; i.e., physiological adaptive response conditioning and

not genetie difterence,

3. Putative biotransformation

Observed differences in toxin concentration in the mussels over those in the
phytoplankton point to the possibility of bioconversion or selective uptake, retention or
excretion of toxms from within the digestive gland of the mussels. The uptake of GTX,
was lavoured dunmg cach bloom, hinting at the high abundance of that toxin relative to
GTXS i the Alevandrium cells. The increase of GTX, relative to GTX, observed in our
experiment agrees with the findings of other authors. In a laboratory experiment under
controlled conditions, Tedouvy et al., (1993) compared the toxin profiles in pristine

mussels with those of Alexandriun cells and found them similar under conditions of high
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toxicity in the medium, but noted a shift from GTX, o GTX, following the elinimaton
of the toxte species from the food supply of the mussels.  The constant rate of decrease
of neoSTX to STX m both mussels groups indicated that there is biotransformation of
neoSTX to STX within the digestive glands. But selective elimination of ncoSTX did not
seem to occur because of the observed increase in the relative concentration of STX
within the digestive glands of both mussel groups foltowing the second bloom. The ratio
of neoSTX to STX decreased faster in pristine mussels than in chionically contaminated
mussels.  This phenomenon suggests that pristine mussels have higher activity at a
reductive enzyme capable of converting neoSTX 1o STX through elimination of the
hydroxyl group at N-1 or that the pristine musscls have a greater binding affinity for the
more highly charged STX. Chronically contaminated mussels may be unaffected by
either highly potent toxin; and thus favour the equiibration of ncoSTX o STX in the
digestive glands (Shumway ct al., 1985; Shumway and Cucci, 1987; Cucci et al, 1985).
Based on the relative molar toxin composition, the sulfocarbamoyl to carbamate toxin
ratio was maintained at a substantially higher level in CAP mussels than in MAD mussels
throughout the first bloom and subsequent phase. ‘This could indicate the presence of a
greater proportions of undigested or partially digested Alexandrium cells in the digestive
tract of CAP mussels as a result of continued active filtration.  Alternatively, the naive
MAD mussels may be more active enzymatically in the decarbamoylation necessary to
convert N-sulfocarbamoyl toxins to carbamates. The differences in toxin accumulation
between the two populations, which were more pronounced in terms of total toxin

concentration than in terms of loxicity, suggest that toxm-<pectfic activity 1s more critical
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in determiming the magnitude of the physiological response than total toxin body burden.
The observed decrease i the ratio of neoSTX to STX in CAP and MAD mussels is in
conformity with the results reported by Shimizu et al. (1984) and by Bricelj et al. (1990
a and b) workmg with contamination of Myrilus by Alexandrivm under controlled
conditions. In our experiment, the relative increase in high toxicity carbamates, e.g.
STX, in mussels, as compared to the Alexandrium, is interpreted as evidence of
brotransformation of the toxins, This was suggested previously by Anderson et al. (1989)
and by Oshima et al. (1987), who compared toxin profiles of toxic mussels to those of
the PSP toxin producing dinoflagellate Gymnodinium catenatum, and found significant
amounts oi" carbamates in the musseis which were not detected in the dinoflagellates.
The high initial proportion of labile C-toxins in the mussel digestive glands prior to the
first bloom could be the result of a recent contamination from low concentrations of an
Alexandrium population extremely rich in N-sulfocarbamoyl toxins. However, the fact
that the imual toxm profile closely resembles that found at the end of the experiment,
when Alexandnom was absent from the water column, also suggests that selective
climination of carbamate toxins by the mussels may have occurred. The difference in
the C-toxin content between the cells and the mussels during the second bloom is proba-
bly due to the tigh residual quantities of the other toxins in the viscera of CAP and
MAD musscls.

The possibility of significant biotransformation of the toxins is reflected by the
changes in the ratios of the epimeric pairs (GTX:GTX,, GTX;:GTX,) as well as the

ratios of ncoSTN:STN and total carbamates to sulfamates for both populations.
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However. it is not possible to distinguish between  selective  elimination and
biotranstormation based solely upon the changes i toxin protiles.

The most dramatic changes in the toxi profiles were associated with  the
transition from the first bloom to the post-bloom phase.  Epimerisation resulting in the
relative increase in the GTX;:GTX, and GTX,;:GTX, ravos is as expected, but the
significant increase in the carbamate:C, ratio, obscrved particularly in MAD mussels, is
a more complex conversion by decarbamoylation. Thus, selective retention of carbamate
toxins from the digestive glands cannot be rejected as a cause of these latter changes.

There is an indication that MAD mussels converted GTX, to GTX, rapidly as
evidenced by the slight decrease in the molar concentration of GTX; relative to other
toxins in the mussels during the first bloom. The subsequent apparent biotransformation
of GTX, to GTX, in the mussels during the inter-bloem is difficult to explain given that
the chemical cquilibrium favours formation of the I1-o hydroxysulfate epimer. ‘The net
result of these two activities is the overall increasc in G'TX; from the pre-bloom to the
inter-bloom. Following the second bloom, the ratio of GTX;:GTX, was reversed,
favouring the presence of GTX, in MAD mussels, which indicates a change in the
behaviour of these mussels with respect to the presence of these toxins: again hinting at
an adaptation of MAD mussels to toxic phytoplankton blooms. The similar increase in
GTX, in MAD mussels can be attributed to physicochemical epimerisation of G'TX, to
GTX, in that population.

Biotransformation is also manifested by the increase in the absolute concentration

of certain toxins, namely GTX, and G'TX, in the digestive gland of MAD mussels. This
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increase coincides with an overall toxin concentration decrease in the mussels and occurs
during the mter-bloom where the cell concentration in the water is at zero. This

observation constitutes the most compelling argument for biotransformation of toxins

within the musscls.

4. Anatomical distribution of toxins

An analysis of the final toxin concentrations and compositions in the two mussel
fractions over the final month of the experiment, yielded evidence of diff-rences in the
toxin profiles between mussel populations and among various tissue fractions. However,
in order 1o determine the rates of toxin transfer within the mussels, the analysis should
have been based, ideally, on a study of the transfer kinetics throughout the experiment.

The amount of toxin transferred from the digestive gland to other tissues differed
between CAP and MAD mussels, as did the relative toxin composition outside the
viscera. More toxin and greater proportions of highly toxic derivatives were exported
from the digestive gland of CAP mussels than of MAD mussels.

The relative toxin composition observed in the non-visceral tissues in the end
phase of this experiment cannot be assigned to preceding phases, as toxin distribution in
different tissues was studied at the end of the experiment only. Bricelj et al. (1990 a)
analyzed different mussel tissues for their toxin content and found that although the
viscera contnbuied 30% of the total wet weight, this fraction contained 96% of the total
tonieity during the toxin uptake phase. This contribution decreased steadily to about 60 %

of the wtal tonicity by the end of detoxification.  The viscera were found to eliminate
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70% of its total toxin burden in the 18 hours following the removal of toxic organisms
from its diet, while only 2% of the toxin in the other tissues was climinated n the same
time interval (Bricelj et al, 1991). In light of this, it can be inferred that at least some
of the toxin detected in the non-visceral tissues of CAP and MAD musscls may be
residue from the first bloom. Although MAD and CAP mussels scemed to have similar
patterns of uptake and detoxification during and following the second bloom, the total
toxin content of the non-visceral tissues differed, with the chronically exposed mussels
transferring and storing more toxin outside the digestive gland than pristine mussels.
This suggests that a complete adaptation of MAD mussels to the PSP toxins requires that
they be exposed to more than one bloom.

Although variations in temperature and salinity are known to alter the rate of toxin
elimination in mussels (Prakash et al., 1971), they can be excluded as a potential con-
tributing factors to the differences in the rates of toxin accumulation and climination by
the mussels. These environmental variables were not found to be significantly different
between the two blooms. The eftect of variations in water turbidity on toxin uptake and
elimination from the mussels has not been previously investigated. Water turbidily would
reflect the amount of phytoplankton and suspended sediments, and therefore should have

an effect on the uptake and the releasc of toxin.
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B. Field study of in situ mussel populations (1987)
1. Mussels

A preliminary screening, of the PSP toxin content in mussels at various sites was
carried out (o 1dentify chronically exposed versus pristine mussel populations. The sites
were selected mitiatly on the basis of the PSP toxicity classification scheme of Beaulieu
and Menard (1985). The three sites retained for the screening, TP, MT and CC, were
classificd as low (mean<S50ugSTXeq 100g™), moderate (mean: 50-80ugSTXeq 100g™)
and high (mean > &0pgSTXeq 100g™) toxicity respectively.

The PSP toxin content differed among the three populations in both total toxin
levels i the mussels, and i their relative molar composition. CC mussels were the most
toxic, but for cquivalent amounts of total toxin, MT mussels contained a higher
proportion of catbamate derivatives than CC mussels. In view of the experiments carried
out subsequently on pristine and chronically-contaminated mussels, and assuming a
similar behaviow for all mussels, the results of the toxicity analysis suggest that TP
mussels were pre-exposed to at least one bloom of Alexandrium cells. Had this not been
the case, the toaicity levels would have been higher relative to the other sites. Although
this deduced exposure did not occur between 1984 and 1987 (Fig. 17 in Appendix) it is
nevertheless contirmed by the fact that Beaulieu and Menard (1985) classified TP as a
low toxicity site. Based on the HPLC data obtained from the samples collected in 1987,
this site could be nustahen as a moderate toxicity site, a discrepancy which exemplifies

the mier-annual vanation in the toxicity documented by Beaulieu and Menard (1985).



Thus, ‘TP mussels were not be retauned tor the mussel transplane experiment, where
pristine mussels were needed.

Variations in relative and absolute content of toxin in the mussels collected from
the three sites can be attributed to differences in spatial and temporal factors (Beaulicu
and Menard, 1985), physiological differences (Hall et al., 1990) or physical parameters

(Therriault et al., 1985).

2. Alexandrium cells

Hall et al. (1990) showed variations in the relative toxin content of Alevandrium
strains blooming in ditferent regions as a result of natural or induced variations in
physiological parameters. An attempt was made to infer the toxin profiles of Alex-
andrium blooms responsible for PSP toxicity at CC, MT and TP by examining the toxin
composition of the mussels collected at these sites. Mussels from CC and MT" showed
similar toxin profiles which suggests that the same Alexandrium strain bloomed at both
sites.  The different toxin spectrum in TP mussels indicates that they were contaminated
by a different Alexandrium strain (Alam et al.; 1979 and Cembella et al., 19%7).
However, according to the mussel transplant experiment, the toxin patterns of the
mussels do not necessarily correspond to those of the toxic phytoplankton, since the
mussels may retain, biotransform or eliminate certan toxins sclectively. Although the
concentrations of certain toxins differcd significantly among the three populations, it is

unclear whether these differences, particularly between CC and TP, reflect differences
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i mussel metabohsin ot these toxins or are duc to contamination by different

Alexandrium strams.,

C. Source of variation

The observed variations in toxin patterns among the three populations, as
measured by the coefticient of variability (CV), may be attributed to bloom patchiness
and water turbulence, mussel clearance rates, or low toxin concentrations in the mussel
samples. According to Thompson (1984), there is no seasonal variability in the clearance
rates of Mvrilus edulis.  In general, clearance rates are a function of particle size
distribution, density and their nutritional quality, all of which can vary from site to site.

Although the CV of total toxin concentration in TP, MT and CC mussels was
high, ANOVA ditferentiated the three mussel populations, showing that the variance in
toxin concentration between the three sites was significantly greater than that within each
population.  Large individuai variation in toxin levels in mussels within a given site are
not likely according to Prakash et al. (1971), although they have been demonstrated in
Atantic surfclams (Shumway et al., 1993) and a variety of other species (White, et al.,
1993). "The latter authors reported an overall CV in four shellfish species of 48.5%,
compated to about 100% variability in our samples. These differences were attributed
to bloom patchiness and water turbulence, since the organisms may have been collected
a few hundred meters fiom each other. Mollusks less than 25 kilometres distant from
cach other were found to have a heterogenous distribution of toxins (Hall et al., 1979).

Bloom patchiness and water turbulence could have been a factor in increasing the vari-
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ability in toxin concentration from the mussels collected m the mter-tidal zones of CC,
MT and TP, since the samphing was not himited to a small area within cach site. In the
mussel transplant experiment, the mussel samples were placed in tandem cages and the
Alexandrium cells were collected from the immediate proximity, thus clininating the
potential effect of bloom patchiness as a source of variability in toxin concentration,

Variability among  samples can also occur when the ioxm concentration
approaches the lower HPLC detection linuit, as was the case of the mussels collected at
the TP site. This variability was minimised in the mussel transplant experiment, by
limiting the toxin analysis to the digestive gland of the mussels, thus maximising the
concentration of toxins in the samples.

Spawning, which can be activated by abnormally high dinoflagcllate densities
(Bricelj et al., 1990 a), has an inhibiting effect on the feeding activity of Mytilus ~'ulis
(Newell and Thompson, 1984). Reproduction could have contributed to a high CV in
the present experiments; however, the abundant and diverse phytoplankton assemblage
that exisied prior to our first bloom (B.G. Hupperts, personal communication), would
have favoured the spawning of the mussels prior to the imtiation of samphng.  Under
these circumstances, normal filtration rates should have been restored within a week of

adaptation to the aew environment.

D. Mussels weight and size-specific factors
The filtration rate of Mviilus edulis is reported by Ali (1970) and Jones et al.

(1992) to be weight-specific: as such. small mussels would tend to accumulate more toxin

101



per wat werght than koge mussels (Aalvik and Framstad, 1981). Thus, MT and TP
mussels should have accumulated less toxin per unit weight than the larger CC mussels.
It follows that. to compare the toxin concentrations quantitatively, a weight factor,
reflecting the filtration rates, should be taken into consideration. This was not monitored
i hight of the hicld nature of the experiment and the objectives sought. However, given
that the mussel collection was at random, it can be assumed that the results obtained are
atrae representation of the mussel population at the sites.

