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Phycotoxins: Physiology and Production

J.E. Stewart and D.V. Subba Rao

ple who have eaten filter-feeding shellfish
(molluscs) which have fed on toxigenic al-
gae, thereby accumulating large amounts
of the toxins. Many of these toxic episodes
have resulted in fatalities and others in tem-
porary and permanent disabilities. In ad-
dition, a number of studies have implicated
marine toxins in large fish kills in the wild
(adult and larval fish), major kills of ma-
rine mammals (whales, porpoises, and
seals), as well as threats to cage cultured
finfish, e.g. the microcystin-like toxin caus-
ing Netpen Liver Disease resulting in seri-
J.E. Stewart D.V. Subba Rao ous mortalities among farmed salmon.

In addition to the toxigenic aspects, an

i Paralytic Shellfish Poisoning in the Bay of X
Introduction Y 9 Y arresting and important element, which has

Phycotoxins ([phyco = seaweeds andFundy, the recorded instances of Diarrhetic | "o i1 received attention. is the role
algae] plus toxins) are a diverse group of Shellfish Poisoning on the Nova Scotian planpkton plag// as vectors for disease agent
poisonous substances produced by variousouth shore, and the domoic acid in Scal'propagation and transmission. A recent
aquatic plants in marine and fresh waterslops from Georges Bankin 1995 toname & . (Patzet al. 1996) examining the
throughout the world. Not all aquatic plants few. The problems caused by PhyCOtOX'nsquestion of climate change and infectious
produce toxins; and among those that do,in freshwater are often the result of bloomsdiseases looked at the data on the
notall, even from the same genera and speof cyanobacteria (formerly known as blue- g0 550najity of cholera outbreaks. The
cies, produce toxins at all times and undergreen algae) which make the waters toxic,. 5 ;sative agent the bacteriumibrio
all circumstances. In addition, problems resulting in large losses among wildlife and ;yo1erae adheres to the surfaces of both
with toxins occurring in shellfish are expe- domestic animals. In the marine environ- 5,y toplankton and zooplankton and is
rienced commonly when no algal blooms ment the most newsworthy occurrencesyransported and transmitted along with the
have been noted, e.g. much of the chronichave been major intoxications among peo-pjankton to shellfish and thence to humans;
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the bacterial numbers parallel the plankton
numbers and the bacterium lives on contri-
butions of nutrients exuded by the plank-
ton. Thus the cholera outbreaks, which are
a function of the numbers &f cholerag
increase with the plankton numbers in the
spring and fall. Other bacteria have been
observed as resident on plankton, and the
evidence is increasing showing that plank-
ton are an important vector for spread of
diseases in water. This is of major conse-
guence to public health generally and to
aquaculture operations in particular, e.g. as
indicated by Nese and Enger (1993) who
found the salmon pathogeXeromonas
salmonicida(the causative agent of furun-
culosis) carried on marine plankton in the
vicinity of the salmon net pens.

Following the 1987 domoic acid/mus-
sel crisis the decision was taken to incor-
porate a national perspective in dealing with Figu.re: 1.T0).(igenic ta.xa: aPseudonitzschia multiserigs. Alexandrium tamarense
phycotoxins. Accordingly, the Phycotoxing C Dinophysis norvegica
Working Group (PWG), composed of rep-
resentative toxin investigators from all Atlantic Canada the current legally permitted maximum in
Department of Fisheries & Oceans (DFO)  |n Atlantic Canada, marine toxins pose Canada. Consumers of the mussels suffered
regions, was formed. Itis a national advi- three major threats. These are Paralyticn intoxication which resulted in about 150
sory and program management body whichghe|ifish Poisoning (PSP) caused by mem-People being hospitalized; around a dozen
reports to the National Science Directors’ pers of the saxitoxin group, Amnesic Shell- Were seriously and apparently permanently
Committee (NSDC) and is concerned with fish poisoning (ASP) caused by domoic disabled, and ultimately 3 definitely and
research projects whose objectives include:acid, and Diarrhetic Shellfish Poisoning Possibly a total of 5 died as a direct result

(DSP) caused by a family of toxins which Of the intoxication.
+ identification of algae and microorganisms jnclude okadaic acid and related

that produce harmful blooms or toxins dinophysistoxins, pectenotoxins and Diarrhetic Shellfish Poisoning has been
* investigation of the distribution of these or-  yessotoxins (Fig. 1 and 2). confirmed recently in the Maritimes; anec-

ganisms and the environmental factors that dotal evidence, however, suggests that it has

control this distribution Paralytic Shellfish Poisoning resulting been present for a long time. Elsewhere it

