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Abstract 

Bivalve mollusa c m  acquire diarrhetic sbellfjsh poisonhg (DSP) toxins via ingestion of 

toxigexaic dinoflagellates. The dynamics and metablic fate of DSP toxins were investigated in the 

bay d o p .  Argopecm irradiarrs, when arposad to d i s  of tk epiberrthic dinoflagellate 

Prorucentnun limn, a lmown producet of DSP toxins, in controlied Iaboratory microcosm. Toxin 

parameters de$emhd were uptake and detoxification tates, and anatomid compartmemtaiïzation 

of toxin components. Tissue and algal extracts were anaiyzed by liquid chromatography-mass 

spectrometry (LC-MS) and by liquid chromatography with W detection (LC-UV) fa okaàaic acid 

(OA), diwphysistoxin- 1 @TXl) and recentiy idenrified OAesters. 

No mortalities occurred and no feeding inhibition was obsaved fa juvede and adult bay 

ScaUops during the two weeZr exposure to P. lima d s .  Clearance fates were similar f a  scallops 

expowû to equivalent biovolume ceii c ~ a c e n t r a t i ~ ~ ~  of toxigenic P. lima and the non-toxic diatom 

~alarsiosira weissflogii; however, absorption tBicieacy of aganic mattex was significantly 10wm 

for P. lima as a diet relative to T. weissflogii. Examination of scallop fecal ribbons revealed that a 

significant portion of ingested P. lima cells were capable of survivaI and cell division following 

passage through the scallop gut. Although DSP toxin concentrations in bay scailop viscera tissue 

exceeded commoniy acceptai regulatory lewls (2 pg g-') within 24 hours of expure to P. lima. 

a f b  2 weeh of exposure, total DSP toxin raained in scallop tissues was c 1% of the total toxin 

ingested over the same period. Most of the total toxin body bwden was associated with the viscera 

(76%) in aduIt scallops, however a signincant portion was associateci with gonadal tissue (1 2%). 

Toxh levels were relatively low in gill, manle and aWucta tissue (~12% of total toxin body 

burden). During the depuration period, rapid release of DSP toxias nom scallops indicated that 

toxins wae poorly bound to the tissues. Woxification of viscera tissue was biphasic. compriseci of 

a Ioss of labile toxin components (30% of the total toxin load) within the initial 16 hairs of 

depuration, followed by a much slower reiease of the remaining toxin at a rate of 8.4% 6'. 

Meîabolic conversion pathways of DSP toxios were examinai in vitro by innibathg purifieci DSP 

toxins with d o p  tissue homogenates. Diaophysistoxin-4 @TTX4). a suIfated ester derivative of 

O& was h y d r o l w  within minutes to f m  OA-di01 ester and OA in tissue homogenates 

containhg ruptured P. lima ceils. However, in the absence of P. lima estetases, both DTX4 and 

OA-did esta remained stable in scallop tissue homogenates. This suggests that in vivo conversions 

of DSP toxins within scallops ouw exclusivdy as a result of adogaious estaases liberated f?om 

P. linta cells dining digestion withh the scallop guL 
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Chapter 1. General introduction and objectives 

Bac&ground 

DiarrIietic shennsh poisonhg (DSP) poses a serious public health risk and constitutes an 

economic threat t harvesters of cuhxed and wild sbeWh (Shumway, 11990). BiMhre 

moIIuscs a c q k  DSP toxins by m g d g  dmo&geIlates h m  the water c o h  and perhapû 

via feedmg on resuspended benthic materiaL The known dinoflagelhte p r o d m  of DSP 

t o x h  hIude several species of the genus Dinophysis and a few bathic  hmcentnun species 

(Yasumoto et al,  1990, Andecsen. 19%). 

Consmption of shellfiui contammaced by DSP toxb resutts m symptoms simüar to s e m  

gastroenteritis, including diarrhea, nausea, abdominai cramps and vomitmg. Diarrfietic shellfish 

toxins induce dianheic symptoms by acting as potent protein phosphatase inhibitors in 

metabolic processes, resuhing in the pas& loss of fhkk (Aune and Yndestad, 1993)- 

Although at present, Canada does not have ofncial ~puiations mncernhg DSP tolrins m 

sbellfish the reguiatory kveI m Japan and some European countries is 0.2 pg OA g*' total soft 

tissue (Qdhm, 1995) or 2 pg OAlg digestive gland tissue (Hakgraeff, 1993). The 

diarrheagenic effects of DSP toxins are not known to be lethal to humans, and victmis usually 

recover within a few days However, it has recentiy been proposai that OA and DTXl are 

powemil cancer promoters and that chronic exposure to these toxins could stimulate the 

p w t h  of gastrointestinal nimours (Dickey et al., 1993; Aune and Yndestad, 1993). The 

turnorgenic pmperties of DSP to* have only ken demonstrated in miçe (Fujiki et ai, 1989) 

and have not yet been linked to such activity m humans. 

Djarrbetk shelfish poisonhg has been an expensive p m b h  for the sheIlfish industry 

worldwide d u ~ g  the past two decades (Fig. 1.1), especiaIly in Japan and Europe, where it is 

the most signiocant phycotoxin problem (Cembeiia and Stabeii, 1990; Andersen, 1996)). One 

DSP incident alone afliected 5000 mussel connuners in Spain in 1981 and resulted m costiy 

shertfish harvesting closures (Reguera et al., 1993). The French (Belin, 1993), C h h n  

m b e y e  et al.. 1993), Swedish (Underdahi et cd., 1985), Norwegian and Danish (Andersen, 





1996) m d  industrjes have also been Sgnincantly by DSP events. Cases of DSP have been 

confinned fobwing the co~lsut~lption of toxic scalbps (Yasurnoto et al. 1978; 1989). Pacinc 

oysters (Yasumoto et ai., 1978; Kawabata, 1989), cockles and ckms (Andemen, 1996; 

kmbeye et al. 1993). Most of the report& DSP events have hpiicated h p h y s i s  spp. as 

the causathe dino£îageellates (Kat, 1985; Gago et al ,  1991; Hageltom, 1989); huwever, a few 

incidents have been Iinked to the preseclce of Promcenrn~n lima (Yasumoto et ai. 1989; Van 

Egmoni et aL, 1993; ICES. 1992). 

North America has been relativlely k e  of corifirnied DSP casa u d  ~ecenîly. Retrospectk 

exammation of documentai s h e W r e W  imiesses has led researciiers to suggest that 

previous DSP cases in Canada and the United States may have b e n  misdiagnosed as bacterial 

gastroenteritis. CembeIh and Todd (1993) suggested that one of the fkt DSP episodes may 

have occurred in New Brunswick in 1972 w h  d o m  of people became iil after consuxnhg 

oysters, whaeas Freudenthal and J i i  (1998) estimatsd thai 12 unconfirmed DSP cases 

probably o c c d  m New York durhg the 1980's due to contaminated mussels, clams and 

scaIlops. Cembella (1989) conhm3 the preseme of DSP toxin (OA) in n a d  phytoplankton 

popuhtions dominated by LXmphysis norvegicu and D. uamhata in the Gaspé region of 

Quebec. but this was not l i n i d  to shellfish toxrity m this region In 1990, 16 people 

e*perienced DSP relstpri symptoms after conniming culaired mussels h m  Mahone Bay, Nova 

Scutia (Quilliam et al., 1993). High kvek of DTXl was detected in the suspect rnussels, as 

weIl as the ptesence of thecal fÎagments attributable to D. mrvegica in the mussel gut contents, 

kadhg investigators to suggest that the DSP causative organism was D. norvegica (QuiIliam 

et al, 1993). However, phytopknkton sampks cokted m the vrinity two weeks after the 

mcident contaid a daheiy high abundance of Dhphysis species but DSP tolens were not 

detected when these sampies were anal@ (Jackson et al.. 1993). Repeami attempts to 

c o b  the presenœ of either OA or DTXl m net-haul material rich in Dinophysis spp. h m  

Nova Scotia waters, Usmg both higbperformance liquid chromatography with fluotescenœ 

detection (HPLC-FD) and mas spectrometry (ISP-MS) have been consistently unsuccessflll 

(A CembeIla, pers corn).  This is in spite of the k t  that episodic low Ieds (< 0.1 pg OA 

eq. g-l) of DTXl are fresuently deteçted m mussels and ScanOps h m  local aquanilture sites 



A strain of the benthic dinoflagellate hmenmun üma (Fig. 1.2) was isoW b m  the 

same bcaliey as the 1990 DSP incident m Mahone Bay and was shown to produce OA and 

DTXl m aiiture (Jackson et al., 1993). The occurrence of P. üma was reIativeiy rare in the 

original phnldomtow samples subsequent to the 1990 DSP incident, however this couki be 

expiamed by its predominateiy ben& existence It has been suggested that P. IUM was the 

source of the DSP toxh in the Mahone Bay mussels (Quiniam et al. 1993) and this has ken 

further supported by the presence of P. IUM on the byssal threads and shells of DSP 

oontammated rnusseis h m  the same site during a later DSP episode (Jackson et al. 1993). 

nie DSP mcident in Uahone Bay in 1990 o c c d  in the aftennath of a major stom with 

strong onshore wbds and a rapid gicrease in surface temperatures (CembeIla, 1992). It is 

possible that this meteorological event may bave caused verticai mSng of the water columh 

This couki have resulted m the resuspension of P. IUM h m  the benthos, or dislodghg of 

epizootic colonies of P. IUM cells attached to mussels and their mbsaate (mesh "socks"), into 

the water column where it would be available for fileration by musseis hanging on lonpimes. 

The lipophiiic polyether compounds associated with the DSP toxh complex include okadaic 

a d  (OA) and its dinophysistaxh derivatives 1-3) (Fige 1.3), pectenotoxins (PTX 1-3). 

and y e s o t o ~  (Hu et aL, 1993). Although all of these compouods have been shown 

to be acutdy toxk to mice fokwing mtraphneal injection, only OA, DTXl and D m  are 

associated with diarrfiea in humans (Aune and Ymkstad, 1993). 

Recently, wirhin the timefhne of this thesis re~eacch, liquid chromatography combined with 

ion-spray mass spectrometry (LC-MS) has been used to ident$y new naturaUy-occUmng ester 

derivatives of OA h m  an eastem Canadian strasi of Pmmcenmun üma, including okadaic 

acid di01 ester (D80A) and DTX4, a polar cornpound, in which the prirnary h>aioxyl group of 

D80A is es- with a t r i d k k d  end group (Hu et al. 1995; QuiIliam and Ross, 1996). 

Quilliam et aL (1996) demonstrated that DTX4 is the dominant intraœIluIar DSP component in 

a strah of P. lima (PA) isolated h m  NOM Scotoê. However, when cells were dimpted 

during simple extraction procedures, a rapid enzymacically-catal@ reaction occurred in 

whrh DTX4 was hycirolpd to Dg04 which in tum, was more slowly hydrolyml to OA 
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Fig. 1.2. Nomarsky interference micrograph of Prorocenhum lima 
(strain PA) cell. 
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(Fig. 1.4). Furthermore, in the presence of aqueous methanol, a portion of the D80A 

component underwent methanolysis to fonn ~nethykted okadak a d  (Me-OA), an artinrct of 

the extraction procedure. Quikm et al (1996) hypothesid that digestion of P. üma cells by 

sheIüïsh wouki resuit in simikr hydrolysis reacttons due to esterases derived h m  disnipted 

ce& and h m  the shennsh digestive gland Although DTX4 and OA both act as phosphatase 

inhibitors, D80A does not dispIay thir property. Thus, processes influencing the 

biitransîormation of DSP toxins m shennsh can affect the total toxiciîy of the tissues and 

thereby have serious implications for reguiatory authorities. 

In recent years. severai researchers have expressed concem regadhg the apparent increase 

in both the global distribution and fiequency of occurrence of hamiful dgal blooms (eg. 

Smayda, 1990). Whether this phenornenon is due to a shat  in oceanographic conditions that 

favour the growth of fiagellates, or simply, a remit of an increase in the use of coastal water for 

aquaculture leadhg to imeased detection of tolsc events (Haiiegraeff, 1993). it is irievitable 

that the ri& DSP is a probiem that win continue to harnper the growing aquaculture industry in 

haire years (ICES, 1992). Regdatory authorities and shemh harvesters must have an 

understanding of how exposm to DSP toltins will aE&t commercial shell6sh products. Thus, 

it is criticai to understand species-specinc kinetics and metabolism of DSP toxins in sheIlfish 

(Van Egmond, 1993), including rates of uptake and depuration, anatomical 

compartmentalization and pathways of biotransfonnation 

Contmlled féeding studies of paralytic sheNh poisonhg (PSP) toxhs in bivalve molluscs 

have proviâed much needed information concerriing the kmetics and metabolkm of such tolrins 

in a number of shellfish species (Bricelj et aL, 1990. 1991; B e l j  and Cembeih, 1995). 

Although several repolts have reiated the incidence of DSP toxins in sheWh to phytoplankton 

blooms (Rodnguez et al., 1989; Zhao et al, 1993; Gilgan et al, 1994). few s t u h  have 

attempted to describe the actual kinetics of DSP toxins in bivalve molluscs either under 

laboratory controkd conditions (Pikt et al., 1995) or in &Id populations (Haamer et aL, 

1990; Marcaillou Le-Baut et aL, 1993a; Reguera et al., 1993). Furthemore, previous studies of 

DSP toxin kinetrs have k e n  unable to examine biotransfomiation processes due to limitations 



Fig. 1.4. Hydrolytic conversion of DTX4 to okadaic acid di01 ester (D80A) 
and OA . Dashed line indicates methmolysis of OA-esters to methylated 
OA (Me-OA). 



miposecl by the empbyed methods of detectim The most widely used DSP toxh detection 

meuiod. the mouse bioassay, is unabIe to discnmmate . . .  between the various tolens and ody 

provides a value of total t o m  rnoreova, &Ise positives are prone to occur foIlowing 

intrapentoneal injection into mice due to the lethal effit of shellnsh-derived fke fktty acids 

(Hamano et al., 1985). Detection of DSP toxins by high performance liquid chromatography 

foflowed by fluorescence detection (HPK-FD) is a much more sensitive and reliabk rnethod. 

However, oniy DSP tolsns with a fbe carboxyliic acid group (ûA, DTX1. DTX3) are 

detected by derivation wlth the fluorescent reagent (Lee et ai., 1987; Quilliam. 1995). wuid 

chromatography combined with ion-spray mass spectrometxy (L,C-MS) has proven to be an 

extremely valuable analyticai method for the identification and quantincation of novel DSP 

toxin anabgues, such as D8OA and DTX4 (Pleasanœ et ai., 1990; 1992; Hu et aL, 1995; 

Quilliam, 1995). The application of LC-MS to the anaiysis of DSP toxïns in she&h is highIy 

advantageous since toxui kinetic parameters can b detennined for individual toxin compounds. 

Thus, resolving biotrandonnation pathways, dong with rates of toxïn uptake and release, 

wouid provide insight into how DSP toxins are affited following ingestion of toxigenic 

dinoflageUates by stieufish 

An investigation of phycouixin t intics in shellnsh m u t  also consider physiological feeding 

parameters of the species, and wkther these processes are altered by exposure to toxigenic 

dino£iageilates. Species-speciGc selection against PSP toxîn-producing dinofiageilates has been 

demonstrated in feeding studies performed by Shumway and CO-workers (Shumway et al, 

1985; Shumway and Cu& 1987; Gainey and Shumway, 1988). in which bivalve resporises 

included SM vaive closure, reduced cLcarance rates and inxeased pseudofeces production 

Shumway et al. (1985) also arguecl that bivalves can use pst-ingestive sorthg rnechanisms, 

such as decreaçed digestion and absorption rates. to limit assimilation of toxins into tissues. 

Although it has been hypothesized that similar protective feedùig mechanisms are employed by 

shellosh to prevent accumiilatinn of DSP toxins (Haamer et ai., 1995), few studies have 

attempted to test this hypothesis (Pillet and Houvenaghei, 1995). If toxigenic dinoflagehte 

œlls are sektively egested by bivalves in f d  ribbons, it is of interest to d e t e e  whether 

undigested ce& remain viable and are capable of continueci growth following ~ l ease  into the 

water cohunn a d o r  the benthos. Previous studies, demonstrating the survival of PSP- 



tolcigenic Al- tamareme (Scamtt et aL, 1993) and A fimdveme (Bticeij et ai., 1993) 

in musse1 feces. have wamed that such a p r o ~ s s  could serve as a potenrial seed sourœ for 

subsequent dinoflagellate bkmms, pamcuiarfy when üve sheWh stocks are tram&& to new 

àocations, 

In the present study, DSP toxin b t i c s  and related physbbgral feedmg processes in the 

northem bay scallop (Argopecten inNlfinnr imadiatLiF) were mvestigated when exposed to 

DSP toxigeniç Pmmentnun üma celis as a food sourice. The bay scaIlop was seiected for this 

study due to the abondance of literaiuie on feedhg phy90iogy available for this species (Davis 

and Marshail, 1961; Paher, 1980; Bricelj and Kuenstner, 1989) and its potential as a prime 

aquaculture species. Aùhough at pfesent, blue mussels (Myti1us e&k) are the most important 

cuItured bivalve specks in NOM SCOtia, th= is considerable local interest in the commercial 

cuùure of the bay scallop (Argopecten indhs) in Nova Scotia (Samîtt, 1992; Couturier, 

1990). This species has traditionaliy been an important bivalve product for sheIMkh haniesters 

in the northeastern United States (Rhodes, 1991). Recently, the bay scallop has been 

successfully estabhhed in cuiîure in China (Chew, 1990) where it has become a 200,000 tonne 

per year fihery since 1980. Field grow-out studies at select& sites dong the eastem shore of 

NOM Scotia, including Mahone Bay, (Mallet and Carver, 1987; 1988) have suggested that the 

bay scalbp is a f d l e  candidate for c u h m  in this region. The extremely fast growth rate of 

the bay scallop rnakes it the ody bivalve species that can be grown to marketable Sze in Nova 

Scotian waters in a single grow-out season However, due to the relatively smd size of the 

adductor musck rnarketat,iIity for the bay d o p  depends largely on the growers' ab- to sell 

the product on the half-shen as either whok or "=-onn (gonads attached) scallops. Thus. a 

clear understanding of cornpartmen~tion of DSP tolrins in the various tissues of the bay 

d o p  (e.g.- adductor vs gonad vs. visçera) is required, 

The m;Un goal of this research pm@t was to hvestigate the dynamics of diarrhetic sheiifïsh 

toxins h m  the dinoflagellate Promentnun ünoa in the bay scdop Argopecten imadim. 

Specific objectives were to deteminez 

1) The fate of hmcentmto lima ceils ingested by bay scaUops. 



2) How f k d h g  physiobogy parameters of the bay scallop are affected by exposure to DSP- 

mxigenicPn,~en~umüma 

3) nie rate of DSP îoxin uptalre into scalbp tissues h m  a homogeneous suspension of 

Prr,mentnun h a  supp12ed at a constant rate m a cbsed system 

4) Tfssue compamoentali;grion of DSP toxins hju- and addi scaIlops. 