Although filtration rates tend to decrease with the increased weight of the mussel
(Ali, 1970, and Jones et al., 1992), and cell ingestion rate is proportional to mussel
weight (Bricely et al, 1990 a and b), the difference in toxin accumulation between CAP
and MAD mussels during the first bloom cannot be attributed to this factor alone. The
ditference in toxiaity between the two groups was insignificant in response to the second
bloomy, even though the differences in digestive gland weights were still significant. A
probable eaplanation for the difference in toxin accumulation would be that MAD
mussels have adapted physiologically to the presence of PSP toxins.

Mussel weights are known to vary scasonally by a factor of four (Bayne and
Worrall, 19801, and feedmg status of the mussels has an impact on the weight ratio of
digestive ghand o ol body weight (Hawkins ceal., 1990). Bricelj et al. (1990 a) found
that the viscera contnibuted 30% of the total body weight. In our experiment, data on
total mussel werght was collected only during a period wher the food supply in the water

column was fow theretore these ratios of digestive gland weight to total body weight are
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not necessarily representative of the entire season and may not be rehable for direct
comparisons with the bioassay data.

The correlation of mussel weight to shell height in the mussel transplant
experiment did not give an adequate fit to any known curvilincar expression.  This is
probably due to the fact that the sampling targeted mussels within a narrow size range,
in order to minimise the variance among the mussels. It could also be atributed to the
fact that the mussels were frozen and some may have been dissected prior to complete
thawing, possibly resulting in an overestimate of their weights. Thus, it was not possible
to reliably correlate shell dimensions to digestive gland weight, data that could have been
useful in estimating total mussel toxicity, and thus comparisons with mouse bioassay

toxicity.

E. Bioassay and HPLC correlations

Correlation of toxicity data from HPLC to those from mouse bioassay for the
mussels collected from CC in 1987 gave a high correlation coefficient even though the
two sets of results did not originate from replica of the same mussel samples. The
observed overestimation of toxicity using the mouse bioassay technique, can be attributed
to several factors. The toxin extraction procedures difler for the HPLC and Bioassay
analyses. Bioassay samples were extracted in hot HCL whereas HPLC samples were
extracted in acetic acid. The first procedure results in more completed extraction of the
toxins and enhances the conversion of N-Sulfocarbamates to carbamates, thus increasing

the toxin concentration and the toxicity values. The toxm-spectfic conversion factors

103



may also contribute to an underestimation of the toxicity values using the HPLC
technique, because of the lack of purified individual toxins for accurate bioassay
determmation, Also, the correlation was based on HPLC data originating from samples
which were stored frozen for two years prior to their extraction and analysis. Although
there are no reports of decrease in toxicity over time in frozen samples, this possibility
can not be excluded (Shumway and Cembella, in press). Schantz et al. (1958) noted a
protective effect of salt on the mice, which would cause an overestimation of toxin levels
in the samples.

Sullivan ctal. (1983 a) and Sullivan and Wekell (1986) compared results obtained
through both techniques and found that the correlation between the two was higher for
samples with low toxicity, and decreased as the toxicity reached level above 200ugSTXeq
100g " tissue.  Park ct al. (1986) also found a lower correlation of bioassay results for
shellfish samples at higher toxicity levels. Our results are in contrast to those presented
by the above authors in that the correlation coefficient is higher at concentrations above
2001gSTXeq 1002 " tissue. 'Thus, a correlation of the data from the other populations,
namely MT and TP, would not have given less reliable results because of their lower

levels of toxiety.
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SUMNMIARY AND RECOMMENDATIONS FOR FUTURE STUDIES

In summary, previous exposure to PSP toxins can affect the response of mussels,
specifically by affecting the uptake, accumulation, detoxification and biotransformation
kinetics.  Pristine mussels accumulated less toxin during an initial intense bloom,
suggesting that they have a lower threshold limit beyond which they cannot accumulate
toxins, or are relatively inhibited from toxin uptake or are more etficient at toxin
elimination.  This discrepancy secemed to have been chiminated durning the second
exposure to PSP toxins. The toxicity of naive MAD mussels was relatively higher than
that of chronically exposed CAP mussels, with respect to total concentration of toxins.
Mussels exposed previously to PSP toxin metabolise the toxins more efficiently to retain
the less toxic derivatives, whereas the naive mussels retained a higher proportion of the
more toxic derivatives within their digestive glands. However, if the transformation of
sulfocarbamoyl toxins to carbamate derivatives is solely a chemical process, it is possible
that, with time, chronically exposed mussels evolved a mechanism blocking this reaction.

The results of these experiments suggest that the use of transplanted mussel stocks
from previously uncontaminated arcas may ameliorate the risk of extreme toxin accumu-
lation levels in arcas subject to episodic toxic dimoflagellate blooms. ‘These propertics
can have important mplications for the shellfish industry since they suggest that in the
event of a toxic bloom, previously exposed mussels are likely to accumulate less of the
highly toxic derivatives than would naive mussels and therefore appear to be safer for

human consumption.  However, they would retain the toxins for a longer period of time,
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The next step i such a study would be to repeat the latter part of the experiment
with the pre-exposed MALD mussels as well as new mussels from the Magdalen Islands
to verity the response of the mussels. Should the two MAD populations respond similar-
ly, 1t would be an indication that the adaptive mechanism is genetically induced,

otherwise, 1t could be deduced that the response of the mussels to the toxin is purely

physiological.
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APPENDIX

BIOASSAY DATA

Mousc bioassay data (‘Table 1 Appendix 1) for the six-year period of 1984-1989
for musscls collected from the Magdalen Islands (MAD), and from the intertidal zone at
Cap Chat, Mcts, Trois Pistoles are presented in Figure 19. These data identify CC as
the most toxice site, consistently showing at least one PSP toxin peak per year over the
six years for which detailed data are available (Department of Fisheries and Oceans,
Inspection Branch), with peak toxicities ranging between 1800 and 5200ugSTXeq 100g™
tissue.  Mceus is 4 moderately contaminated site with sporadic peaks of high toxicity;
when mussels eaceeded the safety limit for human consumption of 80ugSTXeq 100g™
lissue every year (except 1985), and peak toxicities of up to 470ugSTXeq 100g’ tissue.
Trois Pistoles mussels showed an unusually high peak toxin level of 320ugSTXcq 100g™
tissue in 1987, but this site 1s usually characterised as a low-toxicity zone. In Magdalen
Islands mussels, tovicity did not exceed the detection limit (42ugSTXeq 100g™) over the

(wo years covered by the available data.



Figure 19:

Mouse bioassay results (ugSTXeq 100 g! tissue) tor mussels
collected from the Magdalen Islands, Trois Pistoles, Metis and
Cap Chat (1984-1989) as part of the surveillance program of the

Canadian Department of Fisheries and Oceans.
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Figure 20a:  C, concentration (nmol g ') in the digestive glands of the mussels
transplanted from Capucin (CAP) and the Magdalen  Ishands

(MAD) to the experimental site from June to November 1990),

Inset:  Concentration for August to November 1990 at

10X magnification,
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Figure 20b:  GTX; concentration (nmol g') in the digestive glands of the
musscls transplanted from Capucin (CAP) and the Magdalen
Islands (MAD) to the experimental site fiom June to November
1990.
Inset: Concentration for August to November 1990 at 5X

magnification.
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Figure 20c:  GTX, concentration (nmol g') in the digestive glands of the
mussels transplanted from Capucin (CAP) and the Magdalen
Islands (MAD) to the experimental site from June to November
1990.
Inset: Concentration for August to November 1990 at

10X magnification.
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Figure 20d:  GTX; concentration (nmol g') in the digestive glands of the
mussels transplanted from Capucin (CAP) and the Magdalen
Islands (MAD) to the experimental site from June to November
1990.
Inset: Concentration for August to November 1990 at 4X

magnification.
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Figure 20¢:  GTX, concentration (nmol g') m the digestive glands of the
mussels transplanted  from Capucin (CAP) and the Magdalen
Islands (MAD) to the experimental site from June to November
1990.
Inset: Concentration for August to November 1990 at SX

magnification.
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Figure 20f:  neoSTX concentration (nmol g ') in the digestive glands of the
mussels transplanted  from Capucin (CAP) and the Magdalen
Islands (MAD) to the experimental site from June to November
1990.
Insct: Concentration for August to November 1990 at

HOX magnification.
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Figure 20g:  STX concentration (nmol g') in the digestive glands of the
mussels transplanted from Capucin (CAP) and the Magdalen
Islands (MAD) to the experimental site from June to November
1990.
Inset: Concentration for August to November 1990 at 5X

magnification.
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ANNEX 1

Table 1: Replicate counts (rep. 1-5) of Alexandrium cells in the entiched fraction (20-70p)
of the net tows used for the HPLC analysis of PSP toxins in the phytoplankton;
dilution factor of the cells on each filter (dil) and number of cells per filter

(Cells/filter).
Cell count in entchad Bncion of net tow
Date ! rep | 1ep 2 wp 3 icp o wp S Cells/lilter
28 Jun 1100 213 225 191 197 208 FIORKROO
0 Jul 1 100 741 601 N 642 652 TR0
05 Jul 110 96 1078 1073 944 1184 1671040
09 Jul 1 {00 67 604 623 3R] 487 EALRIVIT)
10 Jul 1100 981 9s§2? 971 UK unl 1 5529600
20 Aue 110 316 314 306 a2 0 499 }H)
22 Auy 110 159 150 126 138 162 235200
24 Aug 110 156 154 166 147 157 249600
27-Aug 11 1830 1701 1807 1604 1730 21715040
29 Auy 110 224 238 221 210 219 15K
31 Aug 110 29 25 35 27 32 47300
03 Sep I ta 97 89 103 1S 11U thl600
06 Sep o 6% 60 a4 4 4 Y1080
07 Sep ] 13 51 X 51 a1 13600
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Table 2:

Concentration ot PSP toxins (uM) in individual (4 and 5) and pooled (123)
mussels collected from Trois Pistoles from June 15 to Sept 20, 1987.

Concentration (uM)

— ————
SAMIL S (> O1X1 GIX| GIX3 OTX2 neodSTX STX TOTAL

15 Jun 4 00t 000 00 000 000 000 0 00 066
5 50 [1R{] [PRYY] 000 0 00 000 0.00 0.50
124 1 660 1) ) 000 0 00 000 000 000 0 66
2% Jun 4 TRE) 000 000 0 00 000 000 0.00 0.55
5 (R} 019 000 000 000 o 0 00 185
123 0w (i 000 000 000 000 000 092
29 Jun 4 1 /4 (100 000 000 0 00 0m 0.15 1.89
5 "9 050 000 0 00 000 006 013 164
123 190 033 000 000 000 0.00 0.20 243
ah Juld S [IRB} 0 an 000 0 00 000 00s 010 1.49
[RX} 044 000 00y 000 000 000 000 0.53
111 an 000 000 000 G 00 0137 170
RANER s TRl 000 000 000 000 0 00 059
14 (I TR 100 006 004 000 006 0 80
0 4h 000 000 000 000 000 0 00 046
16 Jul 4 4 1 5% 000 000 000 000 000 016 1.75
11 Ixl] 0G0 0 00 000 0.00 000 0.00 060
137 LRI 000 0.00 000 0.00 000 1.37
27 Jul 8 03 000 0 00 000 000 0.00 0 00 033
b} () 80 000 006 000 0.00 0.00 0 00 0 80
123 117 000 000 0.06 000 000 000 1.23
03 Aup 4 07 000 00 002 000 0.00 007 0.84
b} 0 8} [TR10] 000 007 0 00 0 00 021 109
123 0Ny 1000 00 000 000 000 000 097
10 Aup 4 [IRE 010 oy 000 000 000 007 144
5 1 U6 [{RY0] 000 000 000 000 0 00 0.96
1 117 0 6o 0 00 000 000 0 00 0.00 1.17
16 Sue 19 I 0 000 000 000 0 00 o1l 1.59
13 b 017 000 003 000 000 017 141
[RAl [1R{]] 0 60 002 005 000 025 203
"EAupd IRy 0 RN 0o 011 008 000 035 325
4 208 03 000 012 010 0 00 0.48 299
[RE} RIER [T} 000 01t 013 000 052 369
3 Aue 4 [ IY} 0 4o (o0 008 0.09 006G 036 2 8§
Y 147 000 00 000 000 000 000 147
13 18 [Nt 0o 005 006 000 016 2.12
Ut Sep d 13 (U] [t 021 044 000 164 4130
) 1 0 36 000 008 017 000 0 85 278
(IR 111 Q10 000 (V1] 005 000 044 173
1y Sep t S (AN ooy 41 000 000 000 5 81
Al 1oy [IREN] () 004 014 000 1.18 630
13 You 011 000 [{R1L] 00S 000 000 231
NIENTRRY ' 50 0 0 0g 0 06 008 000 013 277
13 19 (] 0t 000 000 000 000 179
1Ay 0o 0o 000 000 000 0 00 158




Table 3: Concentration ot PSP toxins (M) o mdividual (4 and ) and pooled (123)
mussels collected trom Metis from June 1S5 o Sept 20, 1987,

