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EVIDENCE FOR ADAPTATION TO TOXINS IN POPULATIONS OF THE SOFTSHELL
CLAM, MYA ARENARIA, SUBJECTED TO RECURRENT TOXIC BLOOMS

V. Monica Bricelj1, Scott P. MacQuarrie1, Betty M. Twarog2, and Vera L. Trainer3

1Inst. for Marine Biosciences, National Research Council, 1411 Oxford St., NS B3H 3Z1, Canada
2Darling Marine Center, University of Maine, Walpole, ME 04573, USA
3Northwest Fisheries Science Center, Seattle, WA 98112-2097, USA

Our ECOHAB study demonstrates that softshell clam, Mya arenaria, populations differ markedly in
their sensitivity to PSP toxins depending on their history of exposure to paralytic shellfish poisoning
(PSP) episodes in Atlantic coastal waters. Significant differences were found in burrowing capacity,
feeding (clearance) rates, nerve resistance to saxitoxin (STX), metabolic rates, toxin accumulation and
survival of juvenile clams during laboratory exposure to a highly toxic Alexandrium tamarense isolate.
Marked phenotypic differences in these parameters were also documented among individual clams
within a population. Sensitive clams predominate in  populations not previously exposed to PSP toxins,
whereas resistant phenotypes prevail in historically exposed populations.  Toxicity of viscera could vary
up to 52x among contrasting phenotypes exposed to common conditions of toxification. Our results
strongly support the hypothesis that softshell clam populations recurrently exposed to toxic blooms
undergo genetic or epigenetic adaptation to PSP toxins, via selective mortality or reduced fitness of
sensitive individuals.

Repeated testing of the same individuals showed that clams with no history of exposure to PSP
experienced significant (up to 4-fold) reduction in metabolic rate (rate of oxygen consumption, VO2)
during laboratory exposure to bloom levels of toxic A. tamarense cells, relative to controls exposed to
non-toxic algae. In contrast, clams from a population recurrently affected by PSP showed only transient
reduction of VO2 after 9 days of toxification, and recovery of VO2 to normal levels at 18 d of
toxification.  Laboratory exposure to PSP toxins also induced significant clam mortalities relative to
non-toxic controls, starting within 7-11 days of toxification. Mortality rates were population-specific
(higher in an unexposed population than in one historically affected by PSP), and phenotype-specific.
Thus sensitive individuals within each population (characterized by loss of burrowing capacity during
toxification) consistently suffered higher mortalities than resistant individuals. Considerable
unexplained variation was observed, however, in cumulative mortality rates among three independent
experiments. Neither starvation nor impaired ability to maintain a normal position in sediment due to
paralysis, were responsible for mortalities in sensitive clams. However, our observations suggest that O2

exchange is severely limited in sensitive clams exposed to toxins, and could eventually cause
hypoxia/anoxia within the pallial cavity and in tissues, a potential cause of toxin-induced mortalities.

In vitro exposure of isolated cerebro-visceral nerve trunks to increasing concentrations of STX showed
marked differences in sensitivity of individual clams to PSP toxin, both among and within clam test
populations.  Toxin concentrations required to block the nerve action potential ranged from 5x10-6 to
2x10-4 g STX ml-1, with most clams from the historically exposed population at least 10-fold more
resistant than the unexposed. Inter-population differences in nerve response were detectable prior to
laboratory toxin exposure, and were thus not induced by toxin accumulation in tissues, but rather an
intrinsic property of individual nerves. Gene sequencing of the sodium channel of resistant and sensitive
clams has begun (L. Connell et al. poster, this conference) as part of future studies designed to elucidate
the mechanism responsible for differences in toxin sensitivity, and thus the capacity for toxin
accumulation, at the molecular level.



UNUSUAL STEROLS FROM HARMFUL ALGAE:  MORE THAN BIOMARKERS?

José-L. Giner, Gregory Boyer, Juan Faraldos, Xiaoyong Li and Hui Zhao.
Department of Chemistry, SUNY-ESF, Syracuse, NY 13210, USA.