6) The detolnncation rate of DSP tolrins h m  various scallop tissues. 



Chapter 2. Uptake of DSP toxins by juvenile bay sdïops 

The dation of DSP incidence in bivalve mofluscs to blooms of pIanktonic Dinophysis 

spp. has been frequently documented over the past two decades (Yasumoto et ai., 1980; 

Van Egmond et aL, 1993); however very few studies have attempted to describe the 

physiologicai feeding parameters resulting in the uptaLe d accumulation of DSP toxîns 

by bivalves- Although field studies have provided usefbl information concehg ui sinc 

toxh concentrations in shellhh (Haamer et al, 1990; Marcailou-Le Baut et al, 1993a). 

the kinetics of DSP toxins m bivalves can ody be appmximated in the field due to hck of 

cuntrol of environmental variables such as  water temperature, phytopiankton 

concentration and cellular toxin content. By exposing bivalves to simuiated "blooms" of 

toxigenic d i n o t k g e h  in controiied laboratory mkmcosms, a more precise 

detemination of physiological feeding parameters leading to the accumulation of toxins in 

sheIlfish tissue can be achieved (BriceIj et aL, 1990). An additional advantage of 

laboratory feeding studies is that bivalves can be more closely monitored for detrimental 

effects caused by exposure to toxic dhfiageUates (Shumway et ai., 1987; Bardouil et ai., 

1993). 

The focus of the present chapter is to examine rates of feeduig and DSP toxïn uptake in 

juvenide bay scallops when exposed to DSP-toxigenic œUs of Prorocenmm lima as a 

food source in a conwlled laboratory environment The effet of toxic mimalgal 

exposure on the feeding physiology and sucvivai of juvenüe bivalves is of special interest 

due to the5 high weight-specinc nmetabok rates and specific nutritional needs to meet 

growth requirements (Lesser and Shumway, 1993). Bay scallop populations are especidiy 

susceptible to h a d  effects caused by microdgal blooms. Since these animais usuaiiy 

spawn oniy once in their lifetime, the loss of a single juvenile year-class could well resdt in 

severe recruitment failure for the population (Rhodes, 1991; BnceIj and Kuenster, 1989). 

Scallop tissues were analm for DSP toxui content using high perfomiance liquid 

chromatography with fluoce~cence detection (HPLC-R)) techniques used in previous DSP 

toxin studies (Lee et al, 1987; Marcaillou-Le Baut and Masseiin, 199û), as weli as by 



Quid chromatography c o m b i ï  with ion-spray mass spectrometry (LC-MS). The latter 

technique, a powerfbl analytical tool for the detection and identitication of DSP t o x h  

(Quilliam and Ross, 19%). was used to dteTmine the concentration of DSP toxh 

derivatives, including okadaic acid (OA), DTX1, as well as ester derivatives of OA 

recently discoverai in Prorocentmm cultutes (Hu et al, 1992; 1993). but never reported 

before in shellfish tissue. 

2.2. Materials and Methods 

The epibenthic marine dinofiagellate Prorocentnun lima (strain PA), isolated fiom 

Mahone Bay, Nova Scotia, was cultured in modined K-medium (Kekr et ai., 1985) 

prepared from fïltered W-sterilized (1 pm) natural seawater fkom the IMB Aquaculture 

Station at S d y  Cove, Nova Scotia. DinofhgelIaates were grown in non-axenic, unialgal 

batch cultures contained in 2.8 L polycarbonate Fembach fiasks on a 1410 L:D 

photocycle, at an incident irradiance of 90 pmol ni2 s-' at 17 OC. Rehtively low light 

irradiance was selected to provide optimum growth conditions for P. lima, a species 

known to be shade adapted (Morton and Norris, 1990; Faust, 1995). Polycarbonate 

Fembach Dasks were selected to mullmUe ceii adhesion and to provide adequate surface 

area for gas exchange. Fiasks were swirIed fkquentiy to prevent algal ce& h m  further 

aggregating on the bottom or adhering to the sides of the fiasks. 

The growth cycle of P. lima under these conditions was monitored to determine the 

rate of ce11 division, duration of culture cycle phases and the maximum ceii concentrations 

in the cultures. Ceii concentrations were determinecl by taking 5 mL aliquots fiom swirled 

Fernbach !lasks, fixing the hornogenized sample in Lugol's iodine solution and 

enumerating ceiis in a 0.1 rnL Palmer-Maloney chamber under a phase contrat 

microscope (100 X magnification). Division rates were calculated according to Ouillard 

(1973) using the equations: k (div d-') = K J b  2 and K, = in(NI/&)/(t1-t~), where k = 

division rate, K, = growth constant, t = tirne and N = cell concentration. The mean 

division rate of P. lima cultures (II = 5)  d u ~ g  exponentiai growth was calculated to be 

O. 17 6'. 



For feedmg experiments, cultures of P. lima were inocdateci in staggered sequence and 

harvested at the same point of late exponential growth ( c d  density ca. 2 x 10' celis L-') 

to ensure that each culture fed to scaüops was in the same growth phase 2.1). The 

diatom Thalassiosira weissjlbgii (isoiated nom Long Island, N.Y.), a species known to be 

nuvitionally suitable for bay scaIlop growth (Bricelj and Kuenstner, 1989). was used as a 

non-toxic food source during acclimation of scallops and as a control experirnentai diet for 

feeding study cornparisons with toxic P. lima c e k  Z7z~lassiosisa weissflogii was cultured 

on Fritz's U2 growth medium supplemented with silicate in 3 0  L columns at 17 OC and at 
-2 1 an incident irradianœ of 6 0  p o l  m S- . 

2.2.2. ScalIop maintenance 

Several hundred juvenile bay scaiiops were obtainecl h m  the provincial sheiifïsh 

hatchery in Ship Harbour, Nova Scotia and transferred to the National Research Council 

Aquaculture Station at Sandy Cove in May, 1993. Scallops were held in upwelers in flow- 

through raceways ( ca  9 L min-' unnltered seawater) and maintainecl at 18 OC. During pre- 

conditioning, scallops were fed a culturwl diet of the diatom ??zaI~~~siosiru weissflgii 

delivered via a peristaltic pump f?om a 200 L feeding column and dnpped into the 

upwekrs at a rate adjusted to provide an ambient concentration of diatom cells of 

approxirnately 2000 cek d-' in the upweilers. 

2.23. Determination of clearance rates 

Short-term measurements of clearance rates (volume of water swept clear of particles 

pet unit tirne) (Bayne and Neweii, 1983) were conducted to determine the feeding activity 

of juvenüe bay scallops exposed to DSP toxin-producing Prorocentnun lima cek. 

Clearance rates were also determined for juvenile scdiops exposed to equivalent 

biovolume concentrations of T. weis@ogii, a species used in previous studies of bay 

scallop feeding activity (Bricelj and Kuenstner, 1989; Briceij and Shumway, 1991). Using 

celi dimension measurements determinecl using an optical micrometer with phase contrast 

rnicroscopy (400 X magnincation), the cellular biovolume for P. lima (spheroid volume) 
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Fig. 2.1. Growth cycle of Procentrum lima cultures used for toxin uptake 
experiments. Shaded area marks period when ceUs were harvested 
for feeding expenments. 



and T. weissfrogii (cyMder volume) were cakulated as 2.5 x 10' p3 and 1.5 x ld 

respectively. Thus, the cell biovolume of P. lima was approximately 16.7 tirnes larger than 

that of T. weissflogii. 

Twenty-five scallops of smiüar size (mean sheii ht = 12.71 mm, SE = 0.48; mean wet 

tissue weight = 166.75 mg, SE = 11.65) were divided into five groups of five animals and 

placed in 500 mL glass beakers containing algai suspensions at an initial cell concentration 

of 5000 ce& I&' (T. weissfrogii) or 300 cells mL? (P. Iim). TWO other beakers 

containing the dgal suspension without scaliops were used as controls for each 

expriment. The algae were kept in suspension by an air Stone placed in each beaker. No 

pseudofeces were produced at these ceii concentrations and no feces were produced 

within the short feeding penod of this study. Samples of the suspension (5 mL) were taken 

fkom each beaker at the beginning of the exposure period and after 20 minutes for 

determination of ceil concentration by microscopic counts. FoIlowing each feeding study, 

scallops were sacrificed for determination of total wet tissue weight. 

Clearance rates were estimateci according to the equation: CR = in(C&) x Vlt x n*' 

(Bricelj et al.. 1990). where Co and Ci are the initiai and final ceiI density, respectively, V 

is the volume of suspension, t is the time interval and n is the number of scaiiops. 

Clearance rates were converted to weight-standardized rates for a scallop of 1 g to ta1 wet 

body weight according to the equation: C h  = cRJW,~, where CR, and W, are the 

clearance rate and total wet tissue weight of the experimentd anima respectively and b is 

the exponent of the aiiornetric equation relating clearance rate and body size (= 0.75; 

Bayne and NeweU, 1983). 

Juvenile bay scallops (mean sheîi ht. = 19.65 mm, SD = 1.55 ; mean total wet tissue 

weight = 0.498 g, S D  = 0.129, n = 99) were heId for 14 days in a recirculating aquarium 

containing 30 L of fïitered (1 pm) W-treated seawater at a constant temperature of 17 O C  

(Fig. 2.2). Cultures of P. lima were harvested daily and continuously metered fkorn a stock 

tank into the aquarium with a peristaitic pump to yield an approximately constant cell 

density of 16 ce& C' throughout the toxincation period. Water was also pumped kom 

the aquarium into a waste tank at the same rate as the inûow to maintain a constant 
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Fig. 2.2. Experimental apparatus used for the toxin exposure experiment. 
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volume of water in the aquarium. Prorocentmm lima ceils were maintained in suspension 

in the stock tank by a magnetic stir-bar. Cek were kept in suspension in the aquarium by 

the action of ~o reci~:uLating purnps mounted on each end and two aeration tubes 

mounted dong the bottom of the aquarîum. The apparatus was tested over a 24 h period 

prior to the experiment to ensure that P. lima =Ils were not lost by mechanisms other than 

ingestion by scallops (e.g. - sedimentation, attachent to tank surfaces, disniption by 

purnps). The flow cteated by the pumps did not appear to inhibit the feedhg activity of the 

scdops (Le. - normal "sheil gape" of scaiIops was observeci). The entire volume of waer 

in the aquarium was exchanged every two days to prevent fouling and reingestion of fecd 

material by the scallops. 

Algal celi concentrations in the aquarium were determinecl microscopically (100 X 

rnagnincation) using a 1.0 mL Sedwick-Rafter counting chamber. The number of ceils 

ingested by ail of the scdops in the aquarium was determineci each day by calculatuig the 

number of cells delivered f?om the stock tank, the number of ce& removed by the exit 

(waste) flow and the change in celi concentration in the aquarium. Weight-specific 

ingestion rates were standardized according to the mean wet weight of all scaliops used in 

this study (0.50 g, SD = 0.13, n = 99). Weight-specific values of cumuiative toxin ingested 

(CTI) were deterrnined according to the equation: CïI = TC1 x CïC, where TC1 is the 

weight-specifk total number of ceils ingested, CTC is the tirne-specific celiuiar toxin 

content. Toxin accumulation efficiency (TA.) was deterrnined by the equation: TAE = 

TIaB/CTI x 100, where 'ITBB is the total toxin body burden (as determined by LC-MS) 

and CTI is the cumulative toxin ingested. 

Replicate (n = 3) samples of three pooled juveniie scailops were rernoved at regular 

intervals from the aquarium for toxin analysis and replaceci with scallops not previously 

exposed to P. lima, which were sarnpled at the end of the experiment. Scallops were 

pooled to ensure that adequate quantities of tissues were extracteci for toxin detection. 

The replacement scallops maintained a constant number of scailops in the aquarium and 

provided a duplicate time series for toxin analysis (Series II). For each pool, the tissues 

were removed and divided into two groups: viscera (digestive gland-stomach cornplex) 

and all other tissues (including gills, mantle and adductor muscle ). Tissues were weighed, 



quick-hzen in isopmpanol dry i œ  and kept on dry iœ until transfer to the main 

laboratory (ca 2 - 4 h) where they were stored at -80 OC. 

T i u e s  were extractexi in 8.0 mL of 80% aqueous methanol by homogenization for 3 

min using a BNiLman tissue homogenizer. Following cenvifugation for 20 at 4000 x 

g (4°C). an accurare 5.0 mL aiiquot of the supernatant was transfenred to a glass 

centrifuge tube, and subjected to a liquid-liquid partitionhg clean-up procedure In which 

the sampk was extracted hKice with 5 mL aliquots of hexane (Qdiam, 1995). After 

discarding the hexane iayers, the sample was extracted with 1 mL of water and 6 rnL of 

chlorofona The chioroform Iayer was transerred to another glas centrifuge tube 

foUowing which the aqueous layer was extmcteû again with 6 mL of chlorofona The 

combined chlorofonn iayers were evaporated to dryness under a stream of nitrogen The 

residues were re-dissoId in 0.25 mL methano1 and nItered by centrifùgation (2000 x g) 

through a 0.45 pn caftridge-nlter (Miiiipore Ultrafk-MC) for analysis by HPLC-FD and 

LC-MS. 

Toxin content of P. lima ce& was deterrnuied by removing 400 mL of aigae nom the 

stock tank at two day intervais. The celi concentration in the sample was determined by 

microscopie counts and the ceh  were concentrateci by centrifugation at 4000 x g for 20 

minutes (4 OC). The wet weight of the pellet was determined, &ter which the algal cells 

were disrupted by 10 s bursu of probe sonîcation for 3 minutes in 10 volumes of 

methanoL Sonicated sampks were centrifugai for 10 minutes at 4000 x g (4 OC) and the 

supernatant was cenvifuged through a 0.45 Pm cartridge-filter for analysis by HPK-FD 

and LC-MS. 

2.2.6. Toxin anaiysis and quantitation 

Bigh-pe7fomwnce Muid cbomatography with jluorescence detecrion (HPLC- FD) 

Following methods developed by Lee et a i  (1987) and modified by Quilliam (1995). 

fluorometric detection of OA and reiated compounds containhg a carboxyl group (OA 

and D'IX1) was enabhl by derivatization with 9-anthryldiazomethane (ADAM), a 

fluorescent reagent 



Aliquots (10 PL) of algai and scdop tissue extracts were transferred to 1 5  mL amber 

vi& dong with 100 pL of ADAM solution (0.2% wlv in methanol) and 10 pL of an 

interna1 standard, deuxycholic acid (DCA) (7 pglmL). Solutions were vor&exed for 0.5 

min, and heated in the dark for 1 hour at 37°C to dow the derivatkation reaction to reach 

cornpletion. 

A silica solid-phase extraction (SPE) clean-up procedure was used to prepare ADAM- 

derivatized samples for analysis by HPLC. Supelco SPE LC-Si c a d g e s  were placed on 

an SPE vacuum manifold and condition& twice with 5 mL of ACS-grade chlorofom 

followed by 5 mL of chloroform/hexane (1:l). The derivatized residues were redissolved 

and transferred to the cartridges using 3 x 300 pL aliquots of chloroform/hexane and 

drained slowly through to waste. The cactndges were washed slowly with 5 mL of 

chloroform/hexane and 5 mL of cbioroform. ADAM derivatives were eluted directly into 

clean glass cenuifuge tubes with 5 mL of 10% methano1 in chlorofona The elutates were 

evaporated to dryness under a stream of nitrogen, foliowing which the dried residues were 

redissolved in 500 pL of methanol and transferred to a 1 5  mL amber via1 for storage. 

Toxin peaks were resolved on a Lichrospher 100 RP-18 column (25 cm x 4 mm id., 5 

pm particle size) maintahxi at 25 OC with a flow rate of 1 mL min-' and an injection 

volume of 10 p L  Isocratic elution was performed with 80% acetonitrile in deionized 

water. The fluorescence detector was set for excitation at 254 nm and emission at 412 nm, 

Toxin peaks were quantified directiy by cornparison of relative chrornatogram peak areas 

with OACS-1. a standard okadaic acid caiibration solution mational Research Council 

Marine Analytical Chemistry Standards Program (MACSP)]. Quantitation of DTXl 

relative to OACS- I was based on the valid assumption that the mola. response for DTXl 

and OA are q u a i  (quilliam. 1995). Toxin concentrations were converteci to pg g-' wet 

wt tissue accordhg to the molar masses of the toxins Fig. 1.3). 

As an atmospheric-pressure ionization method for mass spectrometry (MS). ion-spray 

has been proven to be highly sensitive for detection and quantitation of DSP toxins in algal 

and sheIlfish tissue extracts (Hu et a l ,  1992; Pleasance et al, 1990, 1992; Quiüiam 1995). 

Positive ion-spray Iiquid chromatography (ISP-LC) was used to analyze scaIIop tissue and 



algal extracts for DTXL, OA and OAesters: Me-OA, Me-DTX1 and OAaiol ester 

(D8OA). Samples were anal@ using an APL-III LC-MS system (SCIEX, ThomhiU, 

Ont.) equipped with an ion-spray intediace (Quüliam. 1995). Toxin peaiEs were quantified 

by direct cornparison of relative chromatogram peak areas with OACS-1. It was assumed 

that each of the toxins has a molar response equal to that of OA. 

Statistical andysis of  data were performed using SigmaStat statistical software 

(Version 1.0. 1992, Jandel ScientircT San mi, CA). Data sets were testexi for n o d t y  

(Kolmogorov-Smimov test) and equal variance (Levene median test) prior to use o f  

pammetric tests (e.g., t-test, ANOVA, linear regression). Non-parameuic tests (e-g., 

KniskaEWalh one-way ANOVA, Wilcoxon signed-rank test) were employed for data 

that failed the assumptions of normality and equai vaciance. An analysis of variance 

(ANOVA) was used to deterrnine if the 96 molar toxin content varied signincantly (P < 

0.05) between tissue compartments and P. lima ce&. Following the ANOVA, pairwise 

multiple cornparisons of arc-sine t r a n s f o d  ievels of individual toxÏns were made 

beween each of the tissue cornpartments and the P. lima ceUs. 

23.1. Clearance rates 

Mean weight-standadhd (1 g wet wt) clearance rates of juvenile bay scallops 

exposed to volume quivalent cell densities of ïïmlassiosira we&*gii or Prorocentnun 

lima were 634 mL h" (SD = 185) and 767 mi, h-' (SD = 149), respectively. There was no 

significant differenœ between the clearance rates of the scaliops when exposed to either 

alga (t-test, t = -1.25, df = 8, P > -05). Scaiiops did not exhiiit any unusuai feeding 

behaviour when exposed to P. lima, such as SM valve closure or violent cIapping/ 

swimmllig activity. CeIl concentrations in the control beakers rernained constant duMg the 

feeding period for both of the algal suspensions, indicating that c d  depletion in the 

beakers containhg scallops was due to scallop ingestion and not sedernent of cek. 