Conventimtion (D

SAMI'L (&8N GINY GIN GING G\ neoS I\ SN 101AY
15 hun 4 056 000 (1Y) (LTS3 [T 000 000 o0
5 133 000 000 (YR [HHLY) [N} [tV 1
123 226 0 o [LXV}) 1R %) [TRIAY LAV AR m
23 Jund 169 000 0 00 (LR (L 0w 05 276
5 170 000 000 0 013 0w 06l AT
123 [ RA} {00 000 [VRTAY 032 (IR [{IRT 2 dn
29 Jun 4 E2) 0 00 000 oun? 01 0 X6 040 S Tu
5 121 0 00 000 oo [{XYY) (1N [UR] 141
123 206 00 000 (L8] au7 0o 03 26l
06 Juld 374 000 000 01 (IR 0 60 [ IR A1)
5 167 000 (0 04 011 [UR L 044 20
123 10 0% [(RY 0 0s 0 th) (LY 043 11
12-Jul4 [ L] 000 000 0t 000 0 on 03/ 161
S i 09 000 aan 006 013 0 a0 041 I oX
123 26X 000 (39 011 0 (LRI} 044 LI 3]
19 Jul 4 1 X0 0 on 000 013 (0o 040 on P 3
S () 8% (} 00 000 01t oo 0oy [{ART1] 1 48
123 1 96 0 00 [{Nt1] {8y 000 00 050 2\
27 Jule K7 0 67 000 0 03 00 000 (IR R} 19
S 03 000 000 000 400 0 00 047 0 {
123 125 000 000 007 000 140 023 30
03-Aug 4 ) 82 000 000 (1) H 00 0 00 0 i 1 40
S 064 019 000 00 0} (1Rt 0225 1 oo
123 {1 66 0o 1400 () (-4 {r 00 (3 (0 00/ [y
10 Aug d | 88 G 14 000 O 06 000 (VRV} 04/ 2 5%
S 24 03 [ERVY) 0l 014 0O (1A h 114
123 225 (N 000 01l 00 o ay 06t LY
16 Auy 4 t 61 000 000 041 0 (%) 000 07 2m
5 099 000 163 01 00y 025 047 451
123 | 85 OO} [VR1IY} 012 16 3 00 0 54 2 08
24 Augd G Yy 38 t 46 106 /N3 0O 00 Y10 2 8K
5 4 9% 417 1) 00 060 0z o/ (A1) 150}
123 50y 042 23 065 006N L 414 15 64
30 Aur 4 445 004 (PR} {4 030 06 2 K2 R 6hH
5 4 14 000 2 47 031 051 G437 147 9 R/
123 512 000 000 [{RL} oanl a1 15 K32
06 Sepd 21 000 000 069 016 (0 ) 0ty 302
5 233 000 000 011 0049 0 00 0 40 349
123% ) a6 000 000 014 01 O 0y 1) 9y $ 00
13 Sepd 135 {} 00 () Oy [JRIR] (3 61) 01 04 211
5 ’ 33 a1l )0 004 006 [JIE}} IR Y 399
123 37y {00 ty 1) ) O 1) (1205 oy 4517
20 8p 4 177 1O BRI 00y 01 033 (066 5 Y4
S RS 0oy 0ug 003 {1 Oy ) 0h (00 VAR R
| RE] 241 00O 4 a0 403 0} 00 00y [H: D4 28y
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Table 4:

Concentration ot PSP toxins (uM) in individual (4 and 5) and pooled (123)
mussels collected from Cap Chat from June 15 to Sept 20, 1987.

Concentrution (uM)

SAMI | (&N GIX4 GTX1 GIX3 GTX2 neoSTX STX TOTAL
15 Jun 4§ i) 0 6 000 004 000 0132 023 4.31
123 131 000 000 007 007 023 054 221
427 0un (3 00 0 0s 0ns 035 058 530
M Jun 49 (IR} (IR 0 G0 003 003 02% 021 1.70
£23 420 TXi0} 000 003 007 0.27 029 385
’al 000 000 003 004 000 028 276
U Jun 4 "R 400 10 004 005 036 019 146
5 071 (a0 000 002 005 030 024 1.33
123 124 10 000 004 009 021 023 1.87
Ot Jul 4 S 078 000 0 O 002 004 0.02 009 0.92
123 117 000 000 002 0.05 000 0.05 1.29
067 00u 000 002 003 000 005 0 86
12 Jul 45 0 X0 017 0 00 006 000 000 0.15 118
[BX3 0 Y 03 6 00 o0 0.04 022 093 2.26
07 008 040 005 005 000 017 112
19 0al 45 06 016 0 ) 002 003 000 025 1.06
123 192 015 000 017 010 000 045 2139
0% 000 000 014 0 08 028 03t 162
27 Jul 4N [N 01s 007 020 022 026 058 310
[ [N 00 008 0.13 015 0.00 0.32 1.97
[ () 000 009 010 019 0.29 1.70
03 Aue 45 [ (TR} [IR1] 021 0ts 042 135 419
[IRE] RN 010 01 025 0.12 0.34 0.81 3.98
1 /2 O 0N 018 0.07 0138 0.77 3.34
O Auge S 1 /6 42 0 00 016 0 08 026 076 3.2
13 LIF ) 19 014 01 008 019 061 5.06
v 012 a3 019 014 021 058 411
th Aup S [ 017 000 Ol 006 0137 255 4.47
[ [N [IXtt 040 [URE] 004 038 122 3.10
150 017 [IR1I] 018 010 044 138 377
T Auy 48 [ 0 b0 020 022 011 101 0 89 413
[RA} LI 000 0o 000 011 0.25 0 66 3.49
[ w7 (L] 029 018 078 1.09 4.75
0 Aae 44 13 6N 02 [IRT i 69 3110 263 10 36 3225
13 CRY] 047 029 091 1.70 112 534 1973
ACH [UNE] 023 0 89 084 145 309 12.62
06 Sep 4 S 61N [UAAY 020 164 129 063 437 14 57
[RA} DIRTY 020 040 079 044 066 252 10.52
7% 0 56 0 66 (12 112 0.77 298 14 45
13 8p S AR u 0o 0135 030 046 162 819
13 [IRYD [IEI] 016 016 017 022 0 54 6 20
b on 0N IR 037 042 0137 167 742
KURYTER I A1 u 1o i 012 021 024 018 320
23 t (LT 0 00 04?2 012 000 024 198
[RY) 0, \NE! [ENTHS 016 0135 039 451




Table §5: Total mussel wet weight (g) of the individual mussel samples (4 and S) and
pooled mussels (123) collected from Cap Chat (CC). Meus (M) and Trois
Pistoles (TP) fiom June to September {987,

WITT WHIGH T (g)

SAMPI L ce MI i
15-Jun-87 4 4 34 530 516
5 08l 6 8% 1y
123 S 62 339 186
23 Jun 87 4 59 1y 200
5 562 Q NX 414
123 36 AR T
29 Jun 87 4 234 417 376
5 231 394 177
123 ERE) 3 KX 46
6 Jul 87 246 10 66 S 66
5 252 651 426
123 237 617 400
12-Jul K7 9 519 2 96 765
5 139 J RS 413
123 0 &6 244 V1 4y
19 Jul 87 4 w6l R 83 387
) 362 3 R 175
123 321 782 270
27 Jul 87 4 169 7 55 175
5 095 5 44 573
123 200 4 44 213
03 Auyp ¥7 9 94 5 2% 597
5 267 718 427
123 502 2 5
10 Aug 87 4 61K 4 89 262
5 34K 32 157
123 124 6?2 3 KO
16 Aug K7 4 4 0¥ RERDY 130
5 351 174 5 2K
123 457 y 1! 213
24 Aug 87 4 333 4 6] 447
5 374 504 349
123 442 149 (Y]
30 Aug X7 4 1 %4 27 559
5 075 247 593
123 219 1 RY 30y
06 Sep ¥7 4 265 353 2 61
S 196 4 K4 3
123 322 3 2x 304
13 Sap 7 4 0¥ 4 199
5 i3 |70 21
123 08 2491 Va3
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Table 5 (cont’dy

W WLIGH I ()

SAMI | «t
e ——
H) Sep 87 4 052
4 214
R 369

MT
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Table 6: Concentration of Alevandrium cells (cell LYY in the Niskin bottie water samples

collected at 0. 3. and 7 metres at the experiment site from May to November,

Cell 1!

DATL {Om) 3m) (7))
24-May [} 0 0
31-Muay 4] 0 0

07-Jun 0 0 0
{4-Jun i 0
21-Jun 1] 0 1}
2% Jun 122047 159314 35008
03-Jul [0%235 170980 FOURK?
05-Jul %431 67255 13133
09 Jul 14118 12911 2745
12 Jul SRR 196 400
19 Jul L] 204 0
26 Jul 1176 147 196
02 Auy 7745 SIKX 2187
09-Aug [§] 0 ]
1%-Aug 6171 10004 1922
23-Aug 490 0 197
27 Aug 2745 4706 1275
30-Auy 2157 1765 1}
06 Sep 0 440 [}
13 Sep }] X 1]
20 Sep 0 " 0
27 Sep 0 [§] 0
04 Ot Lt }} ]
11-Oa 0 0O 0
18 (1t 1] [}] 0
25 O 0 ) )
O1-Nov 1} 4] 0
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Tuble 7. Relative contribution of dominant genus and of Alexandrium to the total
phytoplankton assemblage collected in the 20p mesh size net tow of the water
column at the experiment site from June to October,

Percent Dommant Specics (%)
DAL Alevandnum Thallasosira Chaetoceros Skeletonema
June / 99
June 21 49
Jume 2% 1 55
July 2 a3 53
July 5 7
Julv ? 70
July 1Y 93
sl 26 72
Aug 2 86
Aup Y 63
Aug 16 63
Aur 73 57
Aug 80 1 95
Sepr ks 97
Sept 39
tht 64
thy ) 40
[SNENE .} 45
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Table 8: Concentration of PSP toxins in the Alevandrium cells (M) during cach of the
two blooms at the experiment site.

Concentintion (M)

DAIL (SN GINg GIN] GIN GiN2 neoS TN SIN TOTAL
28 Jun 62 014 000 026 oo 054 [LNEY] e
03-Jul 963 01 [URTY 009 009 2 ¥o 04 [RIRE]
05-Jul 3279 074 283 1S 069 35 39 474 IZ2ARA
09-Jul 7585 061 01l 0 6R (LX) 15 4| 1 40 h st
10 Jul 82 06 6 87 4 61 4 89 043 147 %3 KONt MY

20 Aug 211 114 197 0 9% 006 [RI2) O X1 3o RS
22-Aug 1714 [} 044 024 LX1R} 468 (1Y AR Y]
24-Aug 16 63 015 IR} 019 0 206 0o 20 06
27-Aug 20082 243 | 60 1 oY 00 13 Jo K57 oo 16
29-Aug 1874 031 051 034 on 9 90 210 32 M
31-Aug 62 029 018 018 002 276 035 99
03-Sep 13 50 024 000 015 007 2 A0 04 iny)
06-Sep 6 96 031 o0 0 4% 013 2o 0 1019
07-Sep an 01s 0 00 01s 006 TN 04 St




Tuble ® Concentration of PSP tosins 1 the digestive glands of CAP mussels (M) during
the experiment. as obtained from the HPLC analysis of the mussel extracts.

o - (ot ontration (M)

__ﬁl_l;;;':A-— - _«_. GINg GIX] O IX2 neoSTX 5STX TOTAL
17 Jun LYR T} 2606 23 272y 127 649 182 75 64
M Jun 1 0t | k¥ 4 124 073 14 63 1.04 59.67
" tan HIR I IRICT] 1499 1S 2138 133 98 9 48 590 14
03 Ju) Afw Uy 1350 73 53 1 41 413 130 59 1313 664 27
4 ful 6ln 9 "0 44 76 1319 1015 289 99 44 82 1069.50
0o 1l L RA 73 64 93 15 82 17 &3 451 20 64 88 1466 12
It Tui IFARIN 1611 (L1 1137 1416 272 61 45 68 906 69
14 Jut My 123n 45 ¥4 74 1137 211 70 3172 604 73
t6 Jul SET) 740 31 44 4 K9 9 63 11072 13 61 229.39
14 Tl 134 %1 571 30 60 376 825 107 62 1% 83 304 62
' Jul 1116l 9 RK 31 1R 4 01 % 97 104 70 1197 311.31
"ot 16 50 S 16 1308 195 529 69 40 678 14913
| RLNIT 106 136 146 3 5¥ 30 81 3119 102 62
Wl "ol LPRY 1641 14 300 4202 4 48 94 71

0 \uy IR LED 7xl 11 2 %0 10 84 275 68 87
on Ane [T 14 qaxt a7 149 1282 1 56 41.32
0y Ay I« 150 107 165 LR E] 3731 495 77.95
13 Aup 13 65 ou 672 128 217 1302 1 66 3940
Ih \up IR 0s1 LR 07 153 1o 5 3819
NIIRYYIU AN 187 3 us 170 110 16 97 17 58 49
e W [IER AT 104 0 Kh 14 30 150 5037
1 \ur NORE 1 66 X7 0 ux 0 K6 1175 147 47 93
R Y 18 a6 o e (1] 082 1% 19 274 61 53
o EYRNTRY Yol 1R3! 100 127 47 87 959 158 73
LIRS 3o 29 b4 165 090 16 40 524 8713
AL e R AR 150 103 36 01 52 81.85
0h Sop MIRES ARK) S 2 12 [URNY 30 83 435 66 28
3o te 3 0 oS 401 1o 0 2508 426 54 15
TUR [RERA e Y b (IR 17 88 289 3704
HIAN R IR 1 s 0N O 6N [RIRS RER) 3117
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Table 9 (cont’d).