Unusual sterols found in marine algae are useful biomarkers.  Dinosterol is found only in dinoflagellates
and 24-propylidenecholesterol is found only in pelagophyte algae.  We have found useful sterol
biomarkers for Aureococcus anophagefferens, Aureoumbra lagunensis, and Gymnodinium breve.  The
biomarker for Aureoumbra lagunensis is an extremely rare sterol, while the sterols characteristic of
Aureococcus anophagefferens and Gymnodinium breve are unique to these organisms.  These
biomarkers allow us to probe the sediment record for evidence of past harmful algal blooms and offer an
alternative method of detection for harmful algae.
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Why do these algae produce these unusual sterols?  What benefit is it to them?  Many important grazing
organisms rely on dietary sterols.  Arthropods and molluscs lack the capability of de novo sterol
biosythesis and fulfill their sterol requirement by modifying dietary sterols.  It is likely that unusual
algal sterols interfere with this process.  The inability for grazers to meet their sterol requirements may
be important to bloom formation and maintenance.



HARMFUL ALGAL BLOOMS IN THE UNITED STATES: ESTIMATES OF ECONOMIC
IMPACTS AND POLICY RESPONSES

Porter Hoagland*, Di Jin, Hauke  Kite-Powell and Tracey Morin
Marine Policy Center
Woods Hole Oceanographic Institution

During the last several decades, harmful algal bloom (HAB) events have occurred in more locations
than ever before throughout the United States.  The number of algal species involved in such events has
increased, there are more known toxins, and more fisheries resources are affected. Anderson et al.
(2000)† estimate the economic impacts of HAB events in the United States where such impacts were
measurable with a fair degree of confidence during 1987-92.  They examine impacts of four basic types:
(1) public health; (2) commercial fisheries; (3) recreation and tourism; and (4) monitoring and
management. Their conservative estimate of total economic impacts in the United States due to HABs is
on the order of $50 million per year. They define “economic impacts” broadly to mean either lost gross
revenues in the relevant product or factor markets, expenditures for medical treatments, environmental
monitoring and management, or other costs that would not have been incurred in the absence of HABs.
Although estimates of lost economic surpluses are more useful for normative analyses, economic impact
analysis still may help in the identification and implementation of appropriate policy responses.  We
present the preliminary results of national level scenarios that estimate the direct, indirect, and induced
economic impacts of HABs in the United States.  These scenarios consider annual average impacts at
the state level during 1987-98 and hypothetical impacts associated with historic extreme HAB events.
We relate these estimates to the results of the Anderson et al. study.   We discuss the usefulness of these
estimates for developing appropriate policy responses.

†Anderson, D.L., P. Hoagland, Y. Kaoru and A.White.  2000.  Estimated annual economic impacts
resulting from harmful algal blooms (HABs) in the United States.   WHOI Tech. Rept. WHOI-2000-11.
Woods Hole, Mass.: Marine Policy Center, Woods Hole Oceanographic Institution.



RAPID TESTING USING THE MIST ALERT™ FOR PARALYTIC SHELLFISH POISONING
(PSP), FOR TRIALS WITHIN THE UNITED STATES

Joanne F. Jellett
Jellett Biotek Limited, PO Box 790, Dartmouth, Nova Scotia, CANADA, B2Y 3Z7

Jellett Biotek Limited, a Canadian biotechnology company has developed, in collaboration with the
National Research Council of Canada, Institute of Marine Biosciences, a rapid test to screen for
paralytic shellfish poisoning. The MIST Alert™ for PSP, is a simple, single sample test that provides a
qualitative (yes/no) visual indication of the presence of toxicity in approximately 15 minutes. The
development of a single color line on the test indicates a positive sample, which is not safe to eat; two
lines appearing means the sample is safe.

The MIST Alert™ can be used for various applications such as a quality control tool in a shellfish
processing plant, in the field as a harvest management tool and in the regulatory lab to screen out
negative samples. The tests are currently being tested in parallel with the mouse bioassay in validation
trials using shellfish samples from two US states, Maine and Alaska.

The trial results to date show an excellent agreement with the mouse bioassay. The trial in Alaska with
the Department of Environmental Conservation (DEC) halfway through the trial period has an
agreement level of 95.24% on 786 MIST Alert™ tests performed. Early results from Maine (89 tests
performed) indicate an agreement level around 90% when compared to the mouse bioassay. The main
PSP toxin analogues used in the development, and quality control of production of the MIST Alert™
tests are saxitoxin (STX) and neosaxitoxin (NEO). A number of other analogues have also been tested
on the MIST Alert™ in detail, including gonyautoxin (GTX) 2/3 and 1/4, B1 and decarbamoylsaxitoxin
(dcST).

The false positive and negative results of the trials will be discussed as well as the application of the
MIST Alert™ for PSP to the regulatory environment and aquaculture industry.