2.3.2. Long-term todn ingestion and uptake paUems 

The tirne-averaged P. IUM celi conœntration in the feeding aquarium during the two 

week-exposure period was 131 celis rd,-' (SD = 90) (Eg. 2.3). Weight-specific ingestion 

rates (1 g wet WL) of scallops remainecl relatively constant around a mean of 1.0 x 106 

ceUs bLg-' wet wt. (SD = 2.5 x 161, thus the cumulative number of ce& ingested 

increased IinearIy over the exposure period according to the equation: I = 0.936 x 106 t, 3 
= 0.99, where I = number of ce& ingested and t = exposure thne (days). equation fomed 

through zero (Fig. 2.4). 

There were no apparent detrimental physiological responses in juvenile scailops caused 

by long-tem exposure to toxigenic P. lima. Scallops appeared to be actively feeding at aii 

times (Le. - wide sheil gape). Prolonged sheil closure, shell clapping and violent swimming 

behaviour were not o b s e ~ e d  during the exposure period. Most of the scaiiops were 

byssally attached to the tank walls or bottom surface during the experiment During 

periods when water in the tank was exchanged, the animals were often gently removed 

from the tank surface to facilitate the exchange process. Withui a day most of the animals 

were observed to re-attach to the tank surface, indicating that byssus production and 

climbing behaviour were probably unaffected by exposure to P. lima. No rnortalities 

occurred during the entire exposure period. 

Concentrations of DSP toxïns in Prorucentmm lima cek and scallop tissues reported 

in this section are results fkom LC-MS analysis. Total cellular toxùi (DTX 1 + OA + 
DSOA) content in Prorocentrwn lima ce& v d  considerably d u ~ g  the exposure period 

(Fig. 2.5). ranging from 3 1.9 pg celtl at the beginning of the exposure period to 2.4 pg 

ceKL on day 5. The mean total cellular toxîn content was 9.8 pg  ce^' (SD = 11.2). 

however the coefficient of variation for this value was 110%. 

Series 1 scallops attained toxin saturation levels within 24 h of exposure, followed by 

relatively constant toxin levels for the remainder of the experiment (ca 4-5 pg g-'). Series 

II scallops (reverse the-series sampled at the end of the experiment) exhibited a simüar 

temporal toxin pattern exœpt that a peak in viscerd toxin content (7.3 pg &) occurred in 

scallops exposed to P. lima for 13 days. Mean total toxin content in Series 1 and II 

viscerd tissues, averaged for ail samples after the first day of exposure, was 4.39 pg g*l 
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Fig. 2.3. Concentration of Procentrtirn lima ceiis in aquarium dunng 
exposure period. Dashed line indicates tirne-averaged ceil density. 
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Fig. 2.4. a) Ingestion rates of P. lima ceUs by Argopecten irradians during 
exposure penod. Dashed line indicates time-weighted mean. 
b) Cumulative number of cells ingested. 
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Fig. 2.5. Temporal pattern of DSP toxin content in Prorocentrccm lima cells 
and scailop tissues dunng exposure penod. 



(SD = 0.86) and 3.97 pg gml (SD = 1-47), respectively. There was no significant ciifference 

between the t a i n  content of the two sets of viscerd tissues (t-test, t = 0.734, df = 16, p > 

-05). In both series, toxin leveis in viscera exceeded accepted regulatory limits (2 pg OA 

g-' tissue) within one &y of exposure. Remarkably, this limit was exceeded in Series I 

viscerd tissue after only six hours of exposure to P. lima. 

Toxin concentrations were fat greater in scallop visceml tissue than in other tissues 

(giîis, mande, adductor) (Fig. 2.5). For thh reason, the "other tissues" pool was analyzed 

iess fiquently than viscera for Series I scailops and not analyzed at ail for Series 11 

scaüops. Similat to visceral tissues, other tissues attained maximum toxin content within 

one day of exposure, after which toxin content remained relatively constant. The mean 

total toxin content in Series 1 other tissues, averaged over the exposure period after one 

&y of exposure to P. lima, was only 0.28 pg g-' (SD = 0.19). 

The mean tissue contribution to to tai wet weight in the scdops for viscera and a l l  other 

tissues was 26.7% and 73.3% (SD = 4.3, respectively (Fig. 2.6). However, the 

contribution of these tissues to total toxin body burden was essentially reversed, with 

viscera and al l  other tissues comprising 85% and 15% (SD = 8.7), respectively. 

UnWEe the relationship describing the cumulative number of P. lima cells ingested, 

cumulative toxin ingested (CTI) was non-linear over the two week exposure period 

2.7). Due to the extremely high toxin content of P. lima ceUs at the beginning of the 

exposure period, CTI increased very rapidly during this period, followed by a relatively 

slower rate of toxin ingestion when the toxin content of P. lima ceUs decreased to Iower 

levels. The temporal pattern of total toxin body burden was quite dioerent from that of 

cumulative toxin ingested. As described previously for viscerd tissues, total tolrin body 

burden was saturated after one day of toxin exposure and remaineci rehtively constant 

thereafter. This pattern is rekted in the calculated toxin accumulation efficiency (TAE) 

in scaiiops over the exposure period (Fig. 2.7). After six hours of exposure, only 10% of 

the ingested toxin was accounted for in scdop tissues. This value decreased rapidly to 2 

to 3% afkr one day of exposure, followed by a gradua1 decrease to < 1% after two weeks 

of exposure. 



a) TOTAL WET TISSUE WEIGHT 

Other tissues (73%) 

b) TOTAL TOXlN CONTENT 

Other tissues (15%) Viscera (85%) 

Fig. 2.6. Contributions (%) of juvenile scallop tissues to: a) total wet tissue 
weight and b) total toxin body burden. Values averaged for ail samples 
afier the first day of exposure. Viscera composed of digestive gland- 
stomac h complex. 
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Fig. 2.7. a) Total DSP toxin ingested and accumulated in whole scallop tissues. 
b) Efficiency (%) of DSP toxin accumulation in whole scallop tissues. 
Data shown for Senes I scdlops only. 



233. Toxia composition 

Examination of the individual toxh composition in P. lima and scaliop extracts was 

enabid by E M S  anal@. Concentrations of the foilowing compounds were quantified 

in extracts: Duiophysistoxh-I @T'?Cl), oLadaic acid (OA), okadaic acid diol-ester 

@80A), and the methfl esters of OA and DTXl (Me-OA and Me-DTXI) (Fig. 1.3). Me- 

OA and Me-DTXl have k e n  found to be artifacts formed h m  DSOA and DTXl via a 

rnethanolysis reaction d u ~ g  extraction of these tolrins in rnethanol (N. Ross, pers cota, 

IMB, National Research Councjl, Halifax, NS), therefore Me-OA and Me-DTXl 

concentrations were combùied with the toxins h m  which they were derived, D80A and 

DTX 1, respectiveIy. On a mean % m o k  basis, methyl esters compriseci 4.9% (SD = 7.8) 

of total toxin content in P. lima extracts and 15.1% (SD = 6.7) in scallop tissue extracts. 

The higher proportion of methyl esters in tissue extracts is probably due to the fact that 

the tissues were exvacted in 80% aqueuus methanol while P. lima celis were extracted in 

100% methanol. This pattern is consistent with fîncihgs by Quüüam and Ross (1996) that 

methyl esters formation is more prevalent in the presence of aqueous methanol than in 

100% methmol. 

Concentrations of the individual toxins following conversion of methyl ester values 

back to D80A and DTXl in P. fimu and scdlop tissues are depicted in Fig. 2.8. AU of the 

toxh concentrations determined in P. lima cell extracts were weii above the detection 

lunit of 0.01 pg œ ~ ' .  The detection lirnit for the scaiIop tissue extracts was 30 ng g-' 

tissue, which was greatly exceeded by di of the toxins, with the exception of DTXl in 

Series 1 non-viscerd tissues. In gened individual toxin temporal variations in scaliop 

tissues seemed to paralle1 each other. A characteristic rank order of toxin concentration in 

scallop tissues became apparent: D80A > OA > DTXI. However, this pattern was not 

consistent in P. lima ceIlS. 

Prorocenmm lima and scallop tissues were examined for temporal trends in individual 

toxin composition on a 46 rnolar basis (Fig. 2-9). Linear regression was us& to determine 

whether the % molar contribution of each toxin increased or decreased over the two week 

exposure priod a: dope mers signibntly kom zero. P c 0.01). No signï6cant trends 

were observeci for toxin composition in P. lima ceb. As was the case with total toxin 
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Fig. 2.9. Relative (% molar) toxin composition in P. lima cells and scallop tissues. 



content, toxin composition fluctuated significantly over the experiment. In P. lima cells, 

the % moiar contribution of DTXl rernained relatively constant (mean = 23.6%. SD = 

10.8), however D80A and its hydrolysis end-product, OA, cycled inversely relative to 

each other throughout the tune-course (mean D80A = 41.996, SD = 28.1; mean OA = 

34.5 96, SD = 17.8). The toxin composition in scallop tissues was much more consistent 

over the exposure period. There were no sign%cant temporal trends in 46 rnolar content 

for any of the toxins in the scaIlop tissues. The % molar contribution of DTXl in scalIop 

tissues was constant over tirne, whereas slight fluctuations in D80A and OA content 

occurred at the beginning and end of the exposure period, coinciding with peaks in the 

D80A and total toxin content in ingested P. lima ce& 2.8). 

The relative % rnolar content of each toxin, averaged over the experimental period, 

was compared between ingested P. lima cells and scallop tissues using Kruskal-Wailïs 

one-way ANOVA for sample sets with unequal variances coupled with SNK multiple 

pairwise comparisins (P < 0.05) (Fig. 2.10. Table 2.1). There were no signifïcant 

ciifferences between the 96 moiar toxin content of P. lima and scallop tissues for D80A or 

OA, however DTXl content was determineci to be signincantly higher in P. lima ceiis than 

in non-visceml tissues (DUM's multiple cornparison, H = 12.7, df = 3, P = 0.005). Mean 

arc-sine transformed leveis of individual toxin levels in scaUop tissues were tested for 

signifiicant differences using a one-way ANOVA coupled with Student-Newman-Kefls 

method for pain>rise multiple cornparisons (P < 0.05) @g. 2.10, Table 2.1). DTXl was 

significantly higher in both series of visceral tissues than in other tissues (F = 32.6, df = 2, 

P < 0.0001). Although D80A content was slightly greater in visceral tissue than in other 

tissues, this difference was not signincant; however OA, the hydrolytic end-product of 

D80A, was significantly higher in non-visceral tissues (F = 3.99, df = 2, P = 0.035). 

Viscerai tissue and P. lima ce& share a very simüar toxin profile, which may be 

attributed to toxin derïved from undigested ceh in the scaiiop digestive system. However, 

non-viscerd tissues have relatively less DTXl and more UA than viscerd tissue. It is 

interesting to note that both senes of visceral tissue had extremely similar toxin prohles. 

To test whether D80A was being converted to OA in scaîlop tissues, the ratio of UA 

to D80A was examined in ingested ceUs and in each of the tissue compartrnents. An 



u P. lima Viscera Viscera Other 
(series 1) (series II) Tissues 

Fig. 2.10. Mean (% molar) Levels of individual DSP toxins in P. lima celis and 
scdop tissues during exposure period. Error bars = 1 standard deviation. 



Table 2.1. Mean 46 molar toxin content (SD) of DSP toxins in ingested Prorocentnun 
lima cells and in scdop tissues. Means not comected by a h e  are signikantly different at 
P < 0.05 (one-way ANOVA, SNK multiple pairwise comparisons). 

Toxin P. lima Series I Series I I  Other 
Visce ra - Viscera Tissues 



increase in the OA/D80A ratio, over time or between cornpartments, would indicate that 

either D80A was converted to OA or possibly, that OA was seiective1y retallied over 

D80A in scaliop tissues. Linear regression analysis was used to determine whether the 

OND8OA ratio changed over time in either P. lima cells or in s c d o p  tissues. No 

signifïcant tempod trends in this ratio were detected (P > 0.05) in any of the 

cornpartments, although VaRations in OA/DIOA were apparent between compartments 

(Fig. 2.1 1). There was no consistency in the OADSOA ratio in P. lima cek over the. 

During the beginning and end of the experimental period when total towi content was 

very high, the ratio was low (cl), however when the total toxin content was low, the ratio 

was relatively high Overal, the the-averaged OAIDIOA ratio in P. lima c e k  was 2.0 

(SD = 2.3). however the coefficient of variation (CV) was > 100%. 

In scallop tissues, the ratio of OA to D80A was more constant. In iisceral tissue, the 

ratio dropped w i t b  the f is t  two days of exposure to P. lima and remained relatively 

constant thereafkr, however, the ONDIOA ratio increased during the iast few days of the 

experiment in the remaining tissues. The mean OADSOA ratio. averaged over the entire 

exposure period, was 0.79 (SD = 0.30) and 1.24 (SD = 0.53) for viscera and non-viscera 

tissues, respectively. There was no signitrcant merence in the average OAID8OA ratio 

between ingested P. lima cells and scallop visceral tissues (ANOVA on arc-sine 

transforrned values, P > 0.05). 

b e a r  regression analysis was used to examine the relationship between okadaic acid 

derivatives (O& D80A) and DTX1 in P. lima ceiis and in scaiiop tissues (viscera and 

other tissues combined) (Fig. 2.12). The linear relationship of DTXl to OA and D80A 

was significant for both aigae and tissues (P < 0.05). In P. lima celis the dope was greater 

for D80A than OA, while in scallop tissues the dopes were roughly equal. 

2.3.4. Cornparison of todn analysis by HPLC-FD and LC-MS 
Prorocentrum lima sarnples and Series 1 visceral tissue were anaiyzeà by WU=-FD 

(Fig. 2-13), as weïi as LC-MS (Fig. 2-14), enabiing a cornparison of results obtained by the 

two methods (paired t-test, P < 0.05). Mean OA and DTXl the-series values for the two 

methods (Fig. 2.15). indicated that OA values obtained by HPU=-FD were signincantly 

greater than those obtained by LC-MS, in both P. lima cells (df = 6, P = 0.019) and 
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Fig. 2.1 1. Temporal pattern of OAD8-OA ratio in P. lima cells and scallop tissues. 
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Fig. 2.12. Relationship between the concentration of DTX1 and okadaic acid 
derivatives in a) P. lima ceils and b) scdiop tissues. 
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Fig. 2.14 Positive ion-spray LC-MS analysis of  bay scailop viscera extract. 
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Fig. 2.15. Mean OA and DTXl content in a) P. lima cells and b) scallop visceral 
tissue, as determined by HPLC-FD and LC-MS analyses. 



scaiiop viscera (df = 31. P < 0.0001). Values for DTXl determineci by HPK-FD were 

signikantly greater in P. lima samples (P = 0.032), however there was no signincant 

ciifference for viscera samples. When total DSP toxin results were compareci for HPLC- 

FD (OA + DTX1) and LC-MS @80A + OA + DTX1) sarnpies @g. 2-16), there was no 

significant difference in P. lima sarnples and oniy a slightly signincant ciifference in viscera 

samples (P = 0.045). The reduction in differences among the two methods when D80A 

was added to LC-MS values suggests that the high OA values in the HPLC-FD anal@ 

may be partly due to hydrolytic conversion of D80A to OA during ADAM derivatization. 

Linear regression analysis indrated that HPLC-FD and LC-MS values for P. lima sarnples 

were highiy comlated for DTXI, OA and total toxin (P < 0.01). however a linear 

comlation was ody significant for OA in scaüop viscera (Fig. 2.17). 

When exposed to high concentrations (10' celis L-') of DSP-toxigenic Prorocenmm 

lima, juvenile bay scaliops were able to ingest the cells without any apparent adverse 

physiological effects. Uniïke previous studies which reporteci mortalities of juvenïie 

Argopecten irrdans when exposed to the dinoflagellates Gyrodinium aureolum (Lesser 

and Shumway, 1993) and Prorocentmm mininum (WWors and Smolowitz, 1993). no 

mortalities were experienced when bay scdops were exposed to P. lima in the present 

study. The high survival rate over the two-week study without reduction in tissue weight 

suggests that the scallops were able to meet their maintenance requirements by feeding on 

P. lima ce&. This point was further strengthened by the similar clearance rates of scdops 

exposed to either P. lima or the diatom Thalassiosira weissflogii, a proven source of 

suitable nutrition for A. inadians (Briceij and Kuenster, 1989). An indirect, yet excellent 

indication from this study that juvenile bay scaliops may be capable of s u ~ v i n g  prolonged 

exposure to DSP-toxigenic P. lima was the persistent climbing behaviour that scallops 

exhibited in the aquarium. sirniiar to that of natural populations in seagrass beds. Climbing 

behaviour and the continued production of byssal threaâs require metabolic energy; this 
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Fig. 2.16. Total DSP toxin content in a) P. Iima ceiis and b) scallop viscerai 
tissue as determined by HPLC-FD (OA + DTXI) and LC-MS 
(D80A + OA +DTXI). 
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Fig. 2.17. Cornparison between values HPLC-FD and LC-MS values for DSP 
toxin content in P. lima ceils and scdop tissues. Regression lines 
are only shown for significant correlations (P < 0.05, Pearson product 
moment correlation, r). 



demand would be fulnlled only if basic maintenance requirements were fint king met by a 

food source or the utilizaton of endogenous resenres. 

Toxin upfcrke and aecumuIniinn 
The faster rate of tolrin uptake in Series 1 scallops was a resdt of exposure to a very 

highly toxic culture of P. lima during the first three days of the experiment. Attempts were 

made to avoid such variations in the cellular toxin content of P. lima by growing batch 

cultures in staggered sequence under identicai growth conditions. Extreme variations in 

the toxin content of P. limu have &O been reporred in ecophysiologicai studies of this 

dinoflageilate by McLachlan et aL (1994) and by Morton et aL (1994). Both of these 

studies attributed high toxin ievels to ce& which have been forced into stationary growth 

phase by growth Iimited conditions such as low temperature or depleted nutrients. 

Following the same argument, the highly toxic batch of P. lima fed to scallops at the 

beginning of the experiment rnay have entered stationary growth phase much eariîer than 

the other batches due to an unusuaUy high growth rate and early depletion of nutrients. 

Although unintendeci, the extreme variation in P. limn toxin content during the feedùig 

study provided an indication of how bay scallops respond when exposed to varying levels 

of DSP toxin content in dinofiagellates. Relatively constant ingestion rates throughout the 

study and similar temporal pro& for Series I and 11 scallops demonstrateci that cellular 

toxin content has very little effect on the feeding parameters of bay scaiiops. The temporal 

profile of Series I scallops indicated that peak toxin loads were attauied within the fïrst day 

of exposure to P. lima, after which no more toxin was retained, suggesting that tissues 

had become saturated with DSP toxins or that scallops had optimized their digestive 

processes to maximize toxin elimination. In Series II animals, peak toxin Ioads were 

recordeci in scailops exposed to P. lima for 14 days, however it must be remembered that 

the Series II pro& represents a reverse thneseries. Thus, scallops with the highest toxin 

loads were initiaily exposed to the highly toxic batch of P. lima fed to scaliops at the 

beginning of the experiment. This evidence demonstrates that bay scaiiops only retained 

DSP toxins kom P. Iimo ceils ingested at the begllining of the exposure period, after 

which ingested DSP toxins were efficiently eliminated from the animals, preventing hirther 

accumulation of toxins in the tissues. 



