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Paralytic shellfish poisoning (PSP) is the foodborne illness associated with the consump-
tion of seafood products contaminated with the neurotoxins known collectively as saxi-
toxins (STXs). This family of neurotoxins binds to voltage-gated sodium channels, thereby
attenuating action potentials by preventing the passage of sodium ions across the
membrane. Symptoms include tingling, numbness, headaches, weakness and difficulty
breathing. Medical treatment is to provide respiratory support, without which the prog-

Key Wor.dS: - nosis can be fatal. To protect human health, seafood harvesting bans are in effect when
Paralytic shellfish poisoning . R . 1. .
Saxitoxin toxins exceed a safe action level (typically 80 pg STX eq 100 g~ tissue). Though worldwide

Dinoflagellates fatalities have occurred, successful management and monitoring programs have mini-
Seafood mized PSP cases and associated deaths. Much is known about the toxin sources, primarily
Shellfish certain dinoflagellate species, and there is extensive information on toxin transfer to
Puffer fish traditional vectors - filter-feeding molluscan bivalves. Non-traditional vectors, such as
Lobster puffer fish and lobster, may also pose a risk. Rapid and reliable detection methods are
Detection methods critical for toxin monitoring in a wide range of matrices, and these methods must be

m:z;w;';’fm appropriately validated for regulatory purposes. This paper highlights PSP seafood safety
Urmeg concerns, documented human cases, applied detection methods as well as monitoring and
Serum management strategies for preventing PSP-contaminated seafood products from entering

the food supply.
Published by Elsevier Ltd.

1. Paralytic shellfish poisoning toxins and sources

Paralytic shellfish poisoning (PSP) is a common seafood
toxicity problem with worldwide distribution, and typi-
cally this illness is due to the consumption of contami-
nated molluscan bivalves and other shellfish. A similar
seafood-related syndrome involves puffer fish contami-
nated with the same family of toxins. To distinguish these
puffer fish poisonings from those caused by tetrodotoxin,
this food poisoning syndrome is becoming known in the
literature as saxitoxin puffer fish poisoning (SPFP; Lands-
berg et al, 2006; Deeds et al., 2008a). The toxins
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responsible for both of these seafood-borne illnesses are
the neurotoxins known collectively as the saxitoxins
(STXs), also referred to as PSP toxins (or PSTs). At least 24
saxitoxin-like congeners have been identified (Fig. 1), with
a range of hydroxyl, carbamyl, and sulfate moieties at four
sites on the backbone structure. These substitutions result
in congeners varying more than three orders of magnitude
in potency (Oshima et al., 1993). The carbamate toxins are
the most potent, and they include saxitoxin (STX), neo-
saxitoxin (NEO), and the gonyautoxins (GTX1-4). The
decarbamoyl toxins (dcSTX, dcNEO, dcGTX1-4) have
intermediate toxicity and are reported in certain bivalves,
but are not commonly found in toxic dinoflagellates. The
N-sulfocarbamoyl toxins (B1 [GTX5], B2 [GTX6] and C1-4)
are less potent. There is a fourth group known as the
deoxydecarbamoyl toxins, but their potency has not yet
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Fig. 1. Molecular structure of saxitoxin congeners.

been adequately assessed. A review of the chemistry,
origin and distribution of saxitoxins can be found in Hall
et al. (1990). PSP-related toxins known as GC toxins have
also been specifically identified from the dinoflagellate
Gymnodinium catenatum, and the molecular structure of
GC1-GC3 was found to contain a hydroxybenzoate moiety
instead of the carbamoyl group (Negri et al., 2003, 2007).
The binding affinity of GC3 was reported to be similar to
the GTXs, and GC1 and 2 epimers were similar to the C
toxins (Llewellyn et al., 2004). It has been proposed that
the hydroxybenzoate moiety on this particular group of
toxins may result in an increased lipophilic nature that
could enhance uptake and elimination in victims and
shellfish (Llewellyn et al., 2004).

There is a substantial knowledge base on the sources of
PSP toxins. Major toxin sources include certain species of
microalgae, notably marine dinoflagellates of the genera
Alexandrium (formerly Gonyaulax), Gymnodinium and Pyro-
dinium (see reviews by Cembella, 1998; Landsberg, 2002;
FAO, 2004 and references therein). More specifically, Alex-
andrium tamarense, Alexandrium fundyense, Alexandrium
catenella, G. catenatum, and Pyrodinium bahamense are
responsible for most reports of PSP (Shumway, 1990, 1995).
There are also numerous reports of STXs being produced by

certain freshwater and brackish cyanobacteria, as well as
calcareous red macroalgae (see review by Deeds et al., 2008a
and references therein). These species include Anabaena cir-
cinalis, Anabaena lemmermannii, Aphanizomenon gracile,
Aphanizomenon issatschenkoi, Cylindrospermopsis raciborski,
Lyngbya wollei, Planktothrix sp., and Rivularia sp. Regardless of
which specific source, each species contains a suite of the
toxin congeners, and both the composition and concentra-
tion of which determine its overall toxicity. An extensive list
of source species can be found in Deeds et al. (2008a), along
with their reported toxin profiles. It is noteworthy that toxin
composition and concentration for given species have been
found to vary with geographic region and environmental
factors (e.g. Cembella et al., 1988; Anderson et al., 1990, 1994;
Etheridge and Roesler, 2005).

The GC toxins described above are produced by strains
of G. catenatum (Negri et al., 2007). Negri et al. (2007)
reported that these toxins are produced in strains isolated
from Australia, China, Portugal, Uruguay and Spain which
demonstrate the globally widespread nature of the GC
toxins. The discovery of these toxins highlights the need for
shellfish monitoring programs to include them in surveil-
lance in areas where G. catenatum serves as the toxin
source. However, more research is needed on this toxin
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group to fully understand the overall threat they pose to
shellfish consumers in particular regions.