Sensitivities of MIST Alert™ to PSP Toxins
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LONG TERM OCCURRENCE PATTERNS AND DYANAMICS OF ICHTHYOTOXIC
HETEROSIGMA AKASHIWO IN NARRAGANSETT BAY

Yaqin Li and Theodore J. Smayda

Long term patterns and trends in abundance of Heterosigma akashiwo in Narragansett Bay based on
weekly observations from 1959 to 1996 are described.  Large interannual variations characterized
annual peaks and mean abundance levels.  Since the high abundance years between 1959 to 1978, a
significant decrease in mean annual abundance has occurred during 1979 to 1996.  Despite these long
term changes in abundance, its annual bloom cycle has remained characterized by two seasonal pulses:
the first (usually larger) pulse usually lasts from late May to early July, and the second, lower pulse
from October to November.  Temperature appears to be a key factor in initiation of the first pulse.
Seasonal and interannual variations in its abundance and bloom dynamics are not correlated with river
flow, unlike elsewhere within its distributional range.  Correlations between local abundance and the
North Atlantic Oscillation Index suggest that Heterosigma akashiwo bloom dynamics in Narragansett
Bay are influenced by large scale atmospheric patterns.  This association and accompanying variations
in irradiance and nutrient concentrations and in abundance of the competing diatom species,
Skeletonema costatum, are described.



THE POTENTIAL FOR SEDIMENT-WATER COLUMN INTERACTIONS TO STIMULATE
GROWTH OF THE BLOOM-FORMING DINOFLAGELLATE PROROCENTRUM MINIMUM

Hugh MacIntyre1 ,Jason Adolf1 and Angela Dubois2

1 Horn Point Laboratory, University of Maryland, PO Box 775, Cambridge, MD 21613, USA
2 Bowdoin College, Brunswick, ME 04011, USA

Prorocentrum minimum is a dinoflagellate that regularly forms blooms in Chesapeake Bay.  The factors
that allow very dense blooms to last have not been fully elucidated.  Observations of the 1998 bloom in
the Choptank River suggest that it persisted in spite of a daily demand for nitrogen that was 30 - 795
times the size of the DIN pool and a demand for phosphorus that was 1 - 6 times the size of the DIP
pool.  A principal components analysis of the observations suggests that the environmental parameters
varied in response to three dominant factors.  These were interpreted as meteorologically-driven forcing
of river flow; the density of the bloom itself and its effect on the light environment; and benthic
resuspension.  Corresponding physiological measurements indicated that diverse aspects of the
photosynthetic apparatus responded to each of these factors.  The high degree of correlation between
physiological performance and presumed nutrient supply suggests that coupling between the water
column and benthos may be important in supplying nutrients during periods when inputs from the
river’s source waters are low.  Time-series measurements of water column characteristics at the same
site showed a repeated pattern of resuspension associated with night-time shifts in wind direction and
were consistent with the idea that benthic coupling may play a role in supplying nutrients.

We also present direct evidence that sediment-derived nutrients can enhance the growth rate of P.
minimum.  Sediment pore-water collected from 18 sites on the Delmarva peninsula increased nutrient-
replete growth rates in axenic cultures of P. minimum by 33 - 93% over a control in mineral growth
medium (f/10).  The degree of enhancement varied with the concentrations of DOC and DON (which
showed a high degree of covariation) and less strongly, with concentrations of NH4

+.

These observations can not demonstrate directly the use of benthic-derived nutrients by P. minimum.
However, when taken together, they demonstrate that transport of particles (and presumably solutes)
across the sediment-water interface occurs regularly; that benthic porewater can strongly stimulate
growth of P. minimum; and that field observations of a bloom population’s physiological responses are
consistent with benthic coupling.  Sediment-water column interactions may therefore play a role in
bottom-up regulation of P. minimum blooms in shallow waters.



ANTILLATOXIN, A NOVEL NEUROTOXIN FROM THE MARINE CYANOBACTERIA
LYNGBYA MAJUSCALA, IS A POTENT ACTIVATOR OF VOLTAGE-GATED Na+ CHANNELS

Thomas F. Murray1, W.I. Li1, F.W. Berman1, T. Okino2 and W.H. Gerwick2.
1Department of Physiology and Pharmacology, College of Veterinary Medicine, The University of Georgia,
Athens, GA 30602, USA
2College of Pharmacy, Oregon State University, Corvallis, OR 97331, USA