« investigation of the nature and magnitude  from toxins produced by dinoflagellates is believed to be produced by marine algae
of the impact of phycotoxins on aquaculture occurs on both Canadian coasts. In the eagPinophysissp. and others), but its actual
and harvest fisheries it has occurred chronically in the Bay of Source in Atlantic Canada has not been

« identification and quantification of toxins by Fundy and upper Gulf of St. Lawrence with id_entiﬁed yet. TO date it has not been con-
chemical or bioassay techniques and devel- periodic outbreaks elsewhere such as théidered as serious a problem locally as the
oping innovative, simple analytical method- lower portion of the Gulf of St. Lawrence other two toxins.
ologies that address both research and prodand Newfoundland. In 1987, the problem _ _ o
uct certification requirements of shellfish poisonings broadened dramati-  In discussing the problems arising from

« establishment of the role of toxins in nature Cally with the addition of a new neurotoxin, toXins a .fa'[a|I.StI(E ‘T"tt'IUde IS common!y
and competitive impacts on other species; d0moic acid, which caused a condition sub-adopted in which itis stated that the toxins

4 sequently named Amnesic Shellfish Poi- Will always be with us and that the sim-

soning. This toxin was produced by a dia- Plest and most successful course would be

tom, the name of which evolved from to0 learn how to manage around the toxins.

. o o i i i . This course may, in fact, be valid for

* investigation of the fate of toxins in nature Sli';zzhlz T;%i?fgg?%g;ﬁ;ig;:ﬁ;@? domoic acid in mussels which rid them-

foodweb transfers, biotransformations . . S . . .
( ) nitzschia multiseriesThe mussels cultured Selves of it readily, but it does not apply to

development of warning systems, predictive . . ) ; ; ;
P g systems, b in Cardigan Bay, Prince Edward Island, fed domoic acid or PSP in scallops or other
models and countermeasures; and

: sar : on a bloom of this diatom and accumulatedSpPecies which retain these toxins. It should
* investigation of the effects of toxins on massive levels of the toxin, i.e. up to 900 be remembered that the toxin problems are
aquatic organisms. mg/g of soft tissue which is about 45 times cOmpletely analogous to the problems

« elucidation of the dynamics of blooms an
toxin production (nutritional, physiological,
biochemical and microbial)
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acid mainly after growth has entered the Studies by Stewast al. (in press) with
stationary phase. This phase occurs aftebacteria isolated from close associations
the nutrients sustaining exponential growthwith P. multiseriesevealed that, of the four
are depleted or culture conditions have de-P, multiseriesstrains examined, each had
teriorated. In either or both events the cul-at least one strain of associated bacteria ca-

“, & COOH

My N ture has entered a period of physi(_)log_icalpable of producing, from glucose, large
& stress (Paat al.1996a,b), as shown in Fig- amounts of gluconic acid/gluconolactone.
; ure 3. When the culture was grown in me- Each diatom strain also had other bacterial

Domoic Acid (DA)

dia in which the concentrations of phospho-strains which grew best with amino acids.
rous or silica were below the required opti- |t was concluded that these bacteria lived

mum, domoic acid production was en- i, 3 symbiotic relationship with the diatom.
hanced; this enhancement of domoic acidgrther studies showed the multiseries

was eliminated proportionately by adding 4rown under standard conditions and in

to the growth medium graded amounts of jiterant salinities had substantial amounts
phosphorous or silica, thereby overcoming glucose free in the cell, and at the high-

the ?“t”gﬁ“ strle?_s ('lz'%'. 4hand 5)- tth?lum est salinity accumulated a substantial quan-
was found in refatively high concentrations tity of sorbitol, a presumed osmolyte.

CHy

Dinophysistoxin - 1 (DTX1)

Figure: 2a Toxins: Domoic acid (DA), at Cardigan in 1987 and through growth

Okadaic acid (OA), Dinophysistoxin-1 (DTX  studies was shown to enhance significantly . .