Concentration (M)

DAl (2N GIN GlIN Gl GINY neon I SN 1o1al

14 Sep 107 44 1 un L (0 by Y 38 R3]
17 Sep [RIE]U 03 9% 033 05t 780 IR 2res
19 Sep 6 34 a1 02K ais [{AN) 276 (U 10 30
21 Sep X 66 019 047 018 [URR] 191 0 7% 14 49
24 Sep 717 013 040 014 03 330 065 10
17-5¢p 6 50 018 0 45 022 0 ‘N (IR 10 9]
01 Ot 1422 034 0 00 014 03 441 (A My

e

04 Ol LRS! (47 0S4 010 (R} 164 0¥ 1
0% Oa 411 02 0o 0N 02s TR iXY RN
11 O 18 03 iKITY 00y [t 045 22 t oK 2
15 Ot 170 000 000 0 00 16 0 R0 14 56
18 Ot 9 40 051 062 016 045 vl on' (B
22 (Ot 1779 133 044 017 038 076 026 2013
25 Ot 22 76 L 038 017 036 on 0 2104
29 0O 13 xu 177 036 (INE] 022 (I} s 1706




Tublke 10 Concentration of PSP toxins in the digestive glands of MAD mussels (uM)
during the experiment. as obtained from the HPLC analysis of the mussel

extracts
Concentiation (uM)

DAl Cx 614 GIX1 GIX3 X2 neoSTX STX TOTAL
12 Jun 004 000 000 000 000 000 000 000
7F Jun 56 O 1n 166 O 68 022 16.47 054 56.75
29 Jun 11740 7 HR 729 412 092 62 66 6 65 20713
03 Jul IEERY 10 60 11w 523 262 104 95 10 91 287 75
09 Jul 3OR K 19 6 41 70 1108 651 270 09 54 93 7.7
4 Jud i v 21 00 4144 13 01 765 318 BS 59 06 786 30
1! Jut 137 91 19 6l 3118 731 749 196 56 49 438 449 57
14 Jul S8 134 17 09 421 581 114 9% 13 62 22703
16 Jul 15 44 4 & 912 151 3139 66 56 528 106 14
1% Tul 173y 50! 1216 179 376 79 45 799 128 17
0 Jal i dt § Ul 774 141 344 47 71 358 86.30
% Jal I IREY 6 ux 717 I 0s 402 4291 550 90.88
" Jul 33 <) 6 61 %73 1 8% St 27 54 219 85 22
30 Jul '3 S0l 1ol (a7 3 K1 2230 329 66 45

ur Auyp 12y [ 1 4y (36 126 612 105 24 97

Oty Aup 149 4w 142 {0 79 t 79 951 114 39.24 i

O Ay 137 187 277 061 [0 % 83 197 30 58

13 Ay 680 [T 112 024 0 60 4.19 096 14 52

1 Auy LAY (LY xn 077 188 67 IR 38.16

" Ay AR 19y [N 1 0s 0 KS 12 06 147 54 47
P Ay MDY 1 xS 0 us 097 051 1150 150 3897

YE o\ [ i 1% ¥l 060 12 53 208 3737

Y e AN ARt 1t 083 066 18 17 335 5476

o\ LT EY 6ot 481 LR R 130 53 8% 12 87 164 06

3 Ay LRI 1 o8 [ 1 64 09] 40 44 630 87 87

Gl Sop W i S 42 75 094 47 02 601 Q4 03

0y Sep 15 S RS 117 1o 39 45 700 71 00

0oSop NI (I | 3oax 122 I u6 32 K9 462 68 18
1o Sop N iin Y11 [N 073 RONES 375 18 25
N p NETRS 1o A 0o 0ir 10 Q2 1 46 23 48
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Table 10 (cont’d).

Cancentintion ()

DAL Ca G GIN GNg GIN? YA SIN TOTAL
14 Sep 1313 227 079 0 41 06l XY AT TR
17-Sep 77 10y 03 019 036 S 70 116 1659
19 Sep 12 69 117 029 023 045 741 130 2148
21 Sep 627 0 81 0.32 015 0 S 67 117 14 68
24-S¢p 424 0 40 0.12 006 016 19} o6l 784
27-5¢p 39 0 44 0o 009 020 la? 0 7o R 24
01-Oct 13 70 072 01 017 Y] T 0 34 191
4-0Oct 474 051 115 039 13 1o 08 1246
08 Ot 16 84 0 66 O 00 16 047 409 (1)) My
1 Ot I sx 031 000 0 09 0n 1 0 64 1402
15 Ot S gy 029 000 0 08 0M 1 va 0 65 90
15-Oct 2575 2 65 o7 029 057 159 0 %% SR
22-0u1 1301 107 041 012 030 0 R/ 0 16 16
25 Ot 1% XS 177 0 48 01K 045 109 045 0o
29 Ot 747 072 024 010 026 T 0% 962
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Table 11 Cancentration of PSP toxins (ngSTXeq 100g™ tissue) in total hody weight of
CAP mussels

Concentration {pgS1Xeq 100g 1)

DAL [ (FIAN! GIX1 GIX3 GTX2 neoSTX STX TOTAL
b2 Jun 1752 2577 22 46 18.63 6.50 66.26 18 55 23570
21 Jun 47 /n I% 41 4132 10 20 376 150 65 10.70 282 83
29 Jun 554 30 110 30 151131 94 66 12 62 1422 76 100 63 2476 58
03 Jul [STIRA 139 #5 236 ¥4 K8 15 21 87 1382 80 136 03 264576
05 Jul ¥ah 36 197 6¥ 441 5% 109 39 52 66 3009 35 465 10 5142 08
09 Jul 1042 $t) S0 65111 130 14 91 74 4641 51 667 72 7568 03
1 Jul ARATR P IRER 623 9n 87 33 68 04 2619 76 438 98 4581 29
13l 3¥480) [RENA q62 29 63 10 60 34 2246 12 336 50 3682.47
16 Jul oy PART] 314 37 41 10 50 65 1164.52 143 12 1857.92
1% Jul 179 9] St 0 300 60 31 06 42 63 1112.08 14294 1865 27
20 al (BRI R 51 93 291 20 3] 4% 44 04 1028 62 117 60 1751 33
23 Jul 0 6h S1 12 138 18 1627 2757 722 94 70 63 1089.34
0 Jul 0l XS 103y 1392 1223 1473 32209 3334 605,56
(R} [RIRTY 06 15% 86 10 50 1527 427 9% 45 67 71751

0 Aue LAY MTIEAY 7443 8 77 14 00 308 12 27 51 480 89
( Auy ) (RIS 54 77 551 7134 126 S8 1544 24523
09 Aar Tyus itov Ty 67 1363 16 23 3RS 09 5114 610 41
13 Aur 1% us LICR] [ 10 27 1113 133.34 17 01 264.16
Te Aug LIRS o’ 3110 5 90 7 86 115 20 53 80 239 62
"o Aug 10 64 174y 37 98 13 76 558 171 40 17 30 304.59
Y Aue 6 0N 133 008 % 16 423 140 14 14 73 23747
1 Aup I LRECN ty 3 62 7 %9 4 2% 117 44 1472 240 26
Pl Auw o (RN 05N 712 405 179 65 27 04 298 39
*OoAuy [IEA MR ol 47 LR ) 677 511 95 102 5% 866 73
31 Aay o MR LRI | 12 56 430 346 17 49 84 510 52
U3 Nop IR R A St 60 1238 532 370 34 53 80 563 68
U Nop RUNE ARIRTY AR IR E] 465 324 24 4579 489 35
07 Sop e Yol 4127 RIS 54 267 49 43 95 308 09
1 Sop iy BXI}! PR | 591 442 179 14 29 55 267 66
1Y Sep [IREAY 1o [IR 1) 347 140 66 24 06 200 37
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Table 11 (cont’™d)

Concentration GarS g 100 Y

DA Oy GIXg GINX1 GIN3 GIN? neoS N SIN 101A1
14-S¢p 1419 433 19 02 3on S0 139 0@ 146! MIRERY)
17-Sep 1ias LR R 65 282 AR AR 1) 7o
19-Sep % 36 105 275 1 0s 100 218 97 47 34
21 Sep 11 %9 L RY 473 1 9% 173 41 6l 194 7138
24 Sep 9 Q) 12] 3N IR s 1) 60 6\ A6 4K
27-Sep %75 1 a4 443 182 1S3 mx 618 AR
01-Ocr 19 28 339 000 b6 177 46 1 914 1 62
04 Ot 12 66 143 S 0% 0 7% (LIS 16 6 48 451
08 Ot S 34 Red} 00y 16 [y i 616 1714
11 Oa 2259 000 0 00 11 2R o472 1082 62 N
15 Ot 16 32 0 a0 000 110 16t 17 64 X6 4% K
18 Ot 1314 528 6 41 141 2 V87 67 6K 0]
22 O 2268 12 52 409 13 1 K9 7 4R Y 52 5
25 Ot 064 23 5§ 372 L4 1 87 7119 340 1 0%
20 g 19 33 1% 10 365 110 117 65 145 S0 94
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Table 12 Concentigtion ot PSP toxin (ugSTXeq 100g' tissue) in total body weight of
MAD mussels

Concentrution (pgb 1Xeq 100g ")

DAL [ GIXt Gixt GiX3 GTX2 ncoSTX STX TONAL
12 Jun 000 0 0n 040 000 0060 000 000 000
21 Jun a5 .41 2N 16 75 5 80 118 174 90 575 265.04
29 Jun 1599 K¥ 74 05 7312 36 42 4 86 660 84 70 1S 1084.32
O3 ot [EUIR ] 103 74 10% 38 431 0§ 13 46 1080 23 112 26 1650 35
0% Il 407 99 195 21 414 45 92 34 34 02 2824 3} 574 36 4632 72
09 Jul 42 3 M6 03 433 3% 106 73 3923 3271 42 606 00 5115 52
11l IEONTH 195 I8 114 0% 62 06 39 76 2046 56 §25 24 3415 14
13 Jul o 130 7% 170 80 1541 30 55 1209 00 143 16 1798 32
16 hat A NiC e L] 1276 17 93 703 99 55.90 952.02
18 Jul Yray 5161 11812 14 62 19 22 811 65 81.67 1122.80
240 Jul 2168 87 9 75 66 1149 17 59 487 37 36 57 707 96
RN I 31004 hi 6HS 70 48 8 68 2077 443 68 56 87 700 16
76 Jal 43 3 6 n R2 90 12 41 25 5§ 275 22 21 84 523 82
0l 30 9 $9 13 6% 1S 793 19 49 228 10 33 69 443 38

07 Auy 110 1o N %77 RN 642 62 33 1 6s 136 47

06 Aup N ow 1o ¥ 50 643 9 06 96 30 11 56 211 58

09 Auy 1t 51 13 xu 2450 491 519 X222 18 39 165 21

I3 Aug X an LA 10 87 198 308 4270 9 81 85.73

16 Aug 2900 Q1D 26 63 634 9 68 69 38 423 184 72

0 Aug 4769 15 38 12 80 8 5% 412 123 17 14 98 226 88

22 Awy 7ol 1733 803 7 66 254 113 52 14 &6 192 48

1 Aue YUy MIEIA) e 6 4h 300 124 41 2033 209 99

VU Aug (R T 15 0] [ PR L] 185 0% LEI 307 41

O oA [IEANAYAS RERAY [RIRR! Y76l 674 567 90 133 14 943 49

[S RV 1o LAY iy 1o [RIRN 4 60 408 68 63 71 589 79

03 Sep LY 39 J0 519 §3 87 467 466 87 59 67 668 76

0 Sp 1x 01 IR 37 CATL 491 3%6 0t 68 51 954 36

0 Sep A Y i go 37 o8 CR 541 136 17 47 18 499 94
10 Sep 06 LR 19 a8 J 92 163 200 37 37122 307 35
1 S KUY Iy ol LRI 23 189 112 54 2017 167 2%
[RIANT (IR Tt T LIRT) 36 1au 64 2513 219 90




Table 12 (cont’dy

Concenteution (S I eg 100g )

r
|
DAL | Ch GINd G 1IN GIN3 GIN? neoS X SIN OIAL
17-Sep 1025 1063 12 166 I8 ALY 11 Rt 97 I8
19-S5¢p 1715 115y Jy3 141 137 7788 RGN 12711
21.Sep 814 77 302 12 1y7 57 00 nn LR
24-Sep S 6 LR in RT3 07 14 6K 6 9% W07
27 Sep S 11 420 Jor uiJ2 IRUL MO R 7 47 33
01 Oct 1537 S99 111 117 136 33 34 72 6% SO
(1 Ot 6 I8 491 11 os 1 [ R 36 54 826 AL ]
08-Ot 22 45 646 [IRUY] P32 e 44 23 Y K RO 16
11-Chet 14 81 288 a4 074 R} 11 9% [OR2Y 37 46
15-Oct ¥ 07 288 000 069 127 2041 6 82 40 10
18 Ot 342y 26 4% 708 243 2ux 16 60 A IR 94 65
22 Ou 1727 1t 44 d 4 100 182 L)) L A7 16
25 Oa 24 36 16 ¥$ 455 143 26 10 90 458 01 XY
29-0)t 1028 734 24% 0 &6 [IRLS AR} 204 09
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Table 13 Mussel shell length and height (em), digestive gland (dig.gl.), tissue, total mussel
werzht (2) and ratio of digestive gland weight to total mussel weight for CAP

nmussels
DALL SAMIT SHIET! SHI 1T DIG GIL ITSSUL TOTAL WIIGHT
TINGIH HELIGHT WLIGHT WLIGH1 WLIGHT RATIO
1?7 Jun § 472 2
4 4 22
} 45 23
4 4 2
062 5167 0120
MIAN 11758 > 175
o lan i d1 272
) 47 2
3 57 27
| 46 24
225 18 747 0.120
MLAN ) 212§
29 Jun ! 51 26
N 472 22
3 48 22
A a6 24
2135 19 57° 0120
AN 245
O3 Jul 1 45 25
2 6 25
3 52 24
[ 44 23
202 16 83" 0.120
MI AN 5108 J 48
05 Tul i 52 27
2 52 24
3 44 25
4 18 22
292 24 327 0.120
MAN q0 745
00 Jul | 52 25
’ 52 24
Y RE') 24
1 57 76
413 36 077 0120
M AN Y 'S ) 478
Lkl | LW 25
’ 45 23
3 5 29
] 40 29
578 47 90+ 0120
MEAN S 18 D685
13 Jul { 49 25
' 26
] 4 25
t ) 28
S 41 OR* 0120
MRS AL Y6
16 Jul [ Ve 21
, 1o 23
3 [ 2t
} 1y d
322 26 82* 0120
NN 167N M




Table 13 (cont’d)

DAL SAMIL SHITT SHI LS Did Gl [IANY O3] TO1A] WNiGHT
TYNGIH HITGH T WHIGH WIIGH ] WHIGH T RA TV
r——-—_—_—_—_ o ————— M ——— —