Lyngbya majuscala is a pantropical marine cyanobacteria whose blooms are associated with adverse
impacts on human health.  These acute adverse effects include severe contact dermatitis, eye irritation and
asthma-like respiratory distress.  Antillatoxin is a novel lipopeptide derived from Lyngbya majuscula that
produces acute neuronal injury and death in primary cultures of rat cerebellar granule neurons.  This
neurotoxic response is prevented by coapplication of either antagonists of the NMDA subtype of glutamate
receptor or the blocker of voltage-dependent Na+ channels, tetrodotoxin (TTX).  Moreover, TTX also
antagonized antillatoxin-induced Ca2+ influx in cerebellar granule neurons.  To further assess the
interaction of antillatoxin we used [3H]batrachotoxin A 20-�-benzoate (BTX-B) as a probe for neurotoxin
site 2 on Na+ channel alpha subunits expressed in intact cerebellar granule neurons. [3H]BTX-B specific
binding to Na+ channels was enhanced by 100 nM brevetoxin (PbTx-1) and 10 �M deltamethrin.  Similar
to the influence of PbTx-1 and deltamethrin antillatoxin stimulated [3H]BTX-B binding to intact neurons.
When combined with PbTx-1, antillatoxin produced a more robust stimulation of [3H]BTX-B binding than
did deltamethrin and PbTx-1.  The [3H]BTX-B affinity for Na+ channels in cerebellar granule neurons was
38.5 nM in the presence of PbTx-1 and deltamethrin, while in the presence of PbTx-1 and antillatoxin the
[3H]BTX-B affinity increased to a Kd value of 8.9 nM.  Antillatoxin caused a 4-fold increase in 22Na+

influx in intact neurons which was completely blocked by TTX.  These data suggest that antillatoxin is a
novel activator of voltage-gated Na+ channels.



HIGH EVOLUTIONARY RATES IN GYMNODINIUM GALATHEANUM CHLOROPLAST DNA
SEQUENCES AND DEVELOPMENT OF A MOLECULAR DETECTION ASSAY

Torstein Tengs1, Holly A. Bowers1, Andrew P. Ziman1, Diane K. Stoecker2 and David W. Oldach1*
1 – Institute of Human Virology, University of Maryland at Baltimore, 725 West Lombard Street,
Baltimore, MD 21201, USA.
2 – University of Maryland Center for Environmental Science, Horn Point Laboratory, PO Box 775,
Cambridge, MD 21613, USA.

Nuclear and chloroplast-encoded small subunit ribosmal RNA sequences were obtained from several
strains of the toxic dinoflagellate Gymnodinium galatheanum. Phylogenetic analyses and comparison of
sequences indicate that the chloroplast sequences have a higher evolutionary rate than the nuclear homolog.
The chloroplast sequences were chosen as targets for the development of a 5'-3' exonuclease assay for
detection of the organism. The assay has a very high degree of specificity and has been used to screen
environmental water samples from a fish farm where the presence of this dinoflagellate species has
previously been associated with fish kills. Various hypotheses for the derived nature of the chloroplast
sequences are discussed, as well as what is known about the toxicity of the species.



AN EXPANSION OF HARMFUL RAPHIDOPHYTE BLOOMS IN U.S. COASTAL WATERS

Carmelo R. Tomas
Center for Marine Science, University of North Carolina at Wilmington, 1 Marvin K. Moss Lane,
Wilmington, NC 28409  USA

Historically Raphidophyte blooms have been a common feature of some coastal areas of the U.S.  Most
notable were the recurrent blooms of Heterosigma akashiwo (formerly called Olisthodiscus luteus) in
Narrangasett Bay and Long Island Sound.  Data spanning over 20 years indicated that these blooms
were seasonal, periodic but varied in intensity from year to year.  While causing massive discoloration
H. akashiwo blooms were rarely accompanied by mortality of finfish and shellfish.  In recent years,
blooms of H. akashiwo have become common in the Pacific Northwest region where salmon, shellfish
and crabs were found dead after exposure to waters containing large concentrations of this species.
These reports agree with the observations from nearby British Columbian waters where H . akashiwo
blooms have commonly killed salmonoid fish since 1986 to the present.  During the last two years,
Texas has experienced frequent blooms of H. akashiwo in the Corpus Christi/Padre Island  area where
blooms were found accompanying mortality of finfish.