1 : . . Thus, ingestion, by mussels or other
) the production of domoic acid bw.

o - molluscan shellfish, of masses of tRe
multiseries,as shown in Figure 6 (Subba S L )
multiseriescontaining varying levels of

. _ _ Raoet al, in preparation). Another influ- domoic acid. as occurred during the 1987
posed 150 years ago by infectious diseasesence is the ammonium concentration; Bates Ic-acid, u uring

These proved to be amenable to investigaet al. (1993) showed that very high con- domoic aC'd/mussel crisis, ‘{VOUld br!ng to-
tion; the basic understanding derived re-centrations of this ion tended to inhibit 9€ther the ingredients required to give rise
sulted in diagnostic procedures, prediction, growth of P. multiseriescompared to to the circumstances detected within the
protection, and cures. Exactly the samegrowth with the same nitrogen levels in the MUSSels by McLachleet al.(1993). These
possibilities exist within the phycotoxins form of nitrate. The cells that did grow, WereP. multiseriegells containing domoic
field as results gained over the past severahowever, produced higher concentrationsacid and substantial quantities of glucose
years demonstrate, portions of which areof domoic acid than those growing in the Which could be released through injury to
presented below. presence of nitrate alone. or rupture of the diatom, bacteria capable
of converting the glucose to gluconic acid/
Parallel to these findings, work by gluconolactone and inta¢t multiseries
Domoic Acid: Physiological McLachlanet al. (1993) showed that a cells (observed by Scarratt, personal com-
Aspects of Production marker com'pour?d, gluconolactone, ap-munication) which would still be
peared only in fluids from mussels shown metabolically active. The gluconic acid/
Py high-performance liquid chromatogra- gjuconolactone acting upon these cells
phy (HPLC) to be contaminated with \would be expected to stimulate and further
Research Council (NRC) Laboratories in dloch amd.h Glulgonolactonfe V\t/)as found enhance the production of domoic acid.
lifax (Bird et al. 1988; Wrightet al o0 amethanolic extract of a bacterium—pg it is probable that a significant por-
Ha ’ 9 isolated from close association with the

1989), the source was discovered to be theyjasom p multiseriesbut not from extracts Saxitoxin
diatom Nitzschia pungen§Subba Raet made from the diatom

al. 1988); the toxigenic strains are now
namedPseudo-nitzschia multiserieSub- Exposure of the diatom to varying lev-
sequently, both the diatom and the NeUro-,, .+ -uconolactone (more properly an
toxin have been shown to be distributede uilib%ium mixture of Iuccl)onicp acyi/d/ ™~
widely and, in fact, have been particularly q 9

troublesome in California where mass die- qucoanactone; thehamdd%a pqwerf.l(JjI Se-
offs of seabirds have been attributed to thedU€Stering agent) showed domoic acid pro-

consumption of domoic acid-contaminated duction was enhanced in its presence and HaN*
anchovies. Major disruptive episodes havethat the effect was concentration depend-

occurred also in the shellfish industries of €Nt (Fig. 7). As the concentration of domoic 12
the U.S. Pacific Northwest. aid increased in relation to increasing con- 1 ‘ OH

centrations of gluconic acid/

After the identification of the neuro-
toxin, domoic acid, as the cause of the 198
mussel crisis by scientists at the National

; : OH
Experimental studies have shown that 9luconolactone, the proportion of domoic

various strains oP. multiseriegield vary- ~ acid released by the diatom to the culture RZ oo

ing amounts of toxin; all have one elementfiltrate increased (Osada and Stewart, in _ o

in common, they tend to produce domoic Press). Figure: 2b Saxitoxin
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1P Growth Curve o o to the high levels of domoic acid found in virtually always possessed microflora
7, O the shellfish. which could utilize domoic acid, while the
2 softshell clam was more variable. The sea
o ] Domoic Acid: Possible scallop and red _mussels only_ occa_lsionally

L had such organisms. Domoic acid clear-

Clearance MeChamsm ance from molluscan shellfish species, as
Domoic acid has been shown to be pro-

X . ) . judged from limited trials and anecdotal
101 duced widely in nature and in quantity; as

1024 Domoic Acid

o ) evidence appear to parallel these microbial
2 0. it doe_s not appear to a_ccumulate be_yond indings.
certain point, mechanisms must exist for
_1_ H 1 H H H A i .
e N — Its degr_adatlon_ and disposal. _Bacterl_a "N 1o account for the different microbial
0 10 20 30 40 the marine environment are prime choices i dentin th . I
Culture Age (day) to mediate this activity. Bacteria from the gazigsle; iG;V:\e?:r;slgar etgari)osl:a?tg ;22?;(:
Figure 3. Growth curve d?. multiseriesand mussel culture area of Cardigan Bay, Princet_p ’h ism: thi v thJ. I I
variations in domoic acid levels in a batch Edward Island, Bedford Basin, Nova tl_on mefzcb an;sm_, | ![S mig blnvo VIT selec
culture. Scotia, the Bay of Fundy, and other marine /0N Of bacterial types by moliuscan

sources were examined for growth at thelysozymes such as those described in the

expense of domoic acid and the Capacityliterature onM. edulis. As these bacteria
tion of the domoic acid present is actually of resting cells to oxidize it using have the potential to play a significant role

synthesized within the mussel after inges- anometric procedures. Despite extensivdn toxin elimination in certain molluscan
tion of P. multiseries We believe the rea- and intensive trials, the results were uni- SPecies, it could be profitable to explore
son for this lies in the chemical nature of formly negative. Clearly, the capacity to these leads. If confirmed as a significant
the two agents gluconic acid/ grow on and utilize domoic acid is not a

gluconolactone and domoic acid. common microbial attribute. 30 Cell Concentration