The efsclency of DSP toxin accumulation in bay scailop tissues was less than 1% after 

two weeks of exposure. Thus, juvenile bay scallops readily ingested P. lima ceils for two 

weeks but retained very little of the DSP toxins associated with the cells after the first day 

of exposure. Furthemore. since most of the toxin load was associated with viscerd tissue. 

it appears that the great rnajority of the toxin load associated with the scaiiop tissues 

remains a labile (unbound) component within the gut, rather than king t ransfed  and 

sequestered from the viscera to other tissues. 

The extreme variations in the toxin composition of Prorocentmm lima celis depicted in 

this study were consistent with similar observations made by QuiUiam and Ross (1 W6), 

who attributed the fluctuations to enzyme-mediateci toxin conversion processes that 

operate when the ceiis are disrupted d u ~ g  extraction procedures. These researchers 

reported that following extraction of ceii peliets in methmol the main cellular DSP toxin 

component, DTX4, is rapidly converted to D80k which in turn is converted to OA and 

Me-OA at a much slower rate. To alleviate this problern, Quilliam et ai. (1996) found that 

immersion of the pekt  in boiüng water prior to extraction in methanol prevented the 

enzymatic conversion reactions fkom occurring. This information did no t become available 

und after the present study was cornpleted. Apparent fluctuations in the OA and D80A 

content of P. lima c e h  fed to scdo ps were like1y due to enzymatic conversions of D80A 

to OA during extraction of fiozen tissues in methmoi. The degree to which the 

conversions were cornpleted would depend on the length of tirne that the £?ozen pellets 

were aliowed to thaw prior to extraction in methanoL The relatively low Ievel of variation 

in cellular Dm1 content d u ~ g  the feeding study agrees with the fhdings of Quilliam and 

Ross (1996) and suggests that this toxin component is not directly linked to the DTX4 - 
D80A - OA enzymatic pathway. 

In scabp tissues, the relative amounts of each toxin component were much more 

consistent than in the dinoflagellate cells. This may be due to both physical and chemicai 

digestive processes within the scaiiop gut which would àisrupt P. lima c e h  sufliciently to 

faciltate the same enzymatic reactions that occurred during the extraction of ceil pellets. 

Since the bulk of the conversion reactions had probably already taken place after ingestion 



of the ceh by the scaiiops, extraction procedures would have comparably less effect on 

the determined toxin composition. 

The gradua1 decrease in the relative OA content and concornittent increase in DSOA 

depicted in visœral tissue (especially Series I) during the first two days of the study 

suggested that the amount of cell h p t i o n  was decreasing during this period, resulting in 

less D80A king converteci to OA. This evidence may indicate feeding acclimation by the 

scallop resulting in digestion of P. lima ceils following initial exposure. As was the case 

with P. ünia extracts, the dative DTXl content in scallop tissues rernained remarkably 

stable during the feeding study, indicating that toxin conversion pathways between DTXl 

and OA-derivatives are uniikely to exist within scaiiop tissues. 

Toxin pronle cornparisons showed a progressive drop in the 96 molar composition of 

DTXl fkom P. lima ceUs (24%) to visera (15%). and subsequently to non-visceral tissues 

(8%). This evidence suggests that DTXl rnay be eliminated faster than OA-derivatives 

kom scailops following ingestion of P. lima cells. Since OA and DTXl have very simüar 

chernical structures, it seems unlikely that OA would be more efficiently bound to scallop 

tissues than DTX1. However, it is possible that the scallops may have selectively 

eliminated DTXl over OA in order to reduce exposure to DTX1, which has k e n  shown 

to have a slightly pater cytotoxic potency than OA (Hamano et al., 1985). 

Cornparisons of toxin andysis resuits obtained by HPLC-FD and LC-MS revealed that 

signifiant discrepancies existai, especially when individual toxin components were 

examined. In both P. lima celi exuacts and scailop viscera, OA levels were consistently 

higher when analyzed by WU=-FD. However, when total toxin was cornpared. including 

D80& LC-MS results were much closer to those of HPLC-m. Since the fluorescent 

reagent (ADAM) used to detect toxin in the HPLC-FD technique cannot bind to OA- 

esters due to the absence of a fkee carboxylîc acid group, this evidence suggests that some 

of the D80A component may have been hydrolyzed to OA during the ADAM 

derivatization procedure. Since DTXl does not appear to be undergo such hydrolytic 

pathways, this would explain the relatively sirnilar results obtained by the two techniques 

for this toxin. 



Overad, HPLC-FD and LC-MS results were fairly weIi correlated for P. lima extracts, 

whereas correlations for scaliop viscera samples were poor. Failure to fuiiy eliminate iipids 

fkom tissue sampks during the c h - u p  step of the extraction procedure may have 

resulted in the presence of cornpounds which interfered with ADAM derivatization and 

thus, contributeci to the high variabiIity in the viscera HPK-FD analysis. Such 

inconsiste1~3ies with the reiativeIy tedious and labour intensive HPLC-FD procedure 

agreed with observatons made by Cembella and Stabell (1990) who reported that 

cornparisons of results obtauied by this method were discouraging, mauiiy due to 

complications associated with uie ADAM-derivatkation step. Although Pleasance et aL 

(1990) found good correlations between HPLC-FD and LC-MS results, they &O noted 

complications associateù with impunties and ADAM derivatives in sampies anaiyzed by 

HPLC-FD, 

For research purposes it is obvious that the shorter extraction procedure, higher 

sensitivity, better accuracy and ability to analyze OA-ester components prove LC-MS to 

be a superior technique for the anaiysis of DSP toxins. However, since ion-spray mass 

spectrometry is a luxury which few regulatory authorities can aord ,  HPLC-FD will 

continue to be used as a more accurate detection method than mouse bioassays which 

have been notoriously inconsistent for DSP toxîn detection (Lee et al, 1987; Andersen, 

1996; Quüliam, 1995). The resdts of the present study suggest that HPLC-FD results for 

DSP toxin analysis should be interpreted carefuliy, especially with regard to OA-esters 

that are not detected by this method. Esters denvatives of OA represent a hidden, yet 

potentiai group of toxins which can be readily hydrolyzed to yieId the active toxin O A  A 

suggested way to alleviate this problem would be to hydrolyze the OA-esters in shellnsh 

tissue to OA prior to HPLC-FD anaiysis. This couid be accomplished by sub&ting the 

sample to a fkeze-thaw process as Quilüam et aL (1996) suggest, or perhaps, by simply 

adding a P. lima esterase solution to shellnsh homogenates. 



Chapter 3. DSP toxin uptake, compartmentalization and 

detoxifkation in adult bay scallops. 

3.1. Introduction 

The results of the previous chapter demonstrated that juvenile bay scallops will ingest 

DSP-toxigenic Prorocentrwn lima celis and accumulate low Ievels of tolrins without any 

apparent physiological impairment.. However, to gain a more complete understanding of 

the fate of ingested DSP toxins, post-ingestive feeding processes must be investigated in 

addition to clearance rates. Seved feeding studies have revealed that bivalve moUuscs will 

compensate for changes in food quality and quantity by adjusting digestive processes, thus 

infIuencing the food ration dtimately absorbeci (Bayne, 1985; WiIlows, 1992; Bayne et al, 

1984). Shumway et aL (1985) showed that although the oyster, Ostrea edulis, hgested 

Prorocentnun minimum (non-toxic) ceils at relatively high rates, an abundance of intact 

celis in fecd ribbons indicated that the ceh were rejected h m  the digestive system via 

post-ingestive sorting mechanism. A focal point of the present chapter is the fate of P. 

lima cek and associateci DSP toxin components follo wing ingestion b y A rgopecten 

irradians. Physiological parameters including cIearance rates Wreth  and C N p  1976) 

and absorption efficiencies (Conover, 1966) were deterrnined using individual continuous- 

flow feeding chambers (Bricelj and Malouf, 1984) which enable a more precise 

measurernent of feeding rates than the static chambers used in the previous chapter 

The possibility of toxigenic dino flagellate celk surviving passage throug h bivalve 

digestive systems is an area of special concern for shellfish growers. Shellfish stocks may 

be transferred fiom areas where toxic dinotlagellates occur to "clean" waters to depurate 

(Silvert and CembeUa, 1995). If live dinoflagellate ceils are reieased into clean waters via 

fecal deposition fiom newly transferred toxic shellnsh, t k y  may divide and form blooms in 

the new region Studies have indicated that such a scenatio is quite possible for PSP-toxin 

producing Aleuudrîum tamureme ceils ingested by Mytilus edulis (Bricelj et al., 1993; 

Scarratt et al. 1993). however no studies have examined whether DSP-toxh producing 

dinoflagellates can survive gut passage. An objective of the work presented in the present 



chapter was to investigate the likeiihood of s u ~ v a i  of P. &nu ceils fouowing ingestion by 

A. imadim. 

Toxin kinetics were investigated using tectmiques similar to those indicated in the 

previous chapter, however pre-reproductive (gonads not fully mature) aduit scallops were 

used rather than juveniles. New markets for s d o p s  are encouraging the sale of 'W- 

shell? (whole animal) and "me-on" (gonad attached to adductor) products rather than just 

the adductor muscle (CembeUa et al., 1994). which is traditionaILy the only part of the 

scdop consumed in North America Due to the relative1y small adductor muscle. interest 

in marketing go& and other tissues of bay scallops is especially strong (Couturier, 

1990; Scarcatt, 1992). Thus, knowledge of p h y c o t o ~  partitionhg amongst bay scdop 

tissue is important for industry consideration Another important issue of concem to 

industry is the rate at which phycotoxins are depurated fiom contaminated shellfish stocks. 

Data f?om previous studies sugges t that sea scallo ps (Placopecten mogellanicus) are 

prone to retain PSP toxinî for extended periods of time (Shumway and CembeIla, 1993). 

however very little information is available concemhg DSP toxin depuration rates fkom 

scailops (Küruchi et aL, 1992; Tazawa et aL, 1989). 

3.2. Materials and Methods 

3.2.1. Algal culture and scallop maintenance 

Pro rocen tmm lima and  lass si os ira w e i s e g  ii were cultured as previo usly described 

in 2.2.1. Pre-reproductive adult bay scallops (shell ht. = 30 - 40 mm), from the same stock 

as the juvenile scailops used in the experiments described in Chapter 2, were aquued 

fkom a bottom grow-out site managed by Little Harbour Fiheries (Little Harbour, NS) in 

November. 1994. Scallops were transferred to the National Research Council Aquaculture 

Research Station in Sandy Cove, NS, where they were held in flow-through raceways 

maintained at 16 - 18 O C  with a flow rate of approximately 9 L min." of ufltered natural 

seawater. Scallops were maintained on a diet of the non-toxic diatom Thnlmsiosim 

weisspOgii as describeci previously in 2.2.2. 



3.2.2. Determination of dearance rates 

Experiments were conducted to determine the effect of cell concentration on clearance 

and ingestion rates of adult bay scailops using quivalent ceII biovolume concentrations 

(22.3.) of Prorocentmm lima or a control diet, the non-toxic diatom Thaldiosira 

weissfrogii. Individual adult bay scallops (n = 7) (mean sheli ht, = 40.34 mm, SD = 2-94) 

were randomly pl& in paralle1 flow-through feeding chambers (Fig. 3.1). Empty scallop 

shells were placed in two of the chambers during each feeding study, s e d g  as control 

chambers. Feeding chambers were constructed nom transparent plexiglass to enable visual 

observation of the scallops during feeding studies. Each feeding chamber measured 75 mm 

wide x 110 mm long x 75 mm deep. An inflow valve was present 35 mm above the 

chamber bottom and a plexigiass baffle was inserted 20 mm from the inflow end of the 

chamber. An exit valve, 15 mm above the bottom was fitted with an elbow shaped 

segment of glas tubing, which served to control the height of water in each chamber (50 

mm) and prevented fecal ribbons produced by the scallops fkom escaping the chamber 

through the outfiow. 

Algal suspensions were mixed to appropriate concentrations with nItereû (1 pm) UV- 

treated natural seawater in a 100 L stock tank and kept in suspension by an air-stone. A 

Mastediex high-capacity peristaltic pump was used to pump the algal suspensions fiom 

the stock tank into a 30 L aerated header tank fitted with an overflow valve that 

maintaineci a constant volume in the tank. Suspensions were gravity-fed b r n  the header 

tank to the individual feeding chambers via Tygon tubing (id. = 20 mm) at a controlled 

flow rate of 180 m .  min?. The action of the pump was gentle enough not to disrupt the 

P. lima or T. weissflogii cek and wide sheiI gapes exhibited by scallops indicated that the 

flow did not inhibit feeding activity. 

Scdops were exposed to six difTerent celi concentrations of T. weissJlogii (860, 1200, 

3730,6480, 14530,20700 cek mL?) and P. lima (36.83, 135, 177,243,426 cek  rd?). 

Scaliops were ailowed to acclimate to each ceil concentration for 90 minutes, at which 

tirne samples of algal suspersion (100 mL) were taken sirnultaneously fiom the outûow of 

each of the seven feeding chambers and two control chambers. Samples were preserved 

using Lugol's iodine solution and stored in glass scintillation vials. Cell concentrations 



fecal ri1 
/ 

Fig. 3.1. Top (a) and side (b) views of fiow-through feeding chambers. 
Dashed lines indicate direction of water flow. 



were determined by microscopie enurneration in a 0.1 mL Palmer-Maloney chamber (T. 

weissflogii) and a 1.0 mL Sedwick-Rafter chamber (P. lima). As a confhation of optical 

cell counts, cell conœntrations were also measured using an electronic particle counter 

(Coulter Mdtisizer) equipped with a 100 pm aperture. 

Chrance rates (CR) were calcuiated according to the equation: F x (Ci - C2)ICl 

(Hikkth and Crisp, 1976). where F is the flow rate in the feeding chambers, Cl is the ceii 

concentration in the idiow (mean outfiow of two control chambers) and CI is the ceil 

concentration in the outflow of each feeding chamber. Clearance rates were converted to 

weight-standatdized rates for a scallop of Ig total wet body weight as described 

previousIy. 

Any feces and pseudofeces produced were removed with a Pasteur pipette five minutes 

prio r to collection of outno w suspension sam ples. Following clearance rate ex periments, 

scallops were sacrificed for detemination of total wet tissue weight and total dry tissue 

weight after lyophilization for 24 hours in a freeze-dryer. 

3.2.3. Short-term toxin losding 

A short-terni (2 d) feeding study was conducted to determine how DSP toxins are 

compartmentalized within adult scallop tissues following ingestion of Prorocentmrn lima 

ceUS. 

Twenty-four pre-reproductive adult bay scdops (mean shell ht. = 38.63 mm, SD = 

0.50) were exposed to DSP-toxigenic P. lima cells (mean cell density = 80 ce& mL-') in 

an 80 L recitculating aquarium using methods described previously in 2.2.4. Triplicate 100 

mL samples of the P. lima stock were taken over the course of the exposure period (Oh, 

24h, 48h) to deennine whether the total toxin content andor relative toxin pro& of P. 

lima c e h  in the stock tank varieci over the two day period. 

AU of the scallops were removed and divided into three pools of eight scallops at the 

end of the two day exposure. The following tissues were removed fiom each scallop: 

viscera (s tomach-diges rive gland complex), go nad (including intestinal loo p section), 

mantle, gills and adductor muscle. Metanephridium and heart tissue were included with the 

viscem. Within each pool tissues were combined, resulting in triplicate samples of each 

tissue. The combined tissue samples, each pooled fiom eight scallops, provided highly 



concentrated extracts for the analysis of tolrins in non-viscerd tissues, which were 

hypothesized to be signincantiy lower in toxh content than viscetal tissue. Combined 

tissue pools were weighed, imrnediately immersed in 4:l (v:w) 80 % aqueous methanol 

and stored at -20 OC for iater toxin extraction and analysis. Tissues were immersed in 

methanol pnor to k z i n g  to avoid the possibility of toxin hydrolysis occurring during 

fieezing and thawing of sarnpies (Quüliam and Ross, 1996) which may have contributed to 

the toxin profie variations noted in Chapter 2. 

3.2.4. Long-tenn feedùig study 

A long-term toxin exposure and detoxincation study was conducted to detemine the 

kinetics of DSP toxin uptake, compartmentaiization and detoxincation in adult bay scaiio p 

tissues. Another objective of this study was to measure physiological indices of scallop 

feeding activity (clearance rate, absorption efficiency, fecal deposition) during the long- 

term toxin exposure period. 

Pre-reproductive adult bay scallops (n = 61, mean sheii ht. = 38.21 mm, SD = 3.89; 

mean total wet tissue wt. = 4.68 g, SD = 1.22) were enposed to DSP-toxigenic 

Prorocenmtm lima for 13 days in an 80 L aquarium at 17 OC, using methods descnbed 

previously in 2.2.4. Three scallops were rernoved at fiequent intervals for toxin analysis 

and replaced with scallops of similar size to maintain a constant number of scailops in the 

aquarium. ScalIops were immediately dissected into three tissue groups: viscera, gonad 

(including intestinal loop) and ail other tissues (including adductor muscle, mantle and 

gius). Wet tissue weights were detennined, foiiowing which the tissues were placed in 

plastic centrifuge tubes containing 9: 1 (v:w) 80 % aqueous methanol and temporarily 

stored on dry ice (< 6h). Samples were ultimately stored at -20 OC to await subsequent 

toxin extraction. 

Foilowing the toxin exposure period, scaüops were detoxified for one week by 

immediate tramfer to another 80 L aquarium containing the non-toxic diatom 

Thalassiosira weissflogii, which was continuously metered kom a column into the 

aquarium with a peristaltic pump to yie1d an approximately constant celi concentration of 



2500 ce& rn~- l .  ScaIIops were removed at m u e n t  intervals for toxui malysis, as 

ciescribed previously. To reduce the ch- of scaIIops re-ingesting toxk P. lima œUs 

nom fecal deposits, the entire volume of water in the tank was exchanged each &y. Fecai 

ribbons were collected from the aquarium each day and examuied microscopicaIIy for 

intact P. lima cells. After one week of detoxification in an enclosed aquarium, the 

rernaining scallops were trarisferred to a flow through seawater raceway supplemented 

with T. weissfrogii, fmm which scallops were sampied for toxin analysis for two more 

weeks. The remaining scallops (n = 6) were removed afkr eight weeks of detoacation to 

determine if any toxh remained in the tissues &r a prolonged depuration period 

Clearance rates, fecal deposition rates and absorption efficiencies of scallops were 

determined after one hour. three days, and eight days of exposure to Prorocentrum lima 

ce&. The same measurements were also detennined for scallops exposed to equivalent 

biovolume celi concentrations of Thahsiosira weissfIogii, one day prîor to exposure to 

P. lima and after five days of detoxification. Seven labekd scallops were removed from 

the aquarium and placed in the flow-through feeding chambers prevïously describecl (Fig. 