Another genus of the Raphidophytes, Chattonella has also become a common bloom species within the
last 10 years.  Chattonella subsalsa was noted as a seasonal bloom forming species in Bayboro Harbor
and greater Tampa Bay and Florida Bay.  While initially co-occurring with H. akashiwo, C. subsalsa
normally dominated in the later phases of the bloom during the seasonal warmer periods of mid-late
summer.  During the 2000 summer season, (June-September) blooms of Chattonella were identified
from Corpus Christi, Texas, Perdido Bay, Bayboro Harbor and St. Johns River Estuary, Florida, New
and Neus Rivers,  North Carolina, Ayre Creek, Maryland and Bald Eagle Creek, Delaware.  For the past
five years, blooms of Chattonella have also been reported for the Salton Sea (California) where
extensive fish and bird deaths were observed.  While the exact species of Chattonella is not clearly
defined for all cases, with the exception of Tampa Bay, Chattonella blooms occurred in regions where
fish kills were reported.  The blooms often accompanied or followed the fish mortalities and rarely were
noted as being associated as a causative agent.

Japanese investigators have reported toxins from three of the four Raphidophyte genera, namely,
Heterosigma, Chattonella and Fibrocapsa.  Each of these species was demonstrated to be associated
with fish kills in the Japanese Inland Sea and more recently in New Zealand.  Chattonella marina was
identified as killing cultured fish in Tasmania.  Blooms of Chattonella verruculosa have for the second
year in a row caused extensive blooms in the North Sea visible by satellite imagery.  Mortality of fish
was associated with the blooms.  Considering these reports and increase in occurrence, closer scrutiny is
required to define the significance of the Raphidophyte blooms.  Do they represent a new threat?  Is the
increased frequency a function of evolving environments?  Do they represent a viable vector for new
toxins in coastal waters?  Are we to expect a continuation of more frequent blooms in the near future?
Are there new Raphidophyte species involved in this apparent increase?

A greater effort in the ability to identify these species is required in routine monitoring efforts.  Fish kill
events in lower salinity estuarine waters need to be considered in light of the presence of toxic
Raphidophytes.  Greater efforts are needed towards the detection of their toxins by a rapid, accurate and
easy field method.  And an understanding of not only the acute toxicity of large blooms but the role of
chronic low levels of biotoxins in estuarine waters critically needs to be better understood to fully
appreciate the risks associated with inshore Raphidophyte blooms.



USE OF CELL SPECIFIC PAM-FLUOROMETRY TO CHARACTERIZE LIGHT
ACCLIMATION RESPONSES OF GAMBIERDISCUS TOXICUS (DINOPHYCEAE)

Tracy A. Villareal1 and Steve Morton2

1Marine Science Institute, The University of Texas at Austin, 750 Channel View Dr., Pt. Aransas, Texas
78373, 2NOS/NOAA; 219 Fort Johnson Rd.; Charleston, SC  29412

The fluorescence parameter Fv:Fm was determined on  single Gambierdiscus toxicus over a diurnal cycle
using a microscopy-PAM system.  Cells collected from foliose red algae growing in the subtidal margin
of Southwater Cay, Belize were examined at intervals during the day (May, 2000).  An experimental
treatment of rinsed cells free of the host algae was incubated in-situ under both sunny and cloudy
conditions, and the results were compared to natural samples.

The dark adapated yield parameter Fv:Fm reached 0.7-0.8 in pre-dawn and early morning natural
samples (maximum = 0.81).   Pre-dawn samples were dominated by high yield cells, but a significant
number of cells exhibited lower yields (Fig. 1).  High yield cells were present throughout the day, but
the proportion of low yield cells increased over the course of the day resulting in a decrease in the
average Fv:Fm.  Yield decreased during the day at a similar rate under both cloudy and sunny conditions
to a daily average minimum of  0.4-0.5. However, the maximum values for individual cells still
exceeded 0.7.  Incubated samples on cloudy days showed a similar response to natural populations;
however, incubated samples under sunny conditions showed a significantly greater depression of Fv:Fm
and reached a minimum of 0.15 (Fig. 2).  Cells in this treatment started to recover in  late afternoon, and
fully recovered after one dark period to near maximum yields (Fig. 2).

The maximum dark adapted yield in G. toxicus approaches the theoretical maximium for PAM
fluorometry and does not suggest physiological limitation of photosynthesis by either N or Fe. The
down regulation of Fv:Fm appears to be a response to solar radiation, and indicates the existence of
active non-photochemical quenching to protect the photosystem.  However, the depression of the yield
in host-free incubation bottles under sunny conditions as well as the persistance of high yields at mid-
day suggests that behavior mechanisms may be at work as well.  G. toxicus may be actively moving to
shaded regions of the algae to reduce its exposure to solar radiation.

Fig. 1. Frequency histogram of yield in G. toxicus. Results are binned into 2 hour time periods.

Fig. 2.  Diurnal variability in
average yield in natural and
experimental samples of G.
toxicus.
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