Gluconic acid is a powerful sequester-  Published studies have shown that blueg
ing agent and for that reason is producedmussels Miytilus edulig routinely are ca- 5
commercially for inclusion in cleaning pable of reducmgthe concentrations Qf ac-" .
compounds. Domoic acid, as well, has thecumulated domoic acid relatively rapidly; T T T T
structure of a powerful chelating agent. Theil contrast, the results from trials as well 5, +67DA Production

chemical nature of the antagonism suggestés anecdotal evidence indicate that the sea. 1.2
. . . Q
the role of domoic acid is that of a chemi- SC0P Placopecten magellanicyiglimi- <

: : <
cal scavenger and control agent for the dia_nates domoic acid very slowly. Through %0,4_

. . application of enrichment techniques, us-
tom. The proof for_thls consists of the fol- inpgpgill and digestive gland tis(lue, we oodlemeNS
lowing: when nutrients become scarce atgpeq that 45 of 46 individual mussels S 4P & Si
the end of the exponential period of growth, possessed bacteria, the growth of which= L 30
domoic acid production is enhanced; whenyyas enhanced to a limited, but significant % 40 20
nutrients such as phosphorous or silica arextent by domoic acid; in addition, 5 pooled =
present in the media in limiting concentra- soft-tissue homogenates (each representin%’
tions, domoic acid production again is en- 10 mussels) also yielded similar bacteria. = ° — ;*}1 L 100
hanced. It is, however, reduced when theNine of 20 softshell clamdya arenaria) Days in Batch Culture
nutrients previously in limited supply are and 2 of 10 red mussel¢diolus modio-  Figure: 4 Variations in intracellular domoic
returned to normal levels. When a sequesius)had bacteria whose growth was stimu- acid and dissolved phosphorus in relation to

tering agent such as gluconic acid is presentated by domoic acid, while only four of growth rate inP. multiseriesulture. Note at
to tie up various nutrients, domoic acid pro- 60 scallops taken from six different loca- low phosphorus levels the division rates were

duction is enhanced in proportion to the tions were positive for such bacteria. low which coincided with high levels of

. . - domoic acid.

concentration of gluconic acid present and . ,

is released to the surrounding medium tot 'Ik')heAc:;)nglr:rs;\ntnba;:t?lrlf\;Il\llggngjssppeareqoxm clearance mechanism in molluscs,
counteract the effect of the antagonistic doom(e)nasz 0 guk?sstroatg u?iliza}c?onsfrli]als practical applications of bacterial clearance
agent. In addition, when high concentra- P L . could include detoxification procedures
i £ vari terials. ie. lithi were carried out with five of the bacterial based upon favourina autochthonous
lons © ygrlous materiais, 1.e. _' UM OF isolates which had shown the greatest J up! 'Ing autoc
excess silicates, are present major amount rowth in the presence of domoic acid. A domoic acid and saxitoxin utilizing bacte-
of domoic acid are synthesized and releasegigmﬁcam portion of the substrates pre- ''&@nd possibly implanting relevant bacte-
presumably in attempts to sequester thesgented, domoic acid or saxitoxin, (depend-a (Or transferring their capacities to auto-
materials. Much of this would be eXpeCtEd |ng upon the iso|ate)’ disappeared after in_ChthOﬂQUS baCtena) in those m(?”uscan Sp_e'
to occur within the shellfish following their cubation at 2¢C. cies which appear to select against the toxin

ingestion of the diatoms thereby giving rise It was concluded that the blue musselUlilizing bacteria. This approach would be

20

0’c

0.8

- 40

10

oDissolved Si (uM)
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Growth Curve algal species involved and its eventualacid, the saxitoxins and DSP toxins have
abundance could be determined largely bybeen developed or improved; these include
materials contributed by man. more convenient chemical, serological and
bioassay techniques, improved growth

Unfortunately space does not permit techniques, biochemical approaches and
similar coverage of the work being done atsurveys with area-wide analyses made of
Bedford Institute of Oceanography (BIO) some of the data collected over the past