3.1). Algal suspensions (P. Iimo = Ca. 100 cells mL", T. weissflogii = Ca. 1600 cells 

were pumped from a stock tank into the feeding chambers using rnethods describecl in 

3.2.2. Cell concentrations in the feeding chambers were approximately the same as that 

which the scallops were exposed to in the aquarium. 

After allowing scalIops to acclimate for 90 min. in the feeding chambers, cbarance 

rates were measured as descnbed in 3.3.2. Fecal nbbons produced in each of the feeding 

chambers were gently removed using a Pasteur pipette and nItered ont0 preweighed. 

precombusted 25 mm Whatman GF/F fiiltes. Samples of conœntrated algal stocks (15 

mL) (P. lima and T. weissflogii) were also collected by vacuum filtration ont0 GFlF 

filters. Sait was removed nom the sampies by washing fiiters under vacuum with 10 mL 

4% ammonium formate. Fiers were temporarily stored on dry ice to prevent degradation 

of organic material, foliowing which they were drkà at 80 O C  for 48 h weighed, 

combusted at 450 OC for 6 h, and weighed again after cooling in a dessicator. Ail weights 

were detemine. to f 10 pg. 



The absorption efficiency (% AE) of organic matter ingested by the scallops was 

calcufated according to Conover (1966): AE = (F-E)/[(I-E) x FJ x 100. where F is the 

ash-fhe dry weight proportion of the algae and E is the ash-ke dry weight proportion of 

the feces. Ash-fke dry weight was determined as the dEerence between the dry and 

combusted weights of the nIters. k a 1  deposition rate (FDR) was determined as: FDR = 

DF/t, where DF is the dry weight of feces produced and t = time in feeding chambers. This 

value was standardized for a scaUop of 1 g wet weight according to: FDRs = FDRJWA 
where W = the wet weight of the scallop and b = the allomeîrk weight exponent (0.75) 

(Bayne and Newell, 1983). 

F e d  amples: To* conrposition and celL viability 

Fecd ribbons produced by scallops afkr tweive days of exposure to Prurucen~mm 

lima ceils were gently removed using a Pasteur pipette and rinsed by aiiowing to the feces 

to settle in a scintillation vial containhg fltered seawater (1 pm). Feces were vansferred 

by Pasteur pipette to another Mal containing filterd seawater and kept cool on dry ice. 

Fecal sarnpk were further subsampled to cietennuie the toxin pro&, and to establish 

viability of P. lima ce&. 

Fecal samples were prepared for toxin analysis by probe-sonicatîng (10 s bursts at 50% 

pulse-duty cycle) fecal ribbons in 2 m .  of 80% aqueous methanol for 3 min followed by 

centrifugation for 10 min at 4000 x g. The supernatant was fltered through a 0.45 pm 

cutridge-filter for anaiysis by LC-MS. 

Viability of P. lima cells within fecal ribbons was detennined by inoculating triplkate 

sampies of intact or disrupted (vonexed for 30 s) fecal nbbons in fïasks containing 200 

mL of K-medium. A 5 rnL sarnple of P. lima stock culture was also inocuIated in triplicate 

as a conuol for cornparison of ceil division rates. Cultures were exposed to a 1410 L:D 

photocycle at an incident irradiame of 90 pmol m-2 s*' at 17 O C .  Cell concentrations in 

each of the 5 s k s  were determined every seven days over a four week period by 

enumerating 5 rnL subsamples in a O. 1 mL Palmer-Maloney chamber under phase contrast 

microscopy ( l a  magnification). Division rates were calculated according to Guillard 

(1973) as describeci previously in 2.2.1. 



Fecal samples talren h m  scaiIops after two and twelve days of exposure to P. lima 

ce& were photograpbed at lOOOx magdïcation d g  Nom- interference microscopy. 

P. Irm œlls in the feces were examined for obvious visuai characteristics such as thecal 

integrity and œil motility. 

Toxins were extracted h m  scdop tissues accordhg to methods described in 2.2-5. 

Extract d u e s  were re-dissolved in 100 pL methanol and prepared for LC-MS analysis 

by œntrifbgation through a 0.45 pm cartridge-fdter. 

Prorocenmun lima samples (100 mL,) taken h m  the stock tank during the toxin 

uptake period were concenvated to fonn a pellet by centrifugation at 4000 x g for 20 min 

(4 OC). Immediately foilowing centrifugation, 80 % aqueous methanol was added to each 

pellet to a maLe up a volume of exactly 2.0 mL. &Ils were disnipteû by 10 s bursts of 

probe sonkation for 3 min and cenvifuged for 10 min at 4000 x g (4 OC). The 

supernatanu were centrifuged through a 0.45 pm cartridge-filter for LC-MS analysis. 

Algai and scdop tissue extracts were andyzed for DTXI. OA and OA esters by 

positive ion-spray m a s  spectmmetry fonowing iiquid chromatography as describeci in 

2.2.6. Sekted scallop tissue extracts were also anaiyzed for DTX4, a water soluble toxh, 

using the negative LC-MS ion-mode (Quiniam and Ross, 1996). Tu ensure that DTX4 

was not lost to the water-soluble phase during the liquid-muid partitionhg clean-up of 

scaIlop tissue extracts (see 2.2.6.). bth the water and lipid-soluble phases. as weli as the 

initial crude methanol extract, were subjected to LC-MS analysis. U3-W detection 

(puilliam et a l ,  1996) was used to andyze for D80A and DTX4 in algal and scallop 

tissue extracts. Both of these compounds contain conjugated double bonds included in the 

diol-ester chah, which fluoresce at 238 m. 

33.1. CeU density dependent clearancse ami ingestion rates 

Clearance rates of scallops exposed to Prorocentnrm lima cek declined exponentially 

over a concentration range of 36 to 426 cek ml,-' (Fig. 3.2a). Pseudofeces production 
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was only observed at the highest P. lima celi concentration tested (426 ce& rd,*'), 

therefore ckamnce rates couId not be calculated at this concentration since the number of 

cells rejected in the pseudofeces wodd have to be deterrnined. Maximum ingestion rates 

(CR x ceiI concentration) of P. lima cek occurred at cell concentrations of approximately 

130 ceb  mE1. 

Clearance rates of scallops fed quivalent biovohme concentrations of the non-toxic 

diatom 13ralassiosiru weissfbgii ais0 declined exponentiaüy with increasing ceU 

concentrations, however log-transforrned mgression equations indicate that the rate of 

decline this reiationship was much less than for P. lima cells *g. 3.2b). Although there 

was no signincant dflerence in clearance rates of scaIlops exposed to the two algal diets at 

P. lima equivaient biovolume cell concentrations below 150 cells mL-' (t-test, P > 0.05, n 

= 7), clearance rates were significantly lower for scailops exposed to P. lima at c d  

concentrations greater than 200 ce& mL1 (t-test, P < 0.0001, n = 7). The feeding 

behaviour of scaiiops appeared the same for both diets: scallops fed actively on P. lima, 

except at the highest celi concentrations, when scaiïop valves were observed to shut 

frequentiy. 

Mean total @TX1 + OA + D80A) toxin content of P. lima ceils in the stock tank was 

3.42 pg celi' (SD = 0.49) over the course of the two day feeding study. There were no 

significant ciifferences in either the total toxin content or the relative % molar toxin profile 

of P. lima c e h  sarnpled fkom the stock tank &ec 0, 24 and 48 h (repeated measures 

ANOVA, P > 0.05) (Fig. 3.3). 

After two days of exposure to P. lima ceh, total DSP toxin concentrations in viscerd 

and gonadal tissues were approximately 1 pg g*l whüe in the gls ,  mantle and adductor 

muscle toxin conçentrations were iess than 0.1 pg g-' (Fig. 3.4). Total toxin 

concentrations were slightly greater in viscerai than in gonadal tissues, however this 

ciifference was not signincant (t-test, P > 0.05). Although giIis, rnantle and viscera 

comprised most of the wet weight of the scallops (Fig. 3.4), most of the total toxh body 

burden was conhed to the Mscera (Fig. 3.5b). Gonadal tissue accounted for oniy 4 % of 
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Fig. 3.3. Relative % molar DSP toxin content of Prorocentrum lima cells in 
the stock tank over 48 h feeding experiment. 
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Fig. 3.4. Contribution of tissues to total wet body weight in bay scailops. 



TOTAL TOXlN BODY BURDEN 

Fig. 3.5. DSP toxin concentrations (a) and % contribution to total toxin 
body burden (pg) (b) in bay scallop tissues f'oUowing 2 day 
exposure to P. lima cells. Viscera composed of digestive 
gland-stomach cornplex. 



the wet tissue weight in the reproductively immature scaiïops, however 11 % of the total 

toxin body burden was -nt in this tissue. 

An examination of the relative % molar toxin composition of P. 1im ceiis and scallop 

tissues indicated that the dinoflagellate œlls contained a lower percentage of OA and a 

higher percentage of D80A and DTXl than the tissues (Fxg. 3.6a). This is aiso evident in 

the fact that both the ratios of OAfD8OA and OA-denvativedDTX1 were markedly lower 

in P. Zimu ce& than in any of the tissues exœpt for the gills (Fig. 3.6b). Among the 

tissues, mantle, adductor muscle, gonads and viscera ail had s i m k  tolrin pro&, 

characterized by a dorninance of OA, especially in the adductor muscle. The toxin 

composition of gis was intermediate between that of uigested P. l i m  ceUs and the O ther 

tissues. The ratio of OA-denvatives/DTX1 in the gih, which resembled that of P. lima 

celis, was signincantly less than in the other tissues (ANOVA, P = 0.0023). 

3.33. Effwts of toxins on feeding physiology 

Prorocentrurn limu ceii concentrations in the aquarium fluctuated around a time- 

weighted mean of 173 ce& w', d u ~ g  which time scallops ingested the tells at a mean 

rate of 1.57 x 106 ce& 6' g-' (SD = 9.9 x 16)  (Flg. 3.7a). Linear regression anaiysis was 

used to calculate the cumulative weight-specinc ingestion rate: IR = 2.0 x 106 cells 6' g-' 

@g. 3.7b). No mortaiities occuned over the 13 d exposure period, nor did scdops 

exhibit unusual feeding behaviour. In gened, scaiIops appeared to be unaffkcted by 

exposure to toxigenic P. lima cells. 

Weight-standardhaxi clearance rates of scallops varied signifïcantly over the pre- 

exposure, exposure and detoxitication period (one-way repeated measures ANOVA, P = 

0.0148, n = 7) 3.8a). PairWise multiple cornparisons indicated that clearance rates 

were significantly higher during the detoxincation period than prior to exposure to P. lima 

or duMg the £îrst three days of the exposure period (SNK, P < 0.05). There was no 

significant shift in clearance rates when scdops were changed nom a diet of ntaiassiosira 

wek@gii (pre-exposure) to P. lima. Clearance rates increased during the second week of 

exposure and continued to ciimb during detoxitication. 

There was no significant dflerence in the 96 organic matter content of pro roc en^ 

limu (mean = 80.4 96, SD = 4.6) or Thalassiosira weissfogii ce& (mean 79.0 %, SD = 



P. lima GlLLS MANTLE ADDUCT. GONAD VlSCERA 

P. lima GlLLS MANTE ADDUCT. GONAD VISCERA 

Fig. 3.6. a) Relative % molar DSP toxin content in Argopecten irradians tissues 
after two days exposure to Prorocentrum lima cells. b)  DSP toxin ratios 
in P. lima ceUs and A. irradians tissues. 
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9.2) (t-test, P > 0.05, n = 5). The absorption effiiciency (AE) of organic matter by scdops 

varied signifkantiy over the course of the feeding shidy (one-way repeated measures 

ANOVA on arc-sine t d o r m e d  vajues, P = 0.0003. n = 7) (Fig. 3.86). Absorption 

efnciencies were signiscantly bwer after three days of exposure to P. lima than at the 

beginnuig of the exposure period (SNK, P < 0.05, n = 7). Auhough AE values appeared 

to increase duting detoxiacation when scallops were retumed to a diet of T. weissfIoggi, 

this uKxease was not signiU.cant. 

Fécai deposition rates by scallops were not signincantly different over the exposure 

period (one-way repeated measures ANOVA, P = 0.0996. n = 7), fluctuating amund a 

weight-standardized (1 g wet weight tissue) mean of 325 pg dry weight h-' (SD = 60) 

@g. 3.8b). 

33.4. EffecfS O€ gut passage on Rorocenftum liina cells 

Microscopie examuiation of fecal samples (1000x magdkation) reveaied that intact 

and motile Prorocenmun lima c& were prevalent in scallop fecd ribbons throughout the 

exposure petiod. They were fkquently observed swimming within the fecal ribbons. as 

well as dong the exterior margins of the ribbons. suggesting that these ceIls had recently 

migrated nom the feces into the surrounduig d u m .  Evidence that some of the ingested 

P. lima ce& were digested during passage through the scallop gut was provided by the 

presence of P. lima thecal hgments and fke starch grande bodies within the fefes. A 

greater proportion of digested P. lima ceils within fecal ibbons was observeci at the 

beginning of the exposure period than during the latter portion (Fig. 3 .9 ,  coinciding with 

the observed decrease in absorption eficiency. 

Prorocentnun lima ceh contauied in fecal ribbons were able to divide at rates 

comparable to those of P. lima cultures when inoculated into growth media (Fg. 3.10). 

Growth curves were s i .  for ceh inoculateci h m  intact and dispersed fecal ribbons, 

indicating that P. lima ce& were capable of fieeing themselves h m  feces. 

Total DSP toxin content (DTX4 + D8OA + OA + DTX1) of Prorucenznun lima ceils 

fluctuated between 22.7 and 6.8 fin01 c e ~ '  over the exposnre period, averaging 12.4 h o 1  
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Fig. 3.9. NomarsS. interference photo rnicrographs of fecd samples produced 
by bay scaiiops after 2 days (a) and 12 days (b) of exposure to 
Prorocentrum lima cens at IO5 ceiis L-' 
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Fig. 3.10. Growth of Prorocentrum lima cells in K-medium after inoculation 
from either P. lima culture or fecal ribbons of Argopecten irradians 
foilowing ingestion of P. lima ceils (undisturbed and disrupted fecai 
nbbons). Error bars = 1 standard deviation, n = 3.  



ceIl-' (SD = 5.2) mg. 3.1 la). These values were expressed in units of b o l   ce^' rather 

than pg celt'l due to the considerab1y iarger mokular weight of DTX4 (1472.6) relative 

to OA (805.5). Mean total toxin content of P. lima ce& was 10.0 (SD = 4.2) ifexpressed 

in temu of pg OA eq.  ce^'. Total toxin content of scallop tissues as determineci by U3- 

MS was < 1% of the cumulative toxin ingested by the animais over the exposure period 

Fig. 3.1 lb). Aller 13 days of exposure to P. ümo ce&, scallops had ingested an estirnated 

197 pg total DSP toxin g wet WC', however total toxui concentration in whole scallop 

tissues peaked at only 1.00 pg g-' after 8 days of exposure (Fig. 3.10~). Thus. toxin 

accumulation efikkncy (% TAE) in scdop tissues decreased exponentially fkom 8.1 % 

afkr oniy 2 hours of exposure to approximately 0.4 % for the remainder of the study (Fg. 

3.1 lc). Total toxh concentration in whole scaliop tissue exceeded DSP toxin regdatory 

levels of 0.2 pg g wet wt." accepted in Europe and Japan (Quilliam, 1995) after only 18 

hours of exposure to P. lima. A decrease in total toxin concentration in scailop tissues 

obse~ed  midway through the study (8 d) coincided with the presence of P. limo cek 

containing low levels of toxin. 

Temporal patterns of total DSP toxin content in viscera, gonad and other tissues 

(rna.de. giUs and adductor muscle) were simüar during the toxin exposure penod although 

toxin uptake rates were greatest in visceml and gonacial tissue (Fig. 3.12). Pearson 

product-moment correlations indicated that total toxin concentrations in each of the tissue 

compartments were significantly correhted during the toxin uptake period (P < 0.05). Ln 

ail tissues toxin content peaked after 8 days, foilowing which a decline in toxin leveis for 

the remaining 5 days of exposure coincided with a su bstantial decrease in the toxin content 

of ingested P. lima ceh. Over the course of the uptake period. toxin concentrations in 

each of the tissue compartments foiiowed the same rank order: viscera > gonads >> other 

tissues. 

Tissue wet weights. expressed as percentage of to ta1 body weight, remaineci constant 

throughout the uptake and detoxification penods. Viscera, gonad and other tissues 

averaged CU. 21%. 5% and 74% of the total body weight, respectively (Fig. 3.13a). 

During the uptake period, viscerd tissue comprised most (76%) of the total toxin body 

burden W B ) ,  while gonadal and other tissues accounted for 1 1% and 13%. respectively 
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Fig. 3.12. Temporal pattern of DSP toxin uptake and Ioss (hatched area) in 
Argopecten irradians tissues dunng a 13 day exposure to Prorocentrum 
h a ,  followed by a 3 week detoxification period. Error bars represent + 1 
standard deviation (n = 3). 
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Fig. 3.13. Contribution (%) of Argopecten irradians tissues to: a) total wet body 
weight; b) total DSP toxin body burden. 



(Fijiig 3.13b). During the k t  two days of detolrification, viscerd tissue represented 96% of 

'LTBB, after which virtndy ai i  of the remaihg toxin load was confinecl to this tissue. 

Total toxîn concentration in gonads was compared to the condition index (gonad wet 

weigWtotai body wec weight x 100) to detefmine whether the reproductive condition of 

gonads had an eflect on DSP toxin content in this tissue, however no significant 

correlation existed between the two variables (Pearson product-moment correlation, P = 

O. 15). 

Detoxifkation in ail tissues followed an exponential pattern, however tolcin release 

rates were fat more rapid in gonads and other tissues than in viscera (Fig. 3.14). 

Detoxification data was fitted to the general exponentiai loss equation: Tc = T & ~ ~ ,  where 

Tt = % of toxin concentration at start of d e t o ~ t i o n ,  h = exponentiai decay coefficient 

and t = tirne (d). Toxin 105s fiom the viscera appeared to foliow a biphasic pattern, 

characteriad by a rapid release of toxuis during the initial 16 hours of detoxincation (30 

9b of the original toxin load), followed by a much more gradua1 detoxification process 

over the ensuing weeks. although a higher sampling frequency would be required yo 

confinn this pattern. Exponentiai l o s  CU- were fitted to viscera data after the k t  &y 

of detoxif'ication. Whik toxin loss h m  viscerai tissue was cakulated to be 8.4 96 d-l, 

gonads and other tissues detoxined far more rapidly at rates of 50 % dm' and 68 % d-', 

respectively. Toxin ieveis in gonads and other tissues were undetectable within 5 days of 

detoxificatio n, ho wever toxin concentrations in viscerd tissues still rernained at kvels 

aMve regdatory limits (1-2 pg g visceraral) after 11 days of detoxüïcation No DSP toxins 

were detected in viscerai tissues after two months of detoxifcation. 