18-Jul t 46 213
2 54 28
3 56 2%
4 51 28

4 83 EIUDSY 0120
MLAN 5225 2678
20 Jul 1 53 23
2 S 24
3 46 25
) S4 26

5 OR 4) 3 (L Y]
MIAN 5 17% 2 45
23 Jal | 49 23
2 47 19
3 S 24
4 61 29

167 ALY A 120
MIAN 5175 2 378
26 Jul 1 43 2
2 46 22
3 45 2
4 46 21

141 REIR PR 01
MEAN 49 2128
Wl Jul I 46 24
2 93 I
3 43 Iy
4 4 24

472 34 9K* L1 1]
MIAN 4 95 23
02-Aug 1 41 24
2 44 21
3 41 21
9 40 74

139 R4 0120
MIAN 4 375 > )8
06 Aug | 46 2
2 15 |
i s 20
i 42 19

328 rule L1381
MEAN 4 15 705
09 Aug 1 5 K
b) 45 R
3 449 23
4 51 24

449 37 40° G120
MIAN 475 2 45
13 Auwp 1 47 7
2 iy 21
3 R '3
1 15 ’ o

¥ §1 w0 LT 1)
MLAN 1/ [l
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Table 13 (contCd)y

ball SAMPL SHETT SHETL. DIO G, TISSE TOTAL WLIGHT
TINGHT HNIGH] WLIGH | WLIGHT WERIGHT RATIO
A R — — — ——
16 Aup l 64 28
2 51 23
3 54 28
4
399 33 24* 0.120
\MEAN 57 2 633
0 Ay 1 S 26
2 57 26
§ 47 24
1 49 22
35 29 40* 0.120
MAN 1 y7% 2 45
" Ane 1 44 272
2 48 27
4 44 21
4 513 2%
382 31.82* 0.120
MIAN 475 2 48
1 Auy | 5 5
2 49 26
3 498 3
4 S K 27
446 3715 0120
MIEAN 5 05 2778
V7 Aug I 46 23
’ () 24
i 10 R
4 ) 25
343 28 57° 0.120
MIAN 48 2 425
29 Auy ] §7 24
’ 45 23
3 52 24
4 52 24
4 33.32* 0120
MIAN 518 25
o Aae 1 51 27
’ Y6 R
3 A} 2%
L 5N 2N
562 46 81 0120
MIAN S5 175 2775
IIIN | 5 74
' 49 24
1} 57 27
4 62 3l
416 34 65 0.120
AN 5 15 268
0% Sop 1 5 1
N R 3
3 b} 23
l 16 22
139 28 24 0120
MW [ ILEA 2 i




Table 13 (cont’d):

PATE SANMPE SHELY SHITT PG L] IS8t 1074l Wiioitl
F1NGIH HIIGH L WHIGH T WHIGH L W1iaHl RATTO

07-Sep 1 48 22
M 47 25
3 47 26
4 5 29

— 204 24 1o 010
MLAN 4 725 2SS
10-5¢p ] 413 2
2 46 2
3 4 8 2
4 5 21

324 Yo Uy 010
M1 AN 4 675 2 025
12 Sep ] 5SS 26
2 S 6 27
3 63 27
4 S0 24

4 7% 19 4/ 0120
MEAN 5 75 2 725
14-5¢p 1 49 21
2 51 22
3 47 22
4 48 23

331 VAR YA 0100
MIAN 4 878 225
17-Sep 1 57 29
2 19 14
3 49 25
f 49 b

299 Mo 010
MIEAN L 5 1 2R
19 Sp 1 41 2
2 45 22
3 47 23
4 35 21

1 99 16 SK* 0124
ME AN 42 2 15
21-5¢p 1 449 26
2 43 2
3 47 21
) 51 RE ]

2 KS o7 0
A AN 175 ) 805
24 Sep 1 4 21
2 31 22
3 5 24
i S 2

27 2241 120
MIEAN 4 035 27
27 Sep i 62 31
2 57 25
3 RN 24
| 1x 24

4 79 0 a0 LN PO
MLAN S Vot




Table 13 (cont’d;

Dall SANPLE SHIT SHiTI DIG G f15SU°1 TOTAL WEIGHT
TINGIH HIIGH ] WHIGHI WLIGH'T WLIGH 1 RATIO
01 Ot ! 43 2
2 51 24
i 47 2
4 4K 25
297 24 24 2721 0 109
MIEAN 4775 2235
[IIREN] I 47 23
) 44 23
3 47 Tl
4 R 21
294 202 23 14 0127
AMIEAN 4.0 27
[ILEPN | 1 213
) EIR R
4 1y 24
1
PR 20 08 22 60 0112
MEASN 4 633 2333
11 Oa I 43 21
2 5 26
3 43 23
1 S 24
322 22.85 26 07 0124
ML AN 465 235
19 Oht 1 51 2
2 40 21
3 g% k'
4 51 23
315 2514 28 29 011
M AN [ R.2A) B
IX Oy | ERY] R
K 52 23
3 51 AR
{ 82 2
i3 26 62 29 92 0110
ME AN S 1 24
Yy i B 28
' 5 )
3 50 RS
i 5 28
4 48 27 96 1244 0138
ME AN 5 MR VA
NN 1 49 R
’ [ 22
) 1S 23
i 1Y 22
11 21 69 24 79 0125
AN § 60y NREA] __
AERN | [} 23
M L] RARY
3 4 3
| i )
i 21 ¥R 24 99 0124
iy oty 122

Vol ubacd o wore i e
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Table 14 Mussel shell length and height (¢m). digestive gland (dig.gl), tssue, total mussel
weight () and ratio of digestive gland weight to total mussel weight tor MAD

mussels.
DAL SAMEPLE SHEL SHITL DiG Gl TS Y 1O A} WIlHI
11 NGIH HIIGHT WiIIGHIL MWHIGHT Wiiei RATTO
12 Jun I 76 I
2 X 38
L) 772 16
4 54 172
7 10 66 O 108
MEAN 72 36
21 hun 1 S 3 12
2 [\ 32
3 o i1
4 61 3
1% Yo o
\] AN 5 U075 3 10S ——
29 Jun | S 19
2 LI
3 65 i3
4 62 1
i 10 548 (U [H]
MEAN [IRRE] 32
03 Jul 1 59 13
2 57 3
3 6 13
3 62 12
3 VYA 0101
AMLAN 5 US 10 )
05 Jut 1 57 3
2 51 2%
3 S X 32
4 4 35
1 v 1 10e 0 1ot
AEAN 5 X5 1175 ] N
04 ful t 5 R
2 1y 34
3 o) 34
4 67 34
1 /% LA LI O 101
AL AN 575 3%
IR ] S 6 3
2 6 2y
3 \R R
) 54 i
162 19 54 [ U]
MEAN A LA - -—
13 Tl I Hy 35
) 6O i
3 [T} il
1 57 3
501 1987 O ol
ME AN 15 3175 o
16 Jul | 53 3
) 0“2 13
3 S ]
i L] 3
1 | Y O tal
ME S b 3 s I R S




Fable 14 (e

mnt’d)

F DAt SAY SHETT SHITT DI Gl TISSUT, TOTAL WIIGHT
T15G1H HIfGH T WHIGH WLIGH I WHIGHT RATIO
‘ e te——
¥ fut 1 LY 34
’ 4 31
4 6] 39
R ({18} 3
5 76 56 76+ 0101
S AN DAL 3
IR ITH ! (38 33
’ 60 il
3 Y6 30
i 65 14
6 16 60 70* 0101
MIEAN 6175 313
Yot 1 H6 36
’ 6 17
$ 65 34
i [T 34
65 64 05 0101
MEAN 6 1 RN
6 Jal } S u 3
! 5 32
i [} 32
1 N8 7 3
6 18 60 90+ 0 101
. e AMIEAN SN 31
0 Jut } 8 J4
’ Yy 32
3 RI 32
! [ 32
515 50 75+ 0101
MEAN S8y 310N
o \ap | b} )
' S0 T
3 o il
1 (TN 14
ST 56 27 0 101
e \||_\‘\___ﬁ [INTRY 310
(e e ! v i
' S 3
) 0 302
| HY] LAY
[ 57 56 S6* 01"
L A AN SNTS YOy
W Ny H EERY 31
' A 3
3 (23R I
1 N 3
R 78 76 86° G101
AN 6o IS
13\ } [ i
» [ZIAN o
3 Hos 3
1 SN LR
T T x 0l 74 01 0 101
Y Y L S (SRR 1
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Table 14 (cont’d)

159

AR SAMIT SHiEt SHETT Do Gl tIsstg TOLAL Wit
TINGIH HIETOH ] WHiGH ] Wi hall WHIGH] RALIO
16 Aug ! [} 12
2} S8 302
3 61 it
4 58 3
N Oy AENIRM [tV
M AN 6 115 1128
20 Ay I AR 33
? [} L]
3 SN 3
i [N} LER)
6 34 [ TA 1
MIAN 59 318
2 Aug 1 68 18
2 S 6 3
1 63 13
4
T 4 52 AR R LAl {3t
ML AN 6 133 1067
M Auy | fil 31
2 hh 32
i S Y 3
| 6} 33
Sl 95 K/e 01
MEAN 62 1175
27 Aug ! [ 14
2 a7 3
3 6 13
4 6 31
71 [ 0 101
MEAN 64 33 ] _
20 Apg 1 62 33
2 o7 31
3 S¥ 32
! 63 i
640 o' 10l
MEAN 6% 3 2 _l_
31 Ay t A 10
’ [ 34
3 6 Y
i Hh i3
O 17 ni oo 0
MEAN 61 12 -
03 Sep t 6 L]
I 2 57 3
3 AR ]
i 61 36
oo ] et IR
MIT AN R TAY 15
Us s p ! 9% 3
) 49 I' »l N
3 6 3
H ns 3o
vl AT R A o 10l
SEAN 4 inrs e e ]




Table 14 (cont’d)

[
' baltl SANMIT L SHTET SHI T Pia ol 1SSt TOTAL WHIGHT
L TENGIH HiIGHI WHIGHT WIIGH WILIGHT RA'I]()J
— - ——— 4—77 ——— ve———
Or4 | (B 16
) 66 33
3 63 33
4 64 13
— 622 61 29 0101
M A 45 3378
) hep ! 9K i
' (] 32
) [T i6
\ i} 16
- 622 61 29+ 0101
ML [OREA) 335
P2 Sep | [N 32
) 6 32
i 6| 31
B] Hl 3
511 50 35 0101
M AN fHuls 3 175
11 5 { 57 29
) 1 12
3 8% 11
] S0 11
— 4 06 40 01* 0101
AMEAN (IR 3075
1 Sp i 51 29
) 5 TH
i (R} 3
!
284 27 y9* 0101
MIAN S 467 )
19 Sep f 0 31
' A 27
3 S0 i
1 5 13
3 u2 37 64 0 101
MEAN S0y 308
o | 66 13
' [ iy
i
1
307 30 25¢ 0101
MIEAN (R i3
A I A 3
M 6N 36
3 (R} 34
i f 3
4 63 45 62° 0101
MEAN 61y [IRA)
C s i 5 3
* N h 3
\ ol L]
| (A} L3
R | t1y [N 0101
| _\_“ \A\ h 1]
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Table 14 (cont’d)

Ol ulated oo e

ht s

161

DAL SAMIPLT SHITL SHITL1 DIt ol 1Tsstt TOTAL WG|
TENGIH HETGHL WHIGHT Wilaid WGl KA O
1-00 1 S 7 3
2 61 i3
3 62 i1
4 59 3
LRE) YA LR 8} G URS
MEAN 5978 3
O (Ot 1 61 i3
2 L} 3
4 A 34
4 (R 3
5 61 LD S 0 1
MEAN fl 3 129
0% Ot | 6 il
2 62 3y
3 57 2
4 6?2
5 W EAR 510w 0104
MEAN 6 028 3175
11 Ga 1 6 19
2 61 LR
3 62 33
4
inl 38 1 iR /8 [IR{TA
M AN 6 733 3343
15 O 1 L} 34
2 51 3
1 6 32
4 62 i3
4 .40 419 AR IR 104
MEAN 5 975 LRAR)
1% O | 57 3
2 5T 33
3 6 )
Kl 6 1
10 o 1R/ 0 1ul
ME AN 9 kS 3108
RANON! ] S 6 3
) 57 ) x
3 61 Ty
H [} i
478 445 a4 41 0 [N RN
ML AN 59/S GRS
25 Oa 1 54 3
2 5% 3
3 S % i
1 63 i
1 ¥ RRERI ey o
L MIAN 5 %08 31 .
20 () H 5 X (U]
) 6| 38
3
)
- 0o IR [ TR R
344 \L L T e TooTT - =




Table 15

Concentration of PSP oxin (pM) in non-visceral tissues of CAP mussels in the
end phase of the experiment (Oct 1-Oct 29).

L

Concentsstion (uM)

“—A——l-l———ﬂl [ XY GIX1 G X3 GIX2 neob IX STX TOTAL
01 O 4 [TRI0) 0 00 015 009 049 021 6.17
03 Ot 164 000 000 007 005 037 024 538
(LAY 1 un oy 000 008 003 027 000 236
1 Gt [ 4 000 004 003 026 0135 44
15 0xt [ [TH30] 0 no G 07 0™ 023 022 254
P Ot Yo R 000 006 0 0135 029 2.81
IRETN (Y FX1X] 0o 008 002 022 019 389
PAXUN 174 on 000 0085 002 018 016 526
29 Ot 30 0 0 000 005 002 021 015 3.72

Table 16

Concentration of PSP toxin (M) in non-visceral tissues ot MAD mussels in the
end phase ot the experiment (Oct 1-Oct 29).

Con entration (M)

DAL (RN (TR [TRRY OGN GIY? neoSIX SIX TOTAL
[IINSN i 000 0o 003 002 0 2% 028 440
[IIREN! [ oo 000 0 (4 002 020 000 187
UN Ot YUy g 0w 0 (IR, 023 G20 344
1 Oa v IRt 0 0m 003 01% 0 06 303
[RNEN [ 0o 000 (004 001 014 0 t8 175
[ENEN Y 0ol 0 00 004 002 019 000 229
LANSNT T 000 0 0 003 002 013 000 216
LANEN (I 00y QU 004 002 014 000 1 90
Ot aNc 000 000 003 00l 00X 000 09X
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ANNENXN 11

Table |: Mean and standacd error in temperature and sabimty values tor Om, 3m and 7m
and at 3m tor the two halves of the season and p value giving the level of
significance of a student’s T-test comparig temperatare and salinity pairs.