Cells I*

100-| Dissolved Inorganic Silicate on other toxins. Extensive studies haveseven years. These activities have provided
been carried out with the dinoflagellate, insights which have made the Canadian
= 50+ Alexandrium a producer of toxins of the Atlantic area a focal point for marine tox-
saxitoxin family (PSP). The detailed re- ins work. With the methodology and tech-
0- sults and methods developed provideniques now available, the analytical instru-

T T insights comparable in certain ways to thosements in place, the chemical reference ma-
provided by the studies with the diatofh, terials and the benefits of an extensive and
multiseries and its production of domoic intensive learning experience, the oppor-
acid. In addition, attempts have been madeunities for major advances in this field lo-

10°4 to culture in the laboratory algae believed cally have never been better. This position,

responsible for producing the toxins caus-if capitalized upon, comes at a good time

T T T T
102 -/ Domoic Acid

0 — ing Diarrhetic Shellfish Poisoning; this is as prospects are very real for an escalation
0 o 20 30 40 a feat that has not been accomplished anyef molluscan shellfish production, espe-
Culture Age (day) .

, L . where to date. cially for some sea scallop culture ventures.
F'g(;”e: gg(analtlo%s I'In' |nt.race:lutllar olomouc " If the Japanese experience (from zero to
acla an ISsolved sllica In relation to grow! . ~ .
rate inP. multiseriesulture. Note at low Genera_l R_emarks 250’000 tonnes/year |n.a 14-year period)
silica levels the division rates were low which A partial listing of the advances made With sea scallop culture is repeated here to
coincided with high levels of domoic acid.  within Atlantic Canada since the domoic any degree, itis quite possible that the yield

acid crisis of 1987 is impressive. The ma- from culture could form a substantial por-

o _ jor obstacles to analytical work with ASp tion of the total regional scallop produc-
in distinct contrast to current shellfish depu- 54 pSp have been overcome by the provition within the foreseeable future. The sea

ration methods which are aimed at elimi- gjon of reference material for the critical Scallop industry, which is already the big-
nating bacteria from the shellfish. qualitative and quantitative analyses for 9est fisheries money earner in the region,
ASP and PSP. Domoic acid, produced oniS Now grossing over $200 million/year; this

Thus, we now have a much clearer pic- prince Edward Island, now is available income is based on the utilization of the
ture of the physiology of the diatom, the commercially in quantity; saxitoxin, adductor muscle only, the only part of the
probable and important role of domoic acid negsaxitoxin, and gonyautoxins Il and 11l scallop reliably free of PSP. The remain-
in the diatom’s survival and dominance, prepared as certified standards can be purder of the soft parts (65%) are discarded in
many of the factors affecting domoic acid chased. Analytical methods for domoic landfills. There are, however, large mar-

production including the role of excess kets looking for reliable, continuing sup-
nutrients and pollutants, the probability that plies of substantially greater portions of the
the mussel and other affected shellfsh and 16| S04 Cores 2l roe 1 could be provided toin fec.
4 [u] .
that bacteria possessed by certain shellfisttz 12 - ‘,J"” """ By It is possible that knowledge gained through

species are capable of degrading domoice the toxin studies could provide the means

acid and at least one of the major PSP tox-G * Control to overcome the toxins obstacles.
ins. é 4 o Lithium
0 | | T T T To date, sea scallop culture areas have
We also found tha®. multiseriegrowth 250- DAIn Cells not been hit by PSP, and while this fortu-
was stimulated by the presence of an amino; ,q, - ,'u =R o nate state of affairs continues small opera-

acid through the intervention of the bacte- §
ria associated with the diatom, raising the §
possibility that the presence of organic 2%
wastes from land run-offs, sewage and other 50 7
sources, including the aquaculture units 0 T |
themselves, can contribute to blooms of this oo Aglj (day)2° % integrity and extend the profitability of a
as well as other diatoms and dinoflagellates. . developing industry through the further
As nutrification and pollution are impor- Fgure: 6 Effect of 385.6 mmol lithium development and application of technology
tant elements the process could be qualitaeen”chrnent on cell concentration and by exploiting the overall advances made in

. A . __intracellular domoic acid in cultures of. . :
tive as well as quantitative; i.e. the precise . iseries. the Atlantic area to date is good and very

tors have been able to take advantage of it
to break even by selling the whole scallop
and thus making substantially more than
they could by selling only the adductor
| | muscle. The opportunity to safeguard the

150

0 5
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300 ; 300 , more work is done, to permit their full re-

Axenic Control Axenic 0.05 mM GlcA alization. The potential benefits for the fish-
ing industry, and furthering our understand-
2001 200 ing of phytoplankton dynamics in the

Coastal Zone are considerable.

ng/ml
ng/ml
T
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