Live Prorocentmm lima cek were observed by microscopy (400 X magnification) in 

f e d  ribbons produced by scdops up und  the fourth day of detoxincation. Pigments and 

thecal fkagments derived korn digested d si os ira weissfZgii cells were abundant in 

fecal samples, however, unlilre P. lima ceh, very few of these diatom œih were intact 
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Fig. 3.14. Loss of DSP toxuis from Argopecten irrdiatts tissues following 
exposure to DSP-toxigenic Prorocenmun lim. Detoxification rates 
fitted to the generai exponential loss equation: T, = T,e-h, where Tt = 
toxin concentration (pg g-l) T, = toxin concentration at beginning of 
detoxification (T, = 16 hours for viscera), 71 = exponential decay 
coefficient (% d-I) and t = time (days). 

Viscera: Tt = 1 .87e4-088, 6 = 0.62 
Gonad: Tt = 0.96e4-6m, ? = 0.80 
Other tissues: Tt = 0.09e-l- 13', ? = 0.90 



Relative toxin composition (46 rnoiar) of Promcentmm lima cells and s d o p  tissues 

over the periods of toxh uptake and detoxification is depicted in Fig. 3.15. As detennined 

by U3-W analysis, DTX4 was detected in P. lima cell extracts in extremely variable 

amounts (0-5.5 b o l  œ~').  Wh* the re-e proportions of OA and DTXl in P. limo 

samples remained fairly constant over the exposure period, D80A levels fluctuated 

UiverseIy with its sulfated parent toxin, DTX4. 

Analyses by both LC-W and negative ion-spray LC-MS failed to detect DTX4 in any 

of the extract phases taken f?om viscerd tissues on day 8 of the exposure period, at which 

time toxin concentrations had reached maximum kvek in the scallops. Since DTX4 was 

not detected in these samples. no other scailop tissues extracts were analyzed for D m .  

In viscerd tissues, D80A was the principal toxin present, fluctuating inversely with OA 

throughout the toxin u p a e  and detoxifïcation periods mg. 3.15). Temporal changes in 

the relative concentrations of D80A and OA Ï n  viscetal tissues were not signiscant when 

tested by luiear regression analysis (Ho: dope mers &om zero), however a significant (P 

= 0.00 15). yet slow, decrease in the relative concentration of DTX 1 occurred during the 

toxin uptake period. LeveIs of DTXl (96 rnolar) were constant in viscerai tissues during 

debrrification, 

Levels of D80A and OA also wkd inversdy in gonadal tissues throughout the feeding 

study, however uniike in viscerai tissue, the two toxuis were present in rehtively 

quivalent proportions. There was no temporal trend detected for any of the toxins in the 

gonads. AIthough mantle/gilVadductor tissues were sampIed less fkequently during the 

exposure period, a sig-ant enrichment in OA (Iuiear re&ression, P = 0.0076) and a 

decrease in D80A (P = 0.0265) occurred in this tissue cornpartment over the tirne-hune 

of the ~ptakefdeto~cation study. 

A trend common to each of the tissue compartments, as weU as ingested P. lima ce&, 

was the relatively stable leveis of DTXl compared to the large fluctuations of other OA 

deri~tives~ In general, for each of the compartments studkd, DTXl accounted for 10 - 20 
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Fig. 3.15. Relative (% molar) composition of DS P toxins in Argopecfen irradiaru 
tissues and ingested Prorocentrum lima ceUs dunng toxin exposure and 
detoxification periods (begiming of detoxification indicated by dashed 
line). 



% (molar) of the total toxin present. The remainder varied widely among OA, D80A and 

DTX4. 

The toxh composition of scallop feces produced on day 12 of the uptake study was 

almost identical to that of P. fima ceh and was characterized by the presence of D m 4  

(Fig. 3.16a), indicating that a large proportion of the feces was composed of intact P. lima 

ce&. Mean (averaged over the whole uptake period) arcsine transformeci levels of 

individual DSP toxuis in scdop tissues were compared to P. lima ce& by painvise 

multiple cornparisons (Dumet's test, P < 0.05). D80A ievels were significantly higher in 

viscetal and other tissues than in P. lima ceils, whik OA levels were higher in visceral and 

gonadal tissues. There was no significant dinerence in DTXl levels between tissues and 

duioflagehte ce&. Cornparisons between tissue compartments indicated that gonadai 

tissues contained significantly more OA and less D80A than either visceral or other 

tissues. OA e ~ c h m e n t  in gonads was also apparent when the OA/D80A moiar ratios 

were examinai @g. 3.16b). The ratio of ail OA derivatives (DTX4 + D80A + OA) to 

DTX1 was similar for P. lima cells and non-viscerd tissues, however viscerd tissues were 

e ~ c h e d  in OA derivatives compared to DTXI, especially during the detoxincation phase, 

when the visceni contained significantly lower proportions of DTXl than during the 

uptake period (t-test, P < 0 .00  1) (Fig. 3.16~). 

3.4. Discussion 

Shed-term feeding responses 

At Prorocen~rn lima concentrations of 1 0  cells mL ( i d  celis L-'), adult bay scailops 

ingested the toxigenic celis as readily as equivalent biovolurne concentrations of the non- 

toxic diatom Thalassiosira weissjl~gii~ However, scallop clearance rates were much more 

inhibited by increases in P. lima ce11 concentrations than of T. weisflogii. This evidence 

indicates that dthough bay scaliops appear unaffectecl by exposure to DSP-toxigenic P. 

lima at concentrations of id c e h  L-', higher cell concentrations cause scaiiops to rapidly 

d u c e  feeding rates, presumably to reduce exposure to the ha- effects of DSP toxins. 
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It is possible that scallops have post-ingestive mechanisms to protect themselves fiom 

DSP toxuis whiîh may become overwhelmed at high ceii concentrations. This would force 

scaiiops to cope with the toxins ushg pre-ingestive rnechanisms, including reduceù 

clearance rates, pseudofeces production and intermittent valve closure, aJI of which were 

obsemed at very high concentrations of P. lima. Peak ingestion rates d e t e d e d  at 130 P. 

lima ce& mL" indicated that scallops were probably ingesting P. lima cells at maximal 

rates throughout both the juvenile and adult long-tenu feeding studies, during which ceii 

concentrations were maintaineci at approxirnately 100 - 200 cells mL'. 

Short-term loadùig of scdops with DSP toxins indicated that most of the total toxin 

body burden was confhed to the viscera (77%), whereas gonadai tissue comprised a 

smakr, yet signincant portion (1 1%). Although the subsequent depuration study indicated 

that high DSP toxin levels in gonadai tissues were deriveci fiom labüe toxin cornponents in 

the intestinal loop section of this tissue, shellnsh marketing authorities should nonetheless 

be wmed that bay scaliop roe can become quite toxic during exposure to DSP toxigenic 

dinofiagellates. Gilis, mantle and adductor tissue each contained only 4% of the total toxin 

load and can be considered low risk tissues for DSP toxin accumulation. Due to the very 

low toxin concentrations in each of these tissues (c 0.1 pg g-'), they were combined and 

treated as one cornpartment for the subsequent long-term toxin uptake and depuration 

smdy. 

Examination of DSP toxin profiles revealed that aD of the scallop tissue compartments 

were e ~ c h e d  in OA relative to P. lima cells, presumably due to hydrolysis of the D80A 

component following ingestion of ce&, as suggested in the previous chapter. Since D80A 

is not considered to be a phosphatase inhibitor (Hu et aL, 1995). the D80A to OA shift in 

scallop tissues represents an increase in total toxicity. Also consistent with the resuits of 

the juvende toxin uptake study, was the decrease in relative DTXl content in tissues 

compared to P. ünia ceik, supporthg the hypothesis that DTXl rnay be selectively 

eliminated from scahp tissues at a slightly faster rate than OA-denvatives. An interesthg 

result of this study was the unique toxin pro& exhibited in gih, which contained a higher 

percentage of DTXl and a lower OAID8OA ratio than other tissues. The resemblance of 



the gilI toxin composition to that of P. lima celis suggests that a significant portion of the 

toxin component rnay have been denved from intact P. lima ce& trapped amongst the gill 

filaments. Although scallops were lightly rinsed with filtered seawater prior to dissection, 

it is quite plausible that mucilage aggregates of newly fïItered P. lima ceUs rnay have 

remained amongst the gin filaments foflowing excision of the tissue. Although total toxin 

content in adductor muscle was low, it should be noted that this cornpartment contained 

the highest and Iowest proportions of OA and DTXI, respectively. This evidence lends 

support to the hypothesis that D80A is hydrolyzed to OA, and DTXI ici seiectively 

eliminated as DSP toxins are subjecred to scallop digestive processes, since toxin located 

in the adductor muscle represents a component which has already been digested and 

transferred from the viscera. 

As was the case with juvenile bay scallops, when exposed to toxigenic Prorocentmm 

lima ceiis, adults ingested the ceils over a two week duration without suffering any 

mortalities. Feeding parameter measurements suggested that bay scaüops rnay use post- 

ingestive selection to cope with DSP toxins ingested with P. limu ceb. Absorption of 

organic matter from ingested food decreased by approximately 25% when scdops were 

changed kom a diet of non-toxic diatoms (nialassiosira weissfrogii) to toxigenic P. lima. 

Since both species of rnicroalgae were composeci of 8046 organic matter, it cannot be 

argued that P. lima is assimilateci las efficientiy due to poorer organic content. One 

explanation for the lower Ai3 for P. lima ceUs is that the ce& rnay not have been as easiiy 

digested as those of T. weisflogii. The rapid increase in clearance rates exhibiteci when 

adult scdops were depurated on a diet of non-toxic diatoms rnay have been an attempt by 

the scallops to compensate for nutritional losses incurred during exposure to P. lima cek. 

This suggests that dthough scallops were able to survive two-weeks of exposure to 

toxigenic P. lima, longer toxin exposure rnay have resulted in nutritional deficiencies and 

poor growth. 

Fecal deposition rates of scailops were unafkted by exposure to P. lima, 

demonstrating that scailops did no t enhance elimination of DSP toxins via decreasing gut 

residence times. However. an apparent increase in the incidence of intact P. lima ceiis in 



fecd ribbons during the latter portion of the exposure period suggested that the 

proportion of intestinal feces (ingested materiai that bypasses the digestive gland) may 

increase a k r  extended P. ltma exposure. An important finding of uiis study was that P. 

lima cefi were able to survive gut passage and subsequently divide in culture media This 

evidence dernonstrates that a substantial rkk is incurred when shellfish stock are 

transferred fiom areas where DSP-toxigenic svains of P. lima exist, since release of live 

cek in fecal pellets can seed new sites with this dinoflagellate. Aquacuiturists should be 

advised to aJlow stock to clear gut contents for at lest  three days in contaùied tanks pnor 

to introduction to a new site. 

Torin uprcrke ami deputafion 

Adult bay scallops accumuiated DSP toxins at rates rapid enough to exceed regulatory 

levels (0.2 pg g-l whok tissue") in las than 18 hours. However, since overall toxin 

assimilation efficiency in scallop tissue was iess than 1%. the initial toxin load was lürely a 

result of newly ingested P. lima cells in the gut (including intestinal loop passing through 

the gonad). This point is fûrther supported by the similatity between fluctuations in P. 

lima cellular toxin content and tissue toxin content. The observed decrease in DSP toxin 

concentration in tissues midway and again at the end of the toxïn exposure, was clearly a 

result of decreases in the cellular toxin content of ingested P. lima celis. In each of the 

tissue cornpartments, toxin Ioads peaked on the eighth day of exposure, coinciding With a 

peak in cellular DSP toxin content of 22.7 b o l  ceK1. The close coupling of tissue toxin 

load with cellular toxin content strongly suggests that DSP toxicity in scdop tissue was 

mainly derived h m  labile toxin components which experience a short residence tirne (c 1 

&y) in scallop tissues. The labile toxin load would have been a result of both intact and 

recently digested P. l i m  cells. primarily conhed to the scallop gut. This would account 

for both the relatively high toxin level in gonadal tissue and low levels in mantle. gilLs and 

adductor, since the gonad includes part of the intestinal tract while the other tissues have 

little direct contact with the gut. Evidence that gonadal toxin content was independent of 

its condition index supported the hypothesis that DSP toxins in gonads were composai of 

a labile intestinal component rather than a sequestered k t i o n  in the actual tissue. These 

findïngs are favourable for shellnsh growers, since toxin accumulation in gonadal tissue 



would present a long-term marketing problem for tissue consumption, as weU as pose a 

threat to the reproductive capacity of maauing gonadal tissue. 

Depuration of DSP toxins fiom bay scailop tissues reiterated finciings that the majority 

of the toxin load in scalIops was composed of a labile component. Rapid detoxikation of 

gonadal tissue and the giivmanWadductor cornpanment in les  than 5 days demonstrateci 

that DSP to& were poorly, if at ail. bound to these tissues. Moreover, this evidenœ 

suggests that non-viscerd tissues should be easily rendered fit for human consumption via 

depuration following DSP toxin contamination. An apparent biphasic detoxification 

patterns exhibited in visceral m u e  suggests that DSP toxhs were present as both a labile 

and bound fiaction in this tissue. Rapid release of approxirnately 30% of viscerai toxin 

during the first 16 hours of depuration was likely a result of evacuation of intact and 

partMy digested P. l h  ceIl via fecal deposition. However, depuration of the remaining 

toxin load in the viscera occurred at a considerably slower rate (8.4% 4'). and represents 

toxins that were bound to gut tissue. Persistent presence of DSP toxins in the visera even 

after two weeks of detoxincation indicates that scdop viscerd tissue is not iikely to be 

depurated easily in the event a DSP incident However, rapid Ioss of toxins h m  non- 

viscerd tissues suggests that regulatory authorities shouid test both sets of tissues for DSP 

toxkity since adductor and gonadal tissues appear to be fit for consurnption long before 

viscerd tissue is fk of toxins. 

Analyticai methods for the detection of DTX4, a slightly water-soluble derivative of 

OA, were developed at the t h e  the present study was conducted. Evidence of DTX4 in 

Proroœncnirn lima cek fed to scaiiops added another dimension in the examination of 

DSP toxh transformation in scaiïops foIlowing ingestion of P. lima ceils. Although DTX4 

in cell extracts was detected at ievels slightly less than D80A and OA, it is assumeci, 

accordhg to the results of Quilliam and Ross (1996), that DIX4 was the principle cellular 

DSP toxin component prior to rupture of cek via the extraction process. Failure to detect 

DTX4 in scaliop tissue indicates that this compound was hydrolyzed to D80A and OA 

upon digestion of P. lima cells by scaiIops. This pmcess may have been facilitateci either 

by scaiiops digestive enymes or by esterases endogenous to P. lima cells. Detection of 



DTX4 in fecal pellets connniled the pfesellce of live, toxin-producing ceiis in the feces and 

suggests ihat DIX4 in live P. lima ce& present in the scallop visoera was hydrolyred 

during homogenization of the tissue for toxh extraction. 

Amongst scallop tissues, relative toxin composition was simüar with the exception of 

evidence of OA encichment in gonadal tissues. Results o f  this study suggest that toxin in 

this tissue is connned to the intestinal loop, therefore it is possible that digestive processes 

iduencing hydrolysis of DTX4 to D80A are more compkte in this section of the 

digestive tract than in the viscera which would contain recently ingested cells as weii as 

digested materiai. Further support for the hypothesis that DTXl is selectively eluninated 

fiom scaIIop tissues was provided by detoxification data, which revealed a lower 

proportion of DTXl in the viscera d u ~ g  the detoxification stage than during toxin 

uptake- 



Chapter 4. Biotransformation processes 

4.1. introduction 

As weil as understanding pathways of phycotoxin uptake and loss in shellfish, 

hiowwge of metabolic c o n d o n s  of talons following ingestion of toxigenic rnicroalgae 

by bivalve moiluscs is also o f  cntical importancertance Such biotransformations can lead to 

dramaric shifts in net tissue toxicity (Brjcelj and CembeIla, 1995; BriceIj et al. 1990), and 

possîbly redt  in the appearance of & nuw toxins not previoudy detected m ingested 

macrOalgal celis (Cembeiia et ai.. 1993). Such conversion processes can be fâditated by 

enymes dmved h m  either shellnsh digestive glands or ingested microalgal ceh. 

A combmation of physical (Beninger and Le Penoec. 1991) and chernical (Seiderer et 

al, 1982) digestive processes that operate within the gut of bivalve mo1luscs presents a 

multitude of complicating factors for attemp ts to distinguish toxin conversion processes 

linLed to shellosh digestive enzymes h m  cataboh processes endogenous to ingested 

cek. To aIleviate th& problem, researchers examining paralytic shelkh toxin conversions 

have incubateci purified PSP tarins with s b e f i h  tissue homogenates ( S h m  and 

Yoshioka, 1981; Suliivan et al. 1983). thereby eliminating any physical processes induced 

by live animais- Although QuiLüam and Ross (19%) demonstrated that DTX4 in P. lima 

ceh can be hyddyzed to D80A and OA following ceiI disnipticm, questions remained 

conceming the fate of this metabolic pathway in shellnsh tissue. Therefore. an U, vitro 

toxin incubation experiment, similar in design to those describeci above, was employed in 

the present study to determine the main factors responsible for the conversion of DSP 

observed in bay scaiiop tissue in the previous h ~ o  chapters. 

4.2. Materiaïs and Methods 

4.2.1. In vibo inaibation of DSP tuxins with v k e d  and gonadal tissue 

V i i d  and gonadai (including intestinal loop) tissues were excised separately h m  

aduit bay d o p s  (n = 7) (mean sheU height = 38.6 mm). weighed and immediately 

homogenized with 4 1  ( rw)  50 mM Tris HCI b e e r  (pH = 7.9, while cooling in an ice 

bath. Enymatically inactive homogenates were obtamed by pIacing 1.5 mL aliquots of 



each homogenate in 2 mL plastic microcenvifuge tubes, foUowed by immersion in boiling 

water for 2 min. 

Suspensions of ruptured Prorucentmm lima ceils were obtained by passing c d  pellets 

(50 m .  of culture œntrifbged at 4000 x g for 10 min) resuspended in 0.2 mL 50mM Tris 

HC1 buffer through a chüled French press. Pressures produced by the press exceed IO 

Kpsi and are sufEicient to rupture P. limn cells without hanning the activity of endogenous 

enzymes liberated €rom dis~pted cek (Quilliam and Ross, 1996). 

Pnrified DSP toxins produced by P. lima cultures were obtained nom Dr. J. Wright, 

Institute for Marine Bioscknces, Halifax, NS. Aithough a toxin solution containing only 

DTX4 was preferred for this study, this was not possible due to the degradative nature of 

DTX4. Therefore, the toxin solution containecl DTX4 accompanied by slightly lower 

concentrations of D80A OA and DTXI. Aîiquots (350 pL) of purifïed toxin solution 

were incubated in 1.5 mL plastic microcentrifuge tubes with tissue homogenates according 

to Table 4.1 Each tube coniained one of several different homogenates chosen to 

determine biotransformation processes of DSP toxins in the presence of scdop  andlor P. 

lima endogenous enzymes. 