Phy sical Meun St pvahu
Facton

Temp Om (n=27) § uNi VAR

(61t
Temp 3m (n=27) R Tt LR Y]
Temp thn(n=27) £ 981 21

(s
lamp 7Tm(n=214) R 625 2951y
Tomp 3m(n=27) ¥ 704 2651

[1R¥R)
lemp 7m(n=24) R 625 AT EY
Salimiy O (n=2%) 26 799 [T

(3 Y44
Sulmuty 3m (n=29) 26 692 1 651
Salimity Om (n=25) 26 799 1 %65

[V FA}
Sulioty 7 (n=22) 26 83} | BVAR
Sality 3m (o - 28) 2o 642 1 651

R
Salimtsy 7m (n- 22) %3 178
Lanp 3m(n=16y Y375 010

[FRIAR]
Temp 3m(n=11) 1727 LI 4
Salaty 3m(n=114) 26478 1 4007

(s
Sahmty Im(n=11) 26 963 1 8
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Table 2 Student’s t-test comparing the means of the PSP toxin concentrations (nmol g
and peSTXeq 100p P ussue)y in CC ve MT., CC vs TP and MT vs TP mussels
during the entire season (n=15),

CO ve MU MIEvs P CC vy TP
::\m - I vatae p valuc I value p value T value p-value
O IRIRZ! ) 323 2842 0013 2476 0027
Ging 1ol 02713 0542 0 596 0 552 0 500
Gln] P 0 09} 2954 0010 0732 0476
GIX3 (IR 0y 5 69 0 000 () 889 0 389
Gl 0 lui [REL} 7109 0 000 1043 0318
neoS Ty 1440 [ § 73334 0 J0U 0 955 356
SIX 144 (23 1379 O 000 1 996 0 066
lota! (A 0 761 1 608 0112 3 590 0 003
Fonaom 08t/ [{IRDN] 204 008§ 2 587 0 022

104



Table 3- Mulri-factor ANOVA comparing the variances in the concentrations (nmol g')
and toxicity (ueSTXeq ¢ of PSP tovme m CC vs MT, CC vs TP and MT vs
TP mussels during the entire season.

Mults factor ANOVA fos €00 ML and TP miuss s
fosm Viwtion di R M T I vnhe
(G Amone gips ’ SU 385 AP (LI [URTT
Wihin ¢mp 14 o0 Jox ™S Us RG] 0 M0
Aoty sites 2 1012 vn? ROLIES] |REREA] 0000
Frio 16 AULTTR AR IREERIY]
lotl 134 10153 050
G1IN4 Among prps 2 (353 Y nate [IRY
Withm gip 14 Y an (TR NER DS o on/
Amaong sites 2 1 50% 0w Jull ol
Frio H6 15 387 (111N}
Lotal g 47 %1
G IX1 Amone gips 2 1415 ooy [IR1¥) %0
Withm yip B} 41083 Yyt (R 0 0%
Amony sttes 2 I 670 AI LR L A [INIRN]
fum 116 MR R (RS
1ol [RX) 266 487
G1X3 Among gips 2 1 9i6 0 V6K 1073 0K
! Within pip [B) 49 127 3931 J o 0 00
Among sites 2 20 497 1O (48 | REPS R (TN
oo 116 84 201 0 760
Tutal 134 159 661
G X2 Among gips 2 I 340 0 6H) 0462 0ni
Within gip 14 COIRAY JuRy 4 KK 0 060
Among s 2 2o 17y 13 0%/ RRATIR] 0 000
Favn 1o L6X 424 I
Forsl 134 398 100
oS TN Amuoag rips 4 Y o3 1 09n 0 Kot [UREN)
Wathin wip 11 12712 5 1491 1 MX 1 004
\snony siles > 3 163 oy o TREH
1uam 116 147 371 10
Lotal [RE] 25 e
SIN Among gips 2 45 133 1 G600 1016 0 364
Withan wip R 1511 363 107 954 4 KO0 (4 (0t
Amtishg sites 2 9 672 105 430 K Juh 000
Frm 116 2676 438 o
Lotal 131 4521 603
Lol Among gips ? QU8 439 119 0 4 % 04/
Withw wip 14 16165 333 1176 G4y (ORI [IRTEN
Amang stos 4 S0P 6y LT IR R LT 13 100 0 0t
From 1i6 B TRERY |0 S0u
ot 134 43719 464
(KON Aationy gips ’ 176105 100 (TR [ER] [IRRY]
Withn 11 6723530, 00 1418, 4an ERIPR (4 Oty
Nebone s ’ LIFL R ANTH Tl 2ty §r vhr O GOy
I 16 Y3503G. xiyi} UL
Totdd IR} I 15 2) 10
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Tuble 4

One-way ANOVA companng the variance in the concentration (nmol g') and
toxienty (ST Xeq 100g ' tissue) of PSP toxins in individual mussels vs pooled

mussels from a TP, b, MT and ¢. CC during the entire season.

a Trors pistoles

One way ANOVA for TP mussels

loxm Vatiatony dr 5% MS Fs) p value
[ Amonp pps ’ 9 461 4 730 0 Y68 0392
Withan grep 11 466 147 33 299 6 817 0 000
Livn bh 136 763 4 K84
Lol 41 612 410
GIX Amonp pps ! ) 048 0024 0 080 0923
Wetlun gaps 1 13 185 0942 3132 0 005
Yrog % 8418 0301
Jotl 41 21 651
GiMz Amoug yps 2
Witlin vaps 14
Livn "™
fotal By
N Among wps ’ 0 164 0 084 1 487 0244
Within pips 1 1 653 0118 2 084 0 048
Lo ¥ 1 586 0087
Fotal 41 3 407
GIN? Amony pps 2 (1 05S 4028 0 561 0577
Witlun eap, 14 2073 0.148 3020 0 006
[ 2K 13713 0 (49
Lonl K] 3501
neov N Amony yps ’ 0037 0018 1300 0238
Within saps B} 0 186 0013 0943 0529
Fasen b (VR L 1014
lotal 41 063
SIN Ao v ’ 0825 412 0 465 0 633
Witligy wopis 14 37 220 2 659 3400 0007
Vit 'S M oKlo ) 886
Total H 62 k60
Totat Moy pps ’ 1% 599 9298 1 079 01354
Watlusn peps t 745 500 56 107 6511 0 000
Lrron N 241 301 8 618
Lotad 41 1345 396
Tonviom \inong s J 4166 S10 2083 253 0 840 0438
Mol raps 14 170752 250 12196 590 4972 0 000
i ™ 6ROTY K6 24 529
Lotal [R] 24380K 87
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Table 4 (cont’d)

b. Metis

One wimy ANOVA tor M1 mussc s

Tovin Vanation df NS AMS (FgY) p solue
Cx Among gips 2 62Xl il o80 NRYE (IR
Witlun gip 14 1363 761 97412 AR 0 000
Liror 2% 151 78N 17 561
fowl 44 1778 83
GING Among gips 2 0 (W} 0 0 018 0 Ro6
Within gip [B] 5300 (LRI [ RSB ( ORN
Frron ™ AR AT (U]
Tota! R 1124y
GIX) Among gips 2 S 093 28y 1520 0 600
Within gip 14 Y 208 6 443 [ IRT R 0 260
T 28 137 17 4 Lot
lotal a9 230 813
GIX3 Amang gips 2 09N [ RIS I vig 0160
Wuhm gip 14 21287 1520 62 (MK}
o % 6813 (IS}
Lotal 41 67
GIX2 Amone gips ) 0l o113/ 1Sod 00
Withan gap 14 Sy 1 Jue 19 06/ 0 000
Foo 2% LR [IRT2
Lotal 44 %079
neoS Iy Among gips 2 I uuy 0 9s/ 0 751 0 481
Withm gip 14 RS 1 iy 1450 0 1)
oo 2% 37192 13
Total 44 60 319
SN Among gips 2 1 63/ q9 31K t 2 0 Jue
Withan gip 14 1102 734 0 624 25 504 0 0nd
Inor 2% 7060 4 1%l
Total 41 1620 13K
fotal Among gips 2 ¥/ RS0 439 [ 0 i)
Withun gap 14 LES IR 63s 117 (LR 1 My
Foior 2% AT 34 985
Fotl ER] ULY IR
Tovicny Among gips ) Q5% B 1570 480 0367 0 640
Withim gip 14 W81 100 36070 370 i 0 000
Irias M ERNRES IR 127472 439
lotal H S6200 3G
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Table 4 (cont’d)

¢ Cap Chat

One winy ANOVA Lor CC mussas

Lo Vot it 1 SN S (<) pvalue
L Nnvone paps ’ 17 1us X 509 %75 (428
Mothan p IR PRI INK X LU 1) 000
[T I~ 1235 113 41119
Joal R 6718 %47
GINe RYLTETRRUTIN ! a3 0155 0753 ) 480
Wathun wap It 60716 0 480 21332 0.8
Faren i S 701 & 206
Lostal H 12 7x7
(EA ALY Ationy paps ’ R 0nn72 0241 () 748
Within gap ] 13 836 (IChR 31325 (003
[T - LIRRR) 0297
Total R} RARTIR]
NS Arhstiy vips ’ faug IRYN 2100 0 141
Wit 1 “ar 6723 16 60N 0 000
| tien ™ 11274 [{R1IX]
Lol H P07 o4y
GINY AVITOITERUTIY 2 1 6ly 2307 1 379 () 264
MWathin mip 14 IS W39 13281 7037 0 000
oo ™ 16 882 1 673
[otil " 237 108
moS kN Nanong g ’ S o040 3800 3ol () 064
MWatlom eap R} 127 022 9073 fouly 0 000
[T % 2307y X3
lonal i 1595 341
A \itone , IR W e fun 0165
MWoathin eop i 196 6xe [EIIRRR] LIRS R (60
I " 1226 41 15 220
Lotal (R} THIU 633
fotad Mo prps ’ LS aus 207 W3 1437 ) 252
Mot wip |+ 23334 0w 1667 075 1622 0 000
Tonm i e 2an 143 1%
Lotal 1" Y77 356
[RYRYAINS N pps 2 2HSNTO 600 110755 300 2056 0147
Morthin e 1 Q3 B0 7Y 300 615355 310 11076 0 000
[T W [RUBLE PR SINKT o0
Lotal H 1076530
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Table 5: Student’s t-test compating the means of the PSP toain concentrations (nmol ¢!
and pgSTXeq 100g ' tissue) m CC v M, CCvs TP and MT TP mussels a
prior to (n=9) and b. during the peak m tovin concentration (n- )

a. Prior to mcrease in toxin concentration

CCovs ML M LD COa I
Toun 1 salue p-value I value 7 vulue 1 value P Anlue
Ca 1 821 0106 4 117 0 00 [IRRA 0179
G'IX4 0371 70 0482 [UNER 0491 (it
GIX) 0 744 0478 6 564 [ERV] 0 (LAY
GIN3 2108 0068 2132 0 066 0 468 0 6Hs
GIX? 2o 0 083 9 0% 0 00 RFL (IR
neod I'X 1958 0158 7 050 ¢+ 000 062/ 0 94K
SIX 3 594 0 158 54 103 u 000 0 791 044
Total 2 R16 0 007 4112 [N 1 699 0L
Tovaty 3413 0 00y 222 0087 6 794 0 it

b. During the peak in toxin concentration

CC v M Mg s P
Lown I vadue P value 1 vahie P value I ovale P value
Ca 0 847 0 436 2 3ni 0 065 LR T4V a2
GTX4 -1 652 (159 1 018 0387 0758 0} 4RS
GIXI 2 18% () OK1 29186 003 1 063 O in?
GIX3 0 771 0476 6 (03X 000 1233 0
O 1X2 0 §S7x ) %K 61y ooy (R O ja)
neoS IX 1134 Q306 TP omas 1 000 1303 (IRt
SIX [N [TIRF L 11 370 0 160 14/ (TN
Lotad [IRTH [TRBE [BREE] 0 2in 4 ) (0
lovan 1138 0307 0 nS1 051 1 iy DRI
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Tuble 6

Student’s t-test comparing the means of the relative PSP toxin concentration
(Zmolary in CC vs MT, CC vs TP and MT vs TP mussels a. prior to (n=9) and

bh. during the peak in toxin concentration (n=0).