Incubations were performed in duplicate at room temperature (CU. 22 O C )  and sampIed 

at intervals of O, 0.5, 4 and 22 h. At each interval, incubation tubes were vortexed for 30 s 

foliowing which, 100 pL aliquots were removed from each tube and combined with 400 

pL of methanol in a 1.5 mL centrifuge tube, thereby arresting enzymatic activity. It is 

important to note that the initial 'thne O' sample actualIy occurred afier 30 s of vortexing, 

during which time the toxins were briefly exposed to enzymatic actîvîty. Toxins were 

extracted by centrifuging sarnples at 6600 x g for 3 min, foilowing which the supernatants 

were decanted. Pekts were rinsed with 100 of 80% aqueous methanol centrifuged, 

and the combined supematants were evaporated to dryness in a vacuum cenuihige. 

Foiiowing resuspension in 100 pL of 80% aqueous methanoi, extracts were passed 

through a 0.45 prn cartridge-nlter (Millipore Ultrafiee-MC) and transferred to crimp- 

topped autosampler vials for toxin analysis and quantitation by LC-W @80& DTX4) 

and positive ionspray LC-MS (O& DTXI) as previously described in sections 3.2.5 and 

2.2.6, respectively. 



Table 4.1. Solution volumes (mL) used for in vitro incubation of purified DSP toxins 
with scaiIop tissue homogenates andor P. lima ceJi homogenates. Incubation solutions 
are a s  follows: C = control; BV = boiied viscera; BG = boiied gonad; FV = ''fksh'' 
viscera; FG = ''fksh'" gonad; PL = ruptured P. lima celi homogenate; FV + PL = fksh 
visera combined with P. finia homogenate. 

C BV BG FV FG PL FV+PL 

DSP toxin solution 350 350 350 350 350 350 350 

Tris Buffer 350 150 150 150 150 200 - 
Vira homogenate - - - 200 - - 200 

Boiled visera - 200 - - - - - 
Gonad homogenate - - - - 200 - - 

Boiled gonad - - 200 - - - - 
P. lima homogenate - - - - - 150 150 

Total volume (pL) 700 700 700 700 700 700 700 



4.2.2. I n  vitro incubation of Rorocerrtnrm lurtcr ceüs wiîh visœral tissue 

A 50 mL culture of Prorocentwn lima (age = 90 days, stationary phase growth) was 

cenvifuged at 4000 x g for 10 min. The supernatant was decanted to waste and the pellet 

was resuspended in 5 mL of Tris HC1 buffer (pH = 7.5). Ceils suspended in the buffet 

solution were observed to be intact when examinecl under phase contrast microscopy. 

Aliquots (700 pL) of the P. lima suspension were incubated with 700 p L  of either Tris 

HCl buffer, scallop viscera homogenate or boiled (2 m h )  viscera hornogenate in 1.5 mL 

plastic microcentrifbge tubes. Incubations were performed at room temperature and 

sampled (100 pl,) at intervals of 0,0.5, 4 and 22 h. Toxins were extracted as described in 

4.2.1. and andyzed for DTX4 and D80A by LC-UV. 

4-3-1. TorQn incubations 

Anaiysis by U3-W indicated that concentrations of DTX4 decreased over the 22 h 

incubation petiod in ali of the samples (Fig. 4. la), however this trend was much more 

rapad and pronounced in incubations that included ruptureci P. lima cell homogenate. In 

these samples, DTX4 concentrations decreased to approxirnately 50% of the initial 

concentrations in the control incubations after only 30 s exposure to P. lima homogenate. 

After an incubation period of 30 min,, DTX4 was not detected in either of the samples 

containhg P. lima homogenate. Thus, hydrolysis of DTX4 was rapid in the presence of P. 

lima homogenate and the inclusion of scdop viscera homogenate did not appear to have 

any additional effects. In the incubations that did not contain P. lima homogenate, DTX4 

concentrations remainecl relatively constant during the k s t  4 hours of incubation. After 22 

h of incubation, Dm4 levels had decceased to 30% of initial concentrations in the control 

and 6096 and 75% in fresh visçera and gonad incubations. 

A rapid increase in D80A concentration during the fkst 30 min. of incubation provided 

evidence that DTX4 hydrolysis to D80A had occurred in both of the incubations 

containing P. lima homogenate (Fig. 4.lb). Net increases in D80A were not apparent in 
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Fig. 4.1. Concentrations of DTX4 (a) and D8-OA(b) in homogenates incubated 
with purified DSP toxins, as analyzed by LC-UV. 



the incubations that did not contain P. lima homogenate, with the exception of a slight 

D80A inmase in the fresh gonad incubation (38%). 

Positive ion-mo& E M S  analysis was ody perfonned on the convol fresh viscera 

and P. iimo homogenate + fksh  viscera incubations. DTX l results were used to normalizlp. 

concentrations of the okadaic acid derivatives (DTX4, D80A and OA). Normalized 

results indicated that ail of the toxins remained at relatively constant levels in the control, 

contrasting with the incubation containing P. Lima homogenate combined with scallop 

viscera, in which DTX4 was rapidly hydrolyzed to D80A during the first 30 min. of 

incubation followed by a more gradua1 hydrolysis to OA over the following 22 h (Fg. 

4.2). In the incubation containing only viscera homogenate, a slight decrease in DTX4 

levels over the 22 h incubation period was accompanied by a s m d  increase in D80A, 

while OA levels appeared to remain constant 

4.3.2. P. lima cell incubations 

As analyzed by LC- W ,  DTX4 concentrations in the control homogenate rernained at 

levels near 0.9 p M  during the first 4 hours of incubation, however after 22 hours, the 

D'LX4 concentration had decreased by approximately 80 % (Fig. 4.3a). Initial DTX4 

concentrations in boiled viscera homogenate were substantially Iower than the control and 

remallied at this level for the duration of the incubation period. In fresh viscera 

homogenate, initial DTX4 concentration was 90% Iower than the controi, after which the 

concentration of this toxin decreased to negligible Ievels by the end of the incubation 

period. 

Concentrations of DSOA in the control homogenate followed a similar temporal 

pattern as DTX4, characterized by a marked decrease after 22 hours of incubation (Fig. 

4.3b). In both of the visera homogenates, D80A concentrations increased during the fkst 

30 min. of incubation, foliowed by a substantial decrease in this toxin over the rest of the 

penod. Although D80A patterns were similar in the two viscera homogenates. the sharp 
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Fig. 4.2. Concentrations of DTX4 (a), D8-OA (b) and OA (c) in homogenates 
incubated with purified DSP toxins. DTX4 and D8-OA analyzed by 
LC-UV. OA analyzed by LC-MS. Toxin concentrations normalized to 
D'T'XI, as analyzed by LC-MS. 
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Fig. 4.3. Concentrations of DTX4 (a) and D80A (b) homogenates incubated with 
intact Prorocentrum lima cells, as analyzed by LC-UV. 



initiai inmase was much more pmnounced in the enzyrnatkaily active 'fresh" viscera 

homogenate. 

4.4. Discussion 

In the pfesence of mptured Prorocenmun lima ceii material, hydrolysis of DTX4 to 

D80A was complete within 30 minutes of incubation, followed by a more gradual 

conversion of D80A to OA during the remaining 22 hours. These results are consistent 

with the findings of Quilliam and Ross (1996) which suggest that the rapid conversion of 

DTX4 and the much slower conversion of D80A may be a result of two distinct esterase 

pathways. The addition of bay scailop viscera homogenate to incubations already 

containhg mptured P. lima rnay have slightly increased the conversion rate of DTX4 to 

D80& however the o v e d  contribution of scdop viscerd enzymes to these metabok 

reactions c m  be considered insignif~cant 

Although conversion of DTX4 to D80A was evident in visceral and gonadal 

homogenates, simjlar results occurred in control incubations, and in boiled tissue samples 

in which enymatic activity had been arrested. In these sampIes, significant degradation of 

DTX4 did not occur untii afkr 4 hours of incubation, suggesting that transformation was 

occuming due to spontaneous hydrolysis of DTX4 rather than a result of enzymatic 

activity. Transformation of D8OA to OA only took place in incubations contaking P. finia 

esterases, demonstrating the greater s tability of D8OA relative to DTX4. 

Incubation of intact P. lima cells with scallop tissue homogenates revea%d that duMg 

the initial hours of incubation, transformation of DTX4 to DSOA was most evident in the 

k h  viscera sample, suggesring that P. [ima ce& were lysed by viscerd enzymes causing 

P. lima esterases to hydrolyze cellular DTX4. D u ~ g  this period, however, significant 

DTX4 degradation also occurred in the presence of boiied viscera Since enzymatic 

activity was destroyed by boiling, P. lima cek must have been ruptured by exposure to 

non-enzymatic chernical activity denved fiom viscera tissue. Although the Tris HCI b&er 

was intended to maintain a stable pH environment (pH 7.5) in the incubations, it is 

possible that digestive acids reieased kom viscera tissue may have causd P. lima ce& to 

lyse. Acidic conditions in mussels guu were also suggested by Briceij et aL (1990) as 



envkonments conducive to hydrolysis of PSP toxinî produced by the dinoflagellate 

A l d w n f w i d y e n s e .  Fdy. hydmlysis of both DTX4 and D80A in ail incubations 

a k r  22 hours was clearly a result of P. lima ceii lysis due to poor conditions for ceII 

maintenance, 

nie resuits of the in viao incubation study can be applied to hdings obtained from the 

feeding experîments to constnict a hypothesbd pathway of DSP toxin metabolism in bay 

scaîiops 4-4). FoiIowing ingestion of DSP-toxigenic P. ümcc ceUs by scaliops, the 

ce& would be mptured due to physical and chernical digestive processes that occur in the 

scaiiop gut, including the gMding action of the chitinous crystallllie style in the stomach 

(Beninger and L e  P e m ,  1991) and the catabok activity of a wide spectmm of enzymes 

secreted by the style and digestive glands (Seiderer et aL, 1982). As demonstrated in the 

present study, lysis of P. lima cek results in the release of esterases that rapidly hydrolyze 

DTX4 to DSOA and more slowly degrade D80A to OA. The dinerential rate of 

breakdown of the two toxins would explain the absence of DTX4 and relatiw1y high 

proportions of D80A in scaliop tissues during the feeding experirnents. Although, bay 

scallops do not appear to have esterases capable of eflkiently hydrolyzing D80A to OA, it 

is possible that other species of bivalve mo~uscs may be capable of such enzymatic 

activity. In this case, it wouid be expected that OA would be the predominate toxin 

accurnulated in tissues. resulting in increased net toxicity due to the phosphatase inhibition 

activity of OA. 



~i~~ 4.4. Diagramatic representation showing biotransformation of DTX4 to OA- 
di01 ester (D80A) and OA via digestion and rupture of P. lima cells 
in bay scailo p stomach/digestive tract. 



Chapter 5. General summary and conclusiuns 

Exposure to DSP toxigenic Prorocentmm lima cek had very fittle effect on the 

feeding physiology of juvenile and addt Argopecten irradians. nor did any mortalities 

occur. Clearance rates of bay scdops feeding on P. lima were comparable to those 

reported in othet studies of A indians ingesting non-toxic diatom cells at simiIar 

biovolume concentrations (Pierson, 1983; Bricelj and Kuenstner, 1989; BciceIj and 

Shumway, 1991; Palmer, 1980). Previous studies involving bivalve moiluscs feeding on 

PSP toxigenic dinoflagellates have described a wide range of physiological effects 

exhibited by bivalves, including feeding inhibition and mortalities (Bardo uil et al., 1993; 

IPCser and Shumway, 1993), while others reported no apparent eEects or feeding 

inhibition (Bricelj et ai., 1990; Bricelj et al, 1991). SUnilarily. Whyte et al. (1995) 

observed no adverse reactions when Mytilus edulis were exposed to ce& of Pseudo- 

nitzschia rnultiseries containing the neurotoxin domoic acid. Aside fiom the present study. 

the only examination of the effect of DSP toxigenic algae exposure on bivalve feeding 

actinty reported that P. linta had no influence on physiology, behaviour or s u ~ v a l  in 

MytiIus edulis (PiUet and Houvenaghel, 1995). Under naturd conditions, evidence of 

shellnsh mortalities during exposure to dense blooms of DSP toxigenic Dinuphysis spp. is 

seidom. if ever described, however there are many reports of sheWh mass mortalities 

upon exposure to blooms of paralytic shellnsh toxin producing dinofiagellates (Shumway. 

1990). Furthemore, blo oms of no n-DSP toxic Prorocenhcnz mininum have caused large- 

scale mortalities of juvenile bay scallops (Wikfors and Smolowitz, 1993) and oysters 

(Luckenbach et a l ,  1993). Yet juvede bay scallops exhibited 100% survival when 

exposed to toxic cells of P. lima in the present study. It is clear that, akhough DSP 

toxicity in shellnsh is a serious pro blem for human consumption, adverse effects on scdop 

survival and feeding activity are minimal. 

Okadaic acid and its derivatives are powerful cytotoxins that cause phosphorylation in 

a broad range of animals and plants (Van Egmond, 1993; Dickey et aL, 1993; Terao et al. 

1993), however as noted by Windhust et a l  (1996). there is very little known regardhg 



the effect of these compounds on marine animals. The evidenœ depicted in the present 

study, suggesting that bay scallops are not affected by exposure to DSP tolrigenic celis, 

impiies that these animais are able to protect themselves kom the effects of the toxins. 

Shumway et aL (1987) postulated that when bivalves are exposed to toxigenic algal ce&, 

they wül often cope with the toxin by either closing their valves, thereby arresting feeding 

activity completely, or by employing feeding mechanisms to reduce the amount of toxin 

accumulateci. Re-ingestive methods to reduce ingestion of toxic ce& would include 

reduced filtration rates or rejection of cells as pseudofees. Throughout the long-tenn 

feeding studies, bay scailops exhibited neither of these strategies when exposed to P. limu. 

At concentrations greater than 400 ce& rn~-', however, pseudofeces production was 

observed and clearance rates were significantly reduced relative to the non-toxic control 

diet Pre-ingestive rejection of P. lima ceUS ody at high ceii concentrations may have been 

ernployed by the scaIiops as a secondary adaptation if post-ingestive feeding mechanisms 

were overwhelrned by too many ce& in the gut (Bayne et ai., 1984). Similar results were 

reported by Pillet and Houvenaghel (1995) who noted that M. edulis feeding rates were 

lower for DSP toxic P. lima celis than non-toxic P. micans cek at ceiL concentrations of 

1OOO ceh L", however there were no differences at concentrations of 100 cells L-' 

Post-ingestive feeding mechanisms used by bivalves to select for and against ingested 

particles were demonstrated by Shurnway et al. (1985) using flow-cytometric methods to 

examine celi composition in fecal ribbons. Although Ostrea edulis preferentially ingested 

Prorocentmm minimum celis relative to other dgal species, these authors argued that the 

high incidence of P. mininum hgments and intact cells in the fecai rîbbons indicated that 

these ceils were selectively rejected from the animal's gut. Post-ingestive strategies by bay 

scallops are proposed here to reduce DSP toxin absorption when exposed to P. lima as a 

food source. Evidence for post-ingestive rejection of P. lima c e h  is provided by the 

observed decrease in absorption efficiency (AE) exhibited by adult bay scdops foilowing 

a change of diet fkom T. weissfogii to P. lima, and by the m u e n c y  of live P. lima ceUs in 

fecal ribbons. While absorption efficiencies of bay scailops feeding on T. weissfogii cells 

were remarkably similar to those reported by Bricelj and Kuenstner (1989) and by Pierson 

(1983) for A. irradians feeding on the same diatom species, lower absorption efficiencies 



for P. lima cells resembled those of scaiiops exposed to tells of poorer nutritive quality 

than T. weissflogii (Pierson, 1983). Cranforxi and Grant (1990) notd that AE values for 

sea scallops were correlated with the organic matter content of the ingested food. Since P. 

lima and T. weissjlbgii were determïned to be equal in relative organic matter content 

(80%). the decrease in AE during P. lima exposure was Iilcely a result of P. l i m  cek 

king Lzss digestible than the diatoms. An alternative hypothesis is that the decreased 

absorption of P. lima organic material by the scabps may have been an attempt to W t  

DSP toxin absorption. Aithough AE values for bay scailops exposed to P. lima cells were 

comparable to those of other bivalves (eg. Mercenuria mercenaria, Mytilus edulis) 

exposed to ce& of PSP toxin-producing Alaarzdrium spp. (Bricelj et aL, 1990, 1991), 

PSP toxins were accumulated into tissues at much higher levels than those determined for 

DSP toxins in the present study. 

The present study is the first to demonsvate the survival of DSP toxigenic algal cells in 

bivalve fecal ribbons. Similar studies (Scmtt  et aL, 1993; Bricelj et aL, 1993) showed 

hes..r PSP toxui-producing Alexandriicm ceils could s u ~ v e  and repmduce foilowing 

passage through the gut of M y t i l u  edulis. Scarratt et ai. (1993) reported that after 3.9 h 

of depuration, almost ail of the Alexandrium ceils were gone fkom the fecd ribbons and 

recornmended that 12 h of purging should be sufficient to rid mussels of toxic ceUs prior 

to transfehg stock to new waters. Passage of P. lima ceb in bay scaiiop guts occurred 

over a much longer timescale, as demonstrated by the presence of iive ceiis in fecal ribbons 

after as much as 3 days of depuration. Since scdops were continudy ingesting T. 

weissflogii cells during the depuration perhd, it is appears that the residence time for P. 

lima cells greatly exceeded the normal gut passage t h e  for particles in the bivalve guts 

(Scarratt et al, 1993). Bomber et aL (1988) reported that live P. lima cells have been 

found attached to the viscera of tropical f i h  and suggested that the ability of these ceiis to 

survive in fish viscera for extended periods represents an important system of dispersai for 

this species. Sirnilarily, the slow passage of P. lima cells in scaiiop guts represents a risk of 

dispersing celis to new aquacultuce sites via stock transfer. Furthemore, the ability of P. 

lima to adapt and s u ~ v e  in a wide variety of benthic environments (McLachlan et ai., 



1994; Bomber et al, 1985) irnpües that celis reieased into a new site via fecd deposition 

from transferred stock would have a high probability of long-tem survival and growth. 

5.2 Tonin uptake, aimpartmentaüzation and detoxification 

Although DSP toxin concentrations in shellfish rissue commonly surpass regdatory 

ievels (0.2 pg g whole tissue-') in Japan and Europe where blooms of toxic Dinophysis 

spp. are common, levels rarely approach those reported for PSP toxin accumulation in 

bnmlve tissue (> 100 pg STXeq g-') under natural conditions (Shumway and Cembelia, 

1993) and during laboratory feeding studies (Briceij et al, 1990). Peak DSP toxui 

concentrations reported for bivalves exposed to natural blooms of Dinophysis spp. are 

consistently in the range of 0.5 to 2 pg g-' whole tissue (Underciai et al, 1985; Lernbeye et 

aL, 1993; Zhao et aL, 1993) and I to 10 pg g-' digestive gland tissue (Sechet et al, 1990; 

Hageltom, 1989; Haamer, 1995; Della Loggia et ai, 1993; Quilliam et al, 1993; Cannody 

et al ,  1995; Aune and Yndestad, 1993). The highest DSP toxin kvels reported in the 

liierature, 17 pg g-' digestive gland (Rodriguez et al, 1989) and 40 pg g-' digestive gland 

(Gago et aL, 1991), occurred in mussels exposed to Dinophysis spp. blooms in the 

Spanish Rias. In the present study, bay scallop viscera tissue attained peak toxin Ievels at 3 

to 6 pg g-', which agrees very well with values reported in the literature. Thus, it appears 

that the low DSP toxin accumulation efficiency exhibitecl by bay scallops emulates f d i n g  

processes that occur in scallops and mussels during exposure to DSP toxigenic algae 

under natural conditions. These observations are supportexi by a field study by Haamer et 

al (1990) in which DSP toxin leveis were much lower than expected for mussels feeding 

on Dinophysis ceils in a Swedish fjord. The authors suggested that an OA blocking 

mechanism may operate within the mussels and hypothesized that such processes could 

include valve closure, reduced clearance rates, decreased absorption or an increase in 

depuration. The results of the present study argue against a reduction in feeding processes 

as a toxin blocking mechanism, and support the hypothesis that bivalves are able to 

maintain relatively low DSP toxin levels primarily via efficient toxin elimination. 

In juvenile and adult bay scallops, the majonty of the DSP toxin load was confinecl to 

the viscerê Although toxin concentrations were relatively high in adult gonadal tissue, 

rapid detoxification rates for gonads irnpkd that toxicity in the gonads was represented by 



a labile component confined to the intestinal tract, rather than bound to the tissue. This 

evidence agrees with observations for Mytilw edulis in which DSP toxin concentrations in 

digestive tissue were seven (Vernoux et ai., 1994) to ten (Pikt et al.. 1995) times greater 

than that of the other tissues. Data for pardytic shellfish toxins &O indicate that tolrin 

loads are greatest in viscerai tissue during periods of toxin uptake (Bricel.. et aL, 1990), yet 

foilowing the loss of labile toxins during depuration, most of the bound PSP toxins are 

ofken localized in non-digestive tissue including man& and gill tissue (Bricelj and 

CembeIla, 1995). In bay scaüops, DSP toxins were only bound to Msceral tissue as 

demonstrateci during depuration by the slow loss of toxins fiom this cornpartment as 

compared to ai l  other tissues. This evidence suggests that during periods when DSP 

toxigenic dinofiagellates are present in the water colurnn, aU of the scallop tissues 

represent a potentiai tonin risk due to the presence of labile toxins kom recently ingested 

toxic celis. However during depuration petiods, toxicity wouki only be expected to be 

associated with visceral tissue, and possibly gonads, due to the inclusion of the intestine 

with this tissue. For areas prone to DSP toxicity, it may be advisable for shellfbh growers 

to culture bivalve s p i e s  which do not include the viscera tissue as a market product 

Scaüops, for example, can be sold as adductor muscle alone, which does not sequester 

DSP toxins above regdatory levels. However mussels are consumed as a whole animal 

product. and could be kept off market for extended periods if DSP toxins persist in 

visceral tissue. 

Detoxification of the viscera was identified by an immediate and substantiai loss of DSP 

toxins during the initial 16 h of depuration foliowed by a much slower Ioss over the 

subsequent weeks. Similar detoxincation patterns have been observed for the loss of PSP 
I 

toxins fkom Mytilus edulis (Silvert and Cembeila, 1995) and Mercenaria mercenaria 

(Briceu et al, 1990, 1991). prompting Silvert and CembeUa (1995) to hypothesize that 

such a pattern can be modelieâ as a two-stage process consisting of a rapid loss of labile 

toxins followed by a slow release of the bound fraction. 

Bricelj et ai. (1991) used general exponential equations to describe the second-stage 

loss of PSP t o x h  fkom tissues of Mercenaria mercenaria. The same approach was 

employai in the present study to describe the reIease of DSP toxins f?om bay scallop 



tissues. Unfortunately, since other studies have ody attempted to report depuration of 

DSP t o x h  nom shellEish in descriptive terms, it is ~WEcult to compare data in the existing 

fiterature. To facilitate such comparisons, exponentid decay equations were fitted to data 

extracted !kom DSP studies in which toxin concentrations in depurathg shellosh were 

reported (Fig. 5.1). Thus. DSP toxin loss rates can be compared between studies as 

percentage loss 6' or toxh half-life in tissues vable 5.1). 

As expected, detoxification rates of bay scailop non-visceml tissues were much faster 

than those caicuiated for viscerd tissues nom other studies. Bay scallop viscera detolrified 

at a rate of 8.4% d-'. which compared extremely weli with data reported by Japanese 

researchers for loss of DSP toxins fiom the blue mussel Mytilus edulis (Yasumoto et aL, 

1978) and fkom the Japanese scallop Pntinopecten yessoensis (Tazawa et a l ,  1989). 

Küruchi et aL (1992) reported simiIar detoxification rates for P. yessoensis depurated on a 

diet of the diatom Chaetoceros septenrrionalis, yet when an alternative diatom 

nialasiosira was us&, loss rates were hdved. MarcaiIlou-Le Baut et al (1993b) 

reported loss rates similar to the present study for M. edulis depurated in naturd ponds, 

yet animals depurated in laboratory tanks on a diet of the flagellate Tetraselmur were very 

slow to detoxify. Natural basins also proved very effkctive sites for depuration of Adriatic 

mussels (Mytilus galbprovinciallis) which were toxin-6ree withui 22 days (Poletti et al., 

1996). Rates of DSP toxin loss fiom mussels at aquaculture sites in Mahone Bay, Nova 

Scotia were found to be slightiy faster in one study (Qu- et aL, 1993), yet slower in 

another case (Gilgan et al, 1995), than for bay scallops in the present study. This 

similatity is significant since the isolate of Prorocentmm lima used as the DSP toxin 

source in this study originated from Mahone Bay and is considered a suspect as the 

causative organism of DSP in that region. 

Ovedi,  the DSP detoxincation rate detennined for bay seailop viscerd tissue in the 

present study was comparable to rates calculated for elimination of DSP toxins fiom O ther 

bivalve species in the laboratory and in situ (Quilliam et a l ,  1993; GiIgan et al, 1995; 

Yasumoto et al, 1978; Tazawa et aL, 1989). However, such comparisons must be made 

with caution due to the variety of toxin analysis methods used for each study. As 

discussed previously in this thesis. mouse assays are not necessarily specinc to DSP toxins 
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Fig. 5.1 Release of DSP toxins from bivalve mollusc species. Exponential decay 
curves fitted to data from studies listed in Table 5.1. 



Table 5.1 Detoxification races of DSP toxins from digestive tissues of bivalve mollusc species. Detoxification data from cited studies 
were Fitteû to the general exponential loss equation: Tt = T&$ where Tt = % of toxin concentration at start of detoxification, To = 
initial toxin concenuation, h = exponential decay coefficient and t = time (d). Toxin concentrations from mouse bioassay data was 
converteci according to Rodrigue2 et al. (1989), where 1 pg DSP toxin g-' = 4 mouse units (MU) 
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in sitrr; Mahone Bay, NS 
Tank 
Tank, fed Thalassiosira 
Tank; fed C. 
sepiennkmalis 
In situ; Japan 
Tank 

Aquaculture pond 
Tank 
Aquaculture pond 
Tank 
Aquaculture pond 
Tank 

LCMS 

LCMS 
HP=-FD 
Mouse assay 
Micobial inhibition 
M icobial inhibition 

ELISA 
HPLC-FD 

HPLC-FD 
HP=-FD 
HPLC-FD 
Mouse assay 
Mouse assay 
Mouse assay 



and could result in inaated toxin values due to the presence of fatty acid derivatives in the 

extracts used for the assays. This may explain the extrerneiy slow detoxification rates 

calcuiared for mouse assay data reported by MarcaiiIou-Le Baut et a l  (1993a). 

Furthemore, it is difncult to compare detoxification rates between various bivalve species 

due to spies-specific diffierences in feeding physiology, as shown for PSP toxh 

depuration studies (Shumway, 1990). 

Several studies have relateci very slow DSP detoxincation rates for mussels under 

naturai conditions. In Norway (Underdal et a l ,  1985; Dahl and Yndestad, 1985; Sechet et 

a l ,  1990) and Sweden (Haamer et aL, 1990) low ieveis of DSP toxicity have been found 

to remah in mussel tissue throughout the winter following toxin uptake from exposure to 

bloorns of Dinophysis spp. the previous autumn. Similar patterns of winter DSP toxin 

persistence have b e n  reported for mussels depurated on the Italian @eh Loggia et aL, 

1993; Boni et aL, 1993) and French Mediterranean coasts (Belin, 1993). Dahl and 

Yndestad (1985) suggested that mussels were slow to detoxîfy due to low metabolie rates 

resuiting fkom cold water and poor food conditions during the winter. Accordiig to Bayne 

(1985). mussels respond to the environmental stress of poor food quality by reducing 

clearance rates, lengthening gut residence times and increasing absorption efficiency. Since 

low ceii concentrations of Dinophysis ce& often occur sporadicaily at the above sites 

duMg the winter (Della Loggia et al, 1993; Underdal et al, 1985), winter DSP toxin 

persistence in mussels may be a combined result of unusuaily efficient absorption of DSP 

toxins Eorn ingested Dinuphysis c e k  and very slow gut clearance and rates. This 

hypothesis was supported by Haamer's (1995) observation that mussels in Sweden 

detoxified most rapidly at the onset of the spring bloom when high concentrations of non- 

toxic diatoms were once again avaiiable for mussel consumption. 

5.3 Toxin composition and biotrdormation 

The recent discovery of ester derivatives of okadaic acid (Hu et aL, 1992, 1993, 1995) 

poses questions cntical to the unders tanding of DSP toxin chemis try, es peciaily regulato ry 

strategies for detection of these toxins in sheiilïsh for public consumption. Although 

okadaic acid-di01 esters (D80A) do not appear to be phosphatase inhibitors, both its 

biochemical precursor (DTX4) and end-product (OA) exhibit such cytotoxic activity (Hu 



et al, 1995). New evidenœ indicating that OA can be a poweriùl tumour promoter needs 

to be investigated fu r i lw  to detennine whether OA-esters are also tumourgenic. In any 

case, given the bioconversion pathways Iuikllig OA ester derivatives to OA (Quilliam and 

Ross, 1996). regulatory authonties should consider such compounds as potential tomiis. 

Prior to the present study, no information was available regarding the accumulation and 

transformation of OA-esters in sheWish tissue, either in vivo or in v i m  

QuiIliam and Ross (1996) hypothesized that DTX4 rnay be hydrolyzed in she lbh  via 

the activity of digestive enzymes. In vitro experiments performed in the present study 

demonstrated that DTX4 ïs indeed rapidly hydrolyzed in bay scailop viscera, however the 

transformation is solely a resulr of endogenous esterases denved nom ruptureci 

Promcentmm lima celis. Conversion of DTX4 to D80A occurs aimost immediately upon 

digestion of P. lima ceh in the gut of scailops. The absence of DTX4 in scallop tissues 

following ingestion of P. lima cells indicates that this compound is uniikely to be present 

in sheliiïsh tissue. It is more W y  that any DTX4 wiü be hydrolyzed to form D80A or 

OA D u ~ g  f&g studies, D80A comprised a major portion of the total DSP toxin load 

in aii tissue cornpartments of bay scaüops. This evidence, combined with the relatively 

slow rates of conversion of D80A to O& should be a concem for regulatory authonties 

which rely on detection methods specific to OA and DTXl. Although the HPLC-FD 

ADAM method yields better quantitative data than mouse bioassays (QuiUiam, 1995) it is 

unabie to detect D80A or other OA-esters which do not have a fke carboxylic acid 

endgroup. Thus, there is a high probability that potentiai DSP-toxicity in the form of OA- 

esters is king overlooked by shellnsh monitoring programs. Numerous reports of erratic 

OA concentrations in sheilfïsh tissues (PiUet et aL. 1995; Haamer et al, 1990; Marcaillou- 

Le Baut et al., 1993a) may shply  be a result of biotransformation processes occurring in 

tissue samples. In the present study, D80A and OA concentrations in scallop tissues 

fluctuated inversdy throughou t the feeding studies, however when total toxin 

concentrations were taken into account, the results were not nearly as erratic. Previous 

studies of DSP toxicity in shellnsh did not analyze for OA-esters and rnay have 

misinterpreted fluc tuating toxin concentrations due to bioconversion processes as erratic 

toxin uptake. Although in the present study, anaiysis of OA-denvatives by LC-MS proved 



to be a very effective tool for determining the composition of DSP toxins in scaüop 

tissues, routine DSP monitoring programs must rely on sirnpler, iess costiy methods. Since 

HPLC-FD analysis cmot  detect potentïai toxins in the form of OA-esters, regulatory 

authorities should consider using LC-UV detection to analyze for diol esters and Dm4. 

Perhaps an even simpier and more conservative solution wouid be to hydro lp  ail OA- 

esters in shellfish extracts to OA, thereby converthg potentiai toxins to OA for HPLC-FD 

analysis. 

Significant biotransformation pathways were not apparent for DTXl in bay scallop 

tissues. However, slight decreases in D ' E l  concentrations in scallop tissues relative to P. 

h a  cells suggested that DTXl may be either selectively eliminated by scallops or less 

etnciently retained in the tissues. An aitemative explanation is that DTXl had undergone 

biochemical conversion to a cornpound not detected in the K - M S  analysis. Yasumoto et 

a l  (1989) suggested that DTX3 may be fomed in vivo in scdiop (Patinopecten 

yessoensis) digestive glands via acylation of D'CX 1. This hypo thesis was based on the fact 

that DTX3 was detected in scallop tissue yet was never found in Dinophysis cells 

implicated in causing DSP toxicity. Sirnilar evidence of the presence of DTX3 in mussel 

viscera firom IreIand was reported by Marr et al (1989). Since DTX3 was not analyzd for 

by LC-MS in the present study, the possibiüry remaùis that a portion of DTXl ingested by 

bay scalIops was biotransfonned to DTX3 via acylation. Further analysis of bay scdop 

viscera extracts using LC-MS configureci for detection of DTX3 is required to investigate 

such a possibiiity. 

This study has demonstrated that the epibenthic dinohgellate Prorocenhcm lima can 

act as a vector for DSP toxins in sheiitkh tissue. In the bay scaiiop, Argopecten irradians, 

tolrigenic P. lima ceUs were ingested without any inhibitory effect on clearance rates, 

except at concentrations greater than 400 ce& rnL-', at which point scaiiops reduced 

feeding rates by intermittent valve closure and pseudofeces production. Detrimental 

effects on feeding physiology were not apparent in either adult or juvenile bay scdops 

during exposure to P. lima, nor were any mortalities observeci, suggesting that DSP- 

toxigenic algal blooms pose little threat to bay scailop populations. 



Aithough DSP toxin concentrations in bay scailop tissues surpasseci accepted closure 

levels in some countries (0.2 pg g-' whob tissue; Andersen. 1996) within 18 h of exposure 

to P. lima ceUs, after 2 weeks of exposure ovedi  DSP toxin retention was less than 1% of 

that ingested by the scaiiops. This suggests that scallops are able to prevent signincant 

DSP toxh accumulation via efficient detoxification mechanism. Furthemore, it does not 

appear that DSP toxins are easily bound to scallop tissues, with the exception of the 

viscera which retained DSP toxins during three weeks of depuration. Gonadal tissues can 

becorne highly toxic during exposure to toxigenic microalgae due to newly ingested celis 

and labile toxin in sections of the intestine that loop through the gonads. Depuration 

rendered gonads fke  of toxins within three days. indicating that DSP toxins were not 

sequestered in this tissue. 

In generai, the results of the present study, as well as data reported in the literature, 

suggest that DSP toxins can be efficiently depumted fkom shelifïsh when the animais are 

exposed to a non-toxic food supply. However, in the case of P. lirna. there is a real risk of 

contaminating clean waters with this dinofiagellate due to its ability to survive in fecal 

pekts r e W  from depurating shef ih .  

Conversions of DSP toxins in bay scaiiop tissues occurred as a result of the activity of 

esterases released fiom lysed P. lima ceUs subjected to physical and biochemical digestive 

processes in the scailop gut. The major DSP toxin component in ingested P. lima celis. 

DTX4, is hydrolyzed immediately in scallops to fom D80k Transformation of D80A to 

OA occurs over a span of severai hours, resulting in these compounds existing in roughly 

equal proportions in scallop tissues. Uniike the fluctuations O bserved for OA-derivatives in 

scallop tissues, DTXl leveis were datively stable. However, slight decreases in the 

relative proportion of DTX 1 in scdop tissues reIative to ingested cells implies that either 

DTXl is selectively eliminated over OA-derivatives in scdops, or that DTXl is converted 

to an undetected compound, possibly DTX3. 

Prorocenmm lima is indeed capable of causing DSP toxin uptake in bay scailops 

under laboratory conditions. Yet, the question still =mains: is it possible for P. lima to 

cause DSP toxicity in bivalve molluscs in the natural environment? Aithough occasional 

blooms of P. limn have been observed in the water colurnn (Van Egmond, 1993), this 



epiknthic dinoflagellate is primarily found growing on either the benthos or on surfaces of 

macroalgae (Faust, 1995; Bomber et aL, 1985). Macroalgal cover, often termed "slub" by 

east Coast Canadian shellnsh growers, is commonly found attached to mussel socks and 

scallop lantern nets. In Spain. DSP toxigenic ce& of P. lim have been found growing on 

macroalgae associated with musse1 rafts (ICES, 1992; Lee et ai., 1989). Although DSP 

toxicity in mussels is common in Spain, most evidence suggests that the toxicity is caused 

by dense blooms of Dhophysis spp. (Reguera, 1993). In Mahone Bay, Nova Scot& 

where chronic low levels of DSP have been detected in cuitured rnusseis since 199 1, DSP 

toxins have never been detected in concentrated net had material taken during blooms of 

Dinophysis spp. (M. Quilliarn, Institute for Marine Biosciences, pers. comrn.). Yet, 

examination of macroaigal growth on mussels socks has revealed the presence of P. lima 

growing on the seaweed in very close proxunity to the mussels (J. Lawrence, Ddhousie 

University, Dept. Oceanography, pers. comrn). The results of the present study suggest 

that P. lima ceIls wouid likely be ingested by shellfish if the ceils were resuspended fkom 

the macroalgae, or perhaps fiom benthic sediments underneath the socks. 
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