& Pnor to the peak m toxim concentiation

CC v ML ISERTIEY CCwipP
B l“:;l—— I valu p value 1 value p vulue I value p-value
[N 1991 0 002 I8 261 0 000 30587 0 046
[(FRR ! 0126 () 6R} 0 456 0417 1 856 0016
GIX] 0054 0 Y59 183 330 0 000 O ¥82 04m
X LB R 0067 -1 465 0 181 i 561 0157
GIX? [ IR ) OXY X 460 0 000 1 246 0248
neoS I\ [ 096 % 19SS (M0 20148 007%
SN 504 0 (0] 2356 0046 225 0 054
h. Duning the peak i toxin concentration
CC M A v 1P CC v 1P
Tovmn [T poratue 1 value p vabue Fovatue p value
[ Y (09 X 479 0 0oo 3 937 0011
GiINg (RN 0 Qo I 612 (0 16X 1 613 0167
GlNd [ PR uitl 11072 [TRHIN] 1 088 0326
[ER AW husy 0370 2 187 () O%0 1537 0 185
(TN Han 550 5 433 ) 003 1537 0 185
neaS N 1 Xotr 0121 I6 806 0 000 1 us6 0 108
SN 16 016N 4 Qi [VEYIE 3 460 G018
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Table 7: Total weights (g, S.E.) of the mussels collected at the mnter tldal zone at Cap
Chat (CC). Metis (MT) and Trois Pistoles (TP) and p-value gaiving the tevel of
probability ot ditference in the weights based on 4 student’s 17 test

Mussel weseht Probabdinn of ditteronce
Site (2) S CC s M ML s 1P CCae1p
CC (n=49) 303 18 )
MTI (n=4%) 476 AR L) 0 00u 006 0008
TP (n=4%) 395 147
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Table 8§ K-S analysis comparing PSP tonvm concentration (tmol g and - tovicuy
(reSTNeq 100g " tissue) nn CAP and MAD mussels aid e the Alexandrium cells
duting bloom [ (n=3) vs bloom Il (n= 9)

CAP musscs ASRVARTITINNN [ Vevamdezion s 1

Toun DN pyalu DN v abue PN 7 vl

[QN 1000 [ RVURY 1 oo [IRYIR A (IR 30
GIX4 1 oo 0 03 I aay o0 1 000 0 003
GTX| 1 0o 0003 [ 0 06l 0 4R6
OIN3 1 o8 [(XIR) 1 006 (X 1} 459 (TR
CIX2 0 %00 0033 1o 0 o3 0 RO [INIRY
neoS TN { ada 003 1o [IRTIN) [ BN
SN (I (AN 1} uN0 ooy 058 (AR B
Fowal 1 0ou O (3 I voo RINES [T o
Fovian 1 000 0 004 [ 0 04 [Tt [INTER)




Table 1) Disanmimant analysis of the coneentration (nmol g') of individual toxins in
Alevandroim cedts during bloom T vs bloom 11

Fovm Alevaradiian cils
(289 0 405
[FF R} 3 Yau
Hlal 1 665
OIN3 1729
GIN? 1115
BeaS TN 5 K96

-

SIX 2 K16
Chit squanie valon 12 138
Deg ot Treadom 7 .
Probabthn ¢y 0 )Y
Contrond (1amm 1) R
Contrond (oo 11) 1227




Table 10 Wilconon Signed-Ranks test compating the relative PSP tovn concentiation
aresin: Semolany of andnvidual tovins in CAP amd MAD mussels and m
Alexandrium cells durimg bloom I (n=5) compared to bloom 11 (n= W)

CAP msac s MAD shussels e vandum s
T
Tonn / value P valu / vahn pvalue /7 value vl
(@Y 2000 06 0 000 1 000 13 RN
GTX4 1733 [INTER] 1 0033 (U LU Y]
GIX1 1200 o230 i/ 0083 0470 06/
GIX3 2 qou [IRUOT 1200 0230 0 v 1 0
GIN2 1 84 U e 1333 AR 0 R0 LR
neoSIY 1 600 0110 0000 IRIY) 3 O 0 18)
STX 1 600 1 096 [UBRR] (LR TR 0 601 0518
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Iable 11

a

¢

K'S andysis companng PSP toxin concentration (nmol g') and  toxicity
(oS TXeq ¢t tssaey m the CAP vs MAD mussels during a. the entire season
( -45), b blooin I(n=35), ¢ inter-bloom (n=10), ¢. bloom Il (n=9), e. post-
bloom IT (n=-8). t end phase (n=9) and g. the transient stage (n=9).

Fntre season b. Bloom 1
[ Al MAD ] CAT v« MAD

) :;:N""_ (IS RIS Toun DN p-vulue
& 0 [IRRL] Cx 1 0013
[FRAN] 017 0476 GIX4 04 0 819
(FERY] GV 0216 GIX] 06 0329
[TIAN 0 0329 GIN3 06 0329
GIND 0w 0476 GIX2 06 0329
woS iy 0 17% 0476 oS IX ] O 819
RYAN [N ET 0 Xty SIX 04 819
Fotal (U (TR Totl 06 0329

_l_‘l\_" . [ [ERR] Toanmy 04 0 819 J

Inter bloont

d Bloom Il

CAl'VMAD CAP vy MAD

Toun DN 2 vadue Tonin DN -value

S (U 0 164 Ca 0444 0336
[(RERN) [ () UNh GIX4 0 558 0124
alNg (1N [URTRN GINT (1 §5% 0124
GING (LX) 0045 GIX3 0333 0 699
[(FEAW (L} [{R] [CRR 0444 (336
TETYAY (IR AT neoS TN 0333 0 699
SN (U} (U] SN 0333 U 69y
Torid I L) Fotal 0313 0 649
Tov 1R [TATS) Tovian 0333 ) 699
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Table 11 (cont’d)

e. Post-bloom 11

CAaPwoMAD

lovn DN P value

(Y 374 627
GIX4 075 au
GTIXI] 028 0 ey
GIN3 028 0 unt
GIX2 €025 ) U6}
neaS T 0725 (0 ynt
STX 25 0 U6l
Fol 025 unt
Tovian (125 Ount

g. Transient stage
CAI' v MAD

Tovm DN p valu
Cx G 556 [UE R3]
GIxd a1 1 Out
OIXI (778 0 any
GIN3 0 956 012
GIN? [ EE 1330
oS X 0413 TRRIN
SN [IRRY] TR
Total t} 95h (IR
Tovat 0411 [TRRIA

1. I nd phase

=
Fasd Phas
foun N Jovadue

Cx [URRR (e
GING TR} 0 e
GiNg [1REY] () 6420
GIN RN 0 e
GIN? [URAM (U
neoS I\ 0nin 09
SEN 0o [IRTFD]
lotal (IR wam
Lo [TRER) ) 69y

_— - =J
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Table 12 Driscrmunant analysis of concentration (nmol ¢ ') ot individual PSP toxins in CAP
vo MAD mussels durimg each ot phase ot the experiment.,

H Tovm { Bloom 1 Intcr bloom Isloon 11 Post bloom 11 Lnd phase
(= 159 P 175 1132 -1 67
GIxt %1 Yo 2 6% 1 &2 0149 123
AN YK 91 237 0 61 121 -1.43
[IAS 13242 1 un 749 749 190
Gy an 1 43 P78 434 02§
woSEX 143 4y 010 93 -1 91 -6 54
SEN 610 03 015 277 022
€l wquare vatin 440 050 15 99§ 10282 19 829 2.749
P ot Bicadom 7 7 7 7 7
Frobabality (p) 0 Ouy 0u25 0007 Q006 0 907
Contiowd (C A 76 985 1 36 1 X0% 2215 -0 468
Contrand (MAD) 76 K5 1 346 1 808 <2215 0468

177



T

1.

able 13-

CAP

Linedar Regression analysis (Y

=aX+ by ot the tates of tovan a accumulation and

b chmmmation of PSP toan concentration (nmol ¢ 'y and toniany ugS TNeqg g b
in the digestive glands ot T CAP and 2 MAD mussels dunmg 1t bloom 1 and .

bloom iI.

a. Accumulation

i. Bloom |

lovin Slope S 0 tntarcopt S 7 vl
(89 [NV AR 403} 5 IR 1] ) um [T}
GIX4 [INIRE 0030 5 LIRR [UARR} 00/
GIX1 0130 [TRIAM 5 3 K54 ot 008
GIN3 (1 009 0020 5 1 50X 0 INY 0
GIX? 01610 0037 b} AR TR 0018
neos I'X 0 0X2 o041 5 AR 0 anll
SIN 0150 005} 5 LI RAY 0 I8y 0030
Towl [IAIRC] (PRI 5 IR [TRIIM 0110
Tovan ua77 0 Ui 5 s IREY] 0 160

ii. Bloom Il

Lovn Sope S n Intcreept St 1 value
[§N 0104 0058 S 400 [TR1I}} O/
G NG ) (040 0038 5 1 450 1) 1y 0 16s
GIXI] [TNIRR 0077 4 [ RA] 050 o0/
GIAY (1074 0091 5 1 UKl ) HKA (1 )44
GIy? 0016 (034 5 934 i) ny/ 0335
ey IX o 10y 0tk 5 3 506 0476 0 OYK
sIX [INES) 0074 5 1150 (TR 0454
Total 0142 0 05% 5 4 199 0474 0 O¥E
Fovam 0102 R 5 7 644 016 1) )0,
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Table 13 (cont™)

b himimnaton
1 Bloom |

Ton Sl S n Intercem 4 1 p-value
( s oo 6 7 459 0 660 0028
INEX Qay 0016 6 4190 0 147 0 000
Olwl () (%Y 0no12 6 5299 0110 0 001
Givd 0135 0014 6 3708 0132 0 000
[N A 0 066 ) 0069 6 3 817 0 090 0001
woSIX 0137 0020 6 0 990 0 186 0001
NAY 165 0014 6 51583 0179 0 000
Total 0151 [IRT2R} [} %132 0331 (0 006
Ty 0137 0y [ 31091 0196 0 001

i Bloom H

[inan Stope 5T 0 It reept S.E p-value
(Y 0 0%n 001 12 4 851 0412 0.000
GlNt 136 o013 12 2333 0 353 0 000
N LI Ul §2 3 10n 0 453 0 000
GING 01 [T 12 2133 0257 0 000
GIN? LV oLy 12 1373 0 285 0 000
neoh I\ 0lls tRHD] 12 5144 0292 0 000
AYAY ) How IR 12 3267 0274 0.000
Lot 0 Jul 0 009 12 5 919 0 260 0.000
Toniat 01 0010 12 9 140 0276 0 000
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Table 13 (cont’d)

2. MAD
4. Accumulation

i. Bloom 1

Tovn Stopd S n Tntercopt S JIRI
Cy 0o 00N S IRV [URTA] (LN
GINg 1 O8N [V b 3} [TERS LAY oM
[SFAV] DRER 0 0sSh b LAY [V [INISR]
GIN3 0067 0o b Yol (TR RTIN
GIN2 O 176 OO 5 [ &7 [T AR (IN{ERS
neoS I'X 0114 O 4R 4 5 410 [IREL [N U]
SN 0187 0062 b 111 0 hud (LN
[ ARTETA 0 051 5 6 5S4 0% [INICAY
Toxion 0114 0048 5 v Ve 0 a6 0080

. Bloom [l

Toxin Slope St n Tnteroom S p value
Cy 0117 0 060 5 3 x4J [IRYIN H 00y
GINg O 163 003 S b 15s 0y [ERHI Y]
GINI 0163 0016 5 0 7% (IR 001y
GIX3 0126 0070 5 0970 [IRYA 0 166
(X2 0 ux? 0037 9 [TRID) [URFA 004K
neoS I 01%? [TNERE) b LT AR [[RRN] XTI
SN 0750 U 05> S 0 ®n6 0 SR 0 00n
Totd R ER] 005y 4 4397 04/ 0045
Toxainy 0174 0050 5 1192 0303 0020
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Tahle 13 {cont’d):

b. Lhimimation
i. Bloom |

( Foexm " S n Intercept 51 p value
[ 04 0010 6 6 564 0379 00m
G net [INET 0026 6 4274 0 241 0001
Gl 0 140 0 6 4 790 0 138 0 000
HIX3 [IIRER} 002 6 3 506 0 200 0 000
GiX? 0121 [(AHR] 6 3 201 0123 0 000
noSITX 0107 00l 6 6728 014 0000
SEX [LIRATA) 003 6 5164 0 340 0001
Total [URER] 0 01 6 7 585 0 169 0 000
Tavicaty ()5 Dol 6 10 782 0127 0 000

in. Bloom Il

I foxn Slope S n Intereept S.E p-value
x 0092 0016 12 4 802 0 447 0 000
ul X4 0 100 0a01? 12 346 0 349 0.000
GIN) (IR ER] 00 12 2 862 0 572 0 000
GING 0115 aar? 12 2203 0338 0 000
GIX? [INIPX 0 al? 12 1405 0 345 0 000
oSN 0125 0013 12 5342 0 364 0000
MX o1 ooy 12 3471 0 249 0 000
fowl 01 [{RUIH 12 6033 0 288 0 000
Tovian 01 00 12 9 308 0318 0 000
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Table 144 Limear regression analysis (Y =aX+b) tor the tate ot decrease i tovin
concentration (nmol ¢! and tovicity (pgSTXeq g! tssue), as given by the
percentage of the peak toxin concentration and toxacity in the digestive glands of
CAP and MAD mussels tollowing cach bloom (I and 1D for the elimmation of
85% of the total toxin content in each mussel group.

L‘ Trvent Slope S5 [ Tntareept S p vulue
Nmoll CAP 26 725 3678 4 CENRY) LIRRE} 018
Nmoll MAD N 782 3 9%4 4 03 AN LRt} ol
Nmolll CAP 10 S0¥ 1 W6 v PR ST 1010 0 000
Nmolll MAD 9 960 1674 Kl 89 714 [RRYI o oaq
Fox 1 CAP 12 701 2616 7 X0 377 13 813 0 (04
lon T MAD 14 011 3208 7 IR 16 05 ooy
Tox 1T CAP 11 600 1 6% 9 RG] %] 0 000
lon 1T MAD 11213 1531 9 9 32 11 887 0 000
Table 14b: Level of significance of the pair wise comparison of the slopes of toxin

elimination tor CAP ve MAD mussels duting the first and second blooms, and
between the fitst and second bloom for CAP and MAD mussels.

CAP vs MAD L Bloom 1 v 11
Fvemt I value 2 value L vent I vihu varhie
nmol | 0379 0724 CAP (1 nal) 4 19% o 00
amaol 11 0 29% () RH) MAD (uaoby 4385 0 o0
peSINg! 0317 0 75% AP (S X o+ 3% o 10
25 Ieq I 0208 0 %1% MAD GieS A 0 s 0415
-
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‘Table 15 Stadent’s  t-test companing  the slopes of increase  and  decrease of the
concentration (mmol g ') and toxicity (pgSTXeq g') ot PSP toxins in CAP vs
MALD mussels durmg g, bloom I and b bloom [f

a Bloom |

A umulation F limanation
Loxn I valus poealin I value p valuc
[ (IR g 414 i ayg {064
[PV 1 %%y UL b avK 0 O%6
GIAi IR 3 5519 0} 00N
GIng 1 6 0437 4117 000}
GEX? Qe 0400 3 198 0 005
moS N 051K 0 2 668 0014
SiX 0161 [{RR] 3o 0 Q06
Total 00t ({4 2] 4436 (IR
Tovy IR 27y 2a78 0 009
b. Bloom I
Acoumabifson I hnvnation
loun I value P vatuc T value p value
"y Y13u a7 028y 0399
GIN MRTR] 0405 2028 0421
GIN [ERRN 0L [LTER 0 188
(YERN] 0oy (3349 1420 1) (16
(IR 1303 00 0767 0226
oS\ aars 11 188 0618 0272
NN 0 Ish TR TRELS 0436
Tena) TRV R) NRIR 0 ADS 0276
Tovom e 0 jua 0482 0318




Table 16

Student’s t-test comparing the slopes ot a
concentraiion (nmol ¢’y and toneity eSTNey ¢! tssue) of PSP tonine Jucing

bloom T vs bloom T CAP and MAD mussels

a. Toxin accumulanion

meredse and b

dectease 1 the

=5
CAP ASE VA
Tovi | value P satue I valu 2 value
Ca 1 24¥ i Ay’ [N R
Gl 0 267 [ER D] 1/ [LERR}
GIX1 1 U8 (IR D] 0 ey RIS
GIX3 ) 6GYO 1 201 0728 (LIS B
GIX? R U [ICHIN 1 646 [TICRA!
neoSTX @ 350 {364 | OF 017
STX [IRT.0] () 358 (IR [} 0N
Fotat t 7ue 022 079 [IIRELH
Tovan 0 361 0365 0 K0S oo
b. Toxin elimination
CAP MAD
Losm [ valuc P value bt I vl
[&AN 1387 0094 53 TR
GIiNg 0 35K 0363 ENIRR O Oty
GIN 1 665 [[ICRS} 1 %35 [TRIER]
OGNS 06l [{IA 1 hta¥ 0 Gt
G N2 03w  $45] Thio 0 nua
moSiX 1 00% G 16h 4 () Oniy
STX 2630 Ul § yak 0 600
Torl 5 764 03 G0 6033 0 00
Toviaty 1 OnY [TRRY § haw G
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Table 17

4 Bloom |

Wilcoxon Stgned-Ranks test comparing the relative PSP toxin concentration

fatesin

% Molar) ot

mdividual

toxins in CAP

vs MAD

mussels and

in

Alevandinnn cells ve CAP and MAD museels during a4 bloom I (n=5) and b.
Ploom H (n -9)

CAL s MDD Mewandnum ve CAP Alerandnum va MAD
T‘—'—':b_ / value P valu 7 valuc p value 7 -value p-value
(A AV 003 1 34% 0178 0 539 0.59
[RER Wi LAY [IRIR] 027 0767 1 &8¥ 0 059
GIN 161y 0 16 2157 0031 2187 0031
(RN YANT (INIRY] I 34% 017% (804 0418
GiN? 07 0 K7 0534 059 0 709 0418
[ITRTRY s 003 1 6IX 0 106 027 0 787
SN Y 0031 1 4% 017y 2157 0031

b Bloom [}

L CAP AV MAD Alevandiniin vo CAP i Alevandnum v MAD
I“\T- / vk P due /v P vilue /-vaulue p value
(BN B [N LR 033 2014 0044
GEN AR [T 1422 188 2 66 0 009
GIN YN IR Y728 G 006 2606 G 009
i\ (AR 1407 (237 0 R13 4 237 0813
N METH [IRTIR 2725 0 006 2725 0 006
oS 1\ 1 auby [INTAT 1 650 O 097 2014 0 (44
SEN | sun (088 1 L&6 02%6 I 846 0058




Table 18:

a. Entire Experiment

Wilconon Signed-Ranks test comparing the telative PSP tonin coneentration
(aresin SOMolan) of individual tovis in CAP vs MAD mussels dwring a. the
entire experiment (n=435), b the interbloom (n=10), ¢ the post bloom I (n= §)
and d. the end phase (1=9) of the experiment.

b. Inter-bloom

¢. Post-bloom 11

CAP W MAD CAP v MAD
Tovin 7 valie 7 ovalug lovm / value P vulin
Ca 2551 (i [ LRI ety
GTXS 5070 0 Gl AR LY [IXTT3]
GIX1 $ 304 1] GINY YRS 0 0oy
GIN (I8 [URPR) [FEAN) 07 0 an
GIN? (IR 078 G\ 1 Nis 006
neoS X 1 %51 0 0onl oS I\ 061 051
SIN 307 0 o2 SN 0 ([ N

d. End phase

CAP v MAD CAP ve MAD
Toun / -value P value Toxin / valug P vaha
Cr 2 [INIR)] (@Y 0711 047
GIX4 7 Syj 0ot OGN [IRURY O s
GTX1 244y [IRIY] Gl {15 o HF
GIX3 2 Nt o1 (FIAY 0/l ol
GIN2 [N uui GoIN? [IRUR (951
neoSTX 147 918l nonh X [N ) ane
SEX 254 4ol SIN 0144 01,80
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Linear Regression analysis (Y =aX+ b) for the rates of changes in toxin ratios in
the digestive glands of 1. CAP and 2 MAD mussels for the a. the accumulation
and b the elimination phases of i. bloom T and ii. bloom Il and iii. the inter-

Table 19

hloom.

I CAP

a Accumulation phase

1 Fust bloom

Tovin s Stope S n Intceaapt S L p-value
[(FIRCRNIAY] TN oMl S -0 0124 U 004
CalN3 N this? 1021 S 1 452 0 199 0 005
neoh EN SN 00608 [IENTIR] b} 2 545 0176 0003
1. Second bloom
Lo st Slope SE n Intercept SE p-value
(IR ETIAY] 000} 0 052 S 0672 0376 0 958
GINLGIN? ) 05% 0 061 5 0 146 () 444 0408
weaS TN ST 0ors 0010 S 2356 04073 0 005
b Ehmination phase
i. Fust bloom
Lo st Slope St n Intercept SL p-value
GINTGIEN 0056 [Nt 6 -1 110 0137 0010
GINEGIN? e 0007 6 012y 0062 0 000
oS TN SN 002% 0009 6 1 837 (0 O87 0 039
1 Second bloom
fosinatia Sope S " Intereept 51 p value
GINE LN oS 002 12 O 265 0347 0.245
GINVOINY 06 0006 12 0 7549 0179 0 000
INTAV AN FAN 0 ok 0008 12 1 877 0132 0230
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Table 19 (cont’d)

iii. Inter-bloom

Foun mtio Slope S n Intorcept St pvalue
GING GTY 0 059 0 MR 10 1317 IREN 01
GIXY GTX? 0025 0a13 14 (U1} Ol 0 O8NS
neodTYX SIX 0 086 0 (45 [y 2429 IRIN 0l
2. MAD
d4. Accumulation
i. First bloom
Foxm ratio Slope S n Intcrcopt S P valu
GIXY GIXI 0083 03 5 [FAVIY,) [N 1K1
GIN3 GIN2 [{A Rl 027 s 1356 0% [INTRIS
neaSTX SIN 0 n73 0024 ] 2 Juy [V 0040
ii. Second blaom
[RENTIRTN T Stop S 0 Intcec e S P sobin
GING GIN [TRTIEAY 0024 5 0427 0014 ({RYi]
GIN3 GIX2 004l (043 b 0270 0315 (Y
neoSTX SIN [UNTR} 0 D0X 5 AR EY) 00454 0004
b. Detoxification phase
i. First bloom
Tovin 1atio Slope 51 n Totcrcam S 1 valin
GIXNS GIXY oo 00y 6 [TRYIA [T (TR
GIN3I GIN? 01N ooy [ (4 305 ) 204 [TRTTENY
neoS N SN fHou (IR 6 1 961 02 oz

188




Table 19 (cont’d).

1 Sceond bloom
Tovitetatin Slape S n Ttcreept S E p-value
FERCRITR S ) 144 0015 12 (183 0431 0017
GIxd GIYY 0072 [PV 12 0 798 0115 0 000
neoS 11X SIY 0015 0 00Y 12 1 871 0 22§ 0.096

1ii. Interbloom

Loxm antia Slope S 0 Intercept S L p-value
GING G 0 031 0037 1) 0246 0339 0 440
GINVGINY 00 0030 1 1 (96 0276 0513
S TN ST 0159 0039 1o 2612 0.316 0 002
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Table 20: Student’s t-test comparing the slopes of changes in the toxin epimer ratios duting
the accumulation and elimination ot PSP toxins in CAP vs MAD mussels during

a. bloom I b, bloom I and ¢ intes-bloom,

a. Bloom 1

Accumulation FHanmation
Toun 1o 1 value P value 1 value P ynlug
GTXN4 GINY I 96 0194 2 059 [RIRA]
GIX3I GIX2 1263 0253 2 458 TIEC
neoS N SN 016 ) KNX 2320 huix

b. Bloom 11

Accumulation 1 hounation

Tovin 1atio { value P value T value pvalue
GTX4 GIX1 0137 0 896 -1 012 0067
GTX3 GIXN? 0193 ) 854 1216 0238
neoSIX SIX 0172 (1 369 0 93n 0 360

¢. Inter-bloom

Inter bloom
Toun 1t [ value P valee
GIN4 GIXI 0477 0 63y
G GIX2 U132 0 R79
neoSTN ST 1 280 01y
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Table 21 Student’s t-test companing the slopes of changes in toxin epimer ratios during a.
the accumulation and b the elimination phases of bloom T to that of bloom 11 in
CAP and MAD mussels.

a. Accumulation

CAY musals MAD mussels
Lo tutio I valn porahin I value p value
GING QA i %68 ann 19 0217
GIXI G IN? Yoo O 0il 3}y 023
neoS IR SIEX 0 33x 0 /17 0018 0 946
b. Elimination
CAP muss MAD mussels
Tonm ratso 1 ovalue P value 1 vatue p value
GIXA GIX) 2 00s? 1 161 0 166
GINE GIN? ool [IRST] 1387 0034
neaSIN SIN 30 0 006 3776 0 M0
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Table 22: Percentage of mean PSP tovins concentiation (nmol g ') and toxaeity (ugSTXeq
100g ") found in non-viscerdl tissues of CAP and MAD mussels duting the end
phase (Oct 1-Oct 29). p-value giving the level of significance for a student’s F-
test comparing the concentrations.,

Muan percant tonan an non v ol Basucs

lonm CAY S MAD N P anlue
Ca 27 568 172y 1o sh N Jtv iy
GINd [ERED 2302 0 0 [INRY]
GINt 0 Y 1] {
GIx3 2 685 21563 ALY IRRTI]} [IXISTY
GTX2 11 937 7 550 AL 240 003
neoSTX 18 739 9174 [T RY LIV 003
$TX 46 014 33 403 RIEIR] 18387 0 0le
Totl 23 629 7025 15 3 Y 04Y LRV
losiaty 18 218 354 1Y O3y 3307 0o




Tahle 23 K'S analysis comparing PSP toxin concentrations (nmol g') and toxicity
(ngSTXeq 100g ' tissue) in a. non-visceral tissues of CAP vs MAD mussels and
b in visceral vs non-visceral tissues of CAP and MAD mussels, during the end
phase of the experiment (n=9),

a. CAP vs MAD

Non viscarad tissies

Tonn DN p valuc

[y {594 0124
G | Oun (IRVETH)
G1Xi I bon 0000
GIXY (LR 3 0] 0001
GIX2 066l 0037
YW AN ) 607 0037
SIN 0 an7 0037
Yetal v anl 0 m7
Toviaiy 07 0 009

h. Viscerad tissues vs non-visceral tissues

CAL niusals MAD mussels

lovmn DN p value DN p value

[3xY IR0 0002 1 000 0 000
GlNg [T RN (L] t 000 0 000
OIN) [{IRRT) 0124 ) %67 0 035
GING [TV v o0 § 000 0 (0
(TR R I oon 0 Q00 1 0600 0 000
YT AN I tou Q00 [ 0 000
SN 077 0009 1 000 0 000
fotat 1 i 0000 1 000 0 000
Toarats 1 o0 0 000 1 000 0 000




Table 24: Discriminant analysis of the concentration (nmol gy of indwvidual tovins m a.
non-viscerdl tissues of CAP vs MAD mussels and b, visceral vs pon viseerdal
tissues during the end phase

a. CAP vs MAD mussels

lonmn Non visceral tessues
Ca 012
GIX4 07
GIX3 i 6l
GTN2 IRE)
neoSTX w7
S$IX (U}
Chissquane value 13324
Deg of Freedom 6
Probabihty () 0038
Centiad (CAP) 1260
Centrond (MAD) 1260

b. Visceral tissues vs non-visceral tissues
Tovin CAP mussels MAD musschs
Ca -0 4% a0l
GIX4 151 21
GIX1 064 006
GIY3 044 46
GIX? (RS 37!
neoS X 014 (L]
SIX 192 1y
Clhit sqquare value 31 482 33 4qu/
Deg of Frewdom 7 7
Probability (p) 0 00 0 000
Centrond (dig gl) 3 1%S 347
Cuntrowd (tissucs) 3 1S LR VLY
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Table 25 Wilcoxon Signed-Ranks test comparing the relative PSP toxin concentration
Guesin %Molary of individual toxing in 4. non-visceral tissues of CAP vs MAD
mussels and b oin visceral v§ non-visceral tissues in CAP and MAD mussels

during the end phase (n=9).

a CAP vs MAD

Nt visctral issues 4_1
Jo / vaulu p value

(Y 1770 0076
O1X4 I 784 0074
G

OGN 037 0 ¥13
GIX2? 0 0477
moS A 0471 0 636
SIN 1510 0124

b. Visceral vs non-visceral tissues
CAP mussels MAD mussely
Loy / valu P value / value p-value
[SEN REEINY 0013 2728 [IRHIL}
GlINg LARAY XU 2728 4 0u6
GINd Y Us7 (LAY | 2306 002t
tINY LAVALY 0000 1 896 0 058
Ui ARVAL] O 006 2725 Q,.0u6
neoS 1N 2o 0 044 1422 0 158
SIN 1 0148 1422 0 155
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Table 206: Mean weights (g) of the digestive glands (D.G. WT), other tissues (T1S. W),
and total mussel (TOT. WT), and mean shell height and length (cm) of the
dimension for CAP and MAD mussels. P-values give the level of significance
of the F-test of variance within cach group and the T-test of ditterence ot the
means among the groups

CA mussads MAD muss s P value
Mussel data

mean S mean S 1 vituc i vahae
DG WI (n=49) 1564 1 oo? 5362 12n (LA R 0 0
T8 WT (n=9) N 4407 Y oly 47 012 60N [T 0 00D
10T WI (n=49) 29 675 ¥ 206 52 811 11 79v 0 M1 0 000
Heght (n=45) 4 KXl 0 346 6037 0% (GO 000
Length (n=45) 2 9 (U} 3175 [T MY 0 uay 1O U
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