Bacterial origins of STXs have also been proposed (e.g.
Doucette et al., 1998), and while these theories remain to
be proven, there are reports that bacteria may at least play
a role in dinoflagellate production of STXs (e.g. Doucette
et al,, 1998; Kodama et al., 1990a,b, 2006; Silva, 1990).
A study by Baker et al. (2003), however, found that the
fluorescent compounds isolated from two bacterial strains
associated with toxic Alexandrium spp. cultures thought to
be toxins were actually naturally occurring fluorescent
compounds that co-eluted with GTX4 during high-
performance liquid chromatography (HPLC) analysis,
a finding that further challenged the theory of a bacterial
origin.

Our understanding of the sources of PSP toxins and the
nature of their production continues to expand. Such
a priori information aids in determining the threat of PSP in
specific locations, which allows more appropriate moni-
toring and management strategies to be implemented to
protect public health.

2. Paralytic shellfish poisoning vectors

While PSP toxins are transferred through the food web and
accumulate in many organisms ranging from zooplankton
(Doucette et al., 2005) to whales (Geraci et al., 1989), this
review focuses on vectors that are known to be consumed by
humans that may pose a public health risk. The traditional
pathway for PSP toxins in the food web involves the ingestion
and concentration of toxic dinoflagellates by filter-feeding
mollusks, in particular bivalves (Shumway, 1990). There are
numerous reviews available describing traditional vectors
(Shumway, 1990; Shumway et al., 1990; Shumway and Cem-
bella, 1993; Bricelj and Shumway, 1998; Landsberg, 2002),
including their uptake, accumulation, metabolism and
depuration.

Explanations for sporadic paralytic shellfish poisonings
were first provided by Sommer and Meyer (1937) and
Sommer et al. (1937); both studies reported the occurrence
of toxic Gonyaulax catenella near mussel beds off the coast
of California, USA that were associated with outbreaks.
Saxitoxin was first isolated from butter clams, Saxidomus
giganteus, harvested from the west coast of the US (Schantz
et al., 1957; Schantz, 1960). Since that time PSP toxins have
been found in a range of molluscan bivalves that are
consumed by humans. A brief review is provided by Deeds
etal. (2008a) and a summary of uptake and elimination can
be found by FAO (2004). An extensive list of invertebrate
species with potential natural toxin hazards such as STXs
can be found in the US Food and Drug Administration’s Fish
and Fisheries Products Hazards and Controls Guidance
(http://www.fda.gov/Food/GuidanceComplianceRegulatory
Information/GuidanceDocuments/Seafood/FishandFisheries
ProductsHazardsandControlsGuide/default.htm [accessed
13 October 2009]).

Toxin profiles in these molluscan bivalves may differ
from the toxin source profiles due to conversion during
digestion (e.g. Bricelj et al., 1991). In particular, the less
potent, labile toxin congeners (N-sulfocarbamoyl toxins)
may be biotransformed into the more potent carbamate

forms, thus enhancing the potential toxicity to humans.
Other studies report biotransformations that involve
removing sulfate groups to form STX (Schantz et al., 1957)
and carbamate side chains to form dc-toxins (Sullivan et al.,
1983). Mollusks may also selectively retain certain conge-
ners (e.g. Okumura et al., 1994; Cembella et al., 1993) and
for prologed periods. The organism most well known for its
ability to retain toxins is the butter clam (S. giganteus),
a species considered permanently toxic in parts of the
Pacific Northwest and Alaska (Quayle, 1969). For more
information regarding metabolism in seafood, refer to the
recent review by Kodama and Sato (2008).

Shellfish bed harvesting closures for PSP are based solely
on toxin levels in the seafood (see more information below),
unlike closures, for example, for neurotoxic shellfish
poisoning (NSP). The dinoflagellate (Karenia brevis) respon-
sible for the toxins associated with NSP has been found to be
an adequate predictor of shellfish toxicity such that closures,
at least in the US for this seafood-borne illness, can be made
based on shellfish toxicity or K. brevis concentrations.
Specifically, in the National Shellfish Sanitation Program'’s
Guide for the Control of Molluscan Shellfish it states that
shellfish harvesting is banned when toxins (brevetoxins) are
in excess of 80 ug 100 g~! or when K. brevis concentrations
are greater than 5000 cells L~ (http://www.fda.gov/Food/
FoodSafety/Product-SpecificInformation/Seafood/FederalState
Programs/NationalShellfishSanitationProgram/ucm046988.
htm [accessed 13 October 2009]). Unfortunately, distribu-
tions and concentrations of the toxic algae responsible for
PSP do not currently support closures based upon algal
concentrations. A better understanding of the coupling
between surface toxic algal blooms and subsequent shellfish
toxicity is needed to assess the feasibility of using algae as
predictors for closures and this is currently the focus of an
NOAA-funded project through the ECOHAB (Ecology and
Oceanography of Harmful Algal Blooms) program (http://
www.whoi.edu/sbl/liteSite.do?litesiteid=13193 [accessed 9
January 2009]). Given the complexity of the link between
Alexandrium spp. and shellfish toxicity, it will be unlikely
that algal concentrations alone could be used to determine
closures for PSP in the way that they are for NSP. Challenges
include the nature of the algae, the toxin profiles of the
algae, toxin transfer through the food web, potentials for
biotransformation and varying degrees of depuration among
shellfish species.

Although filter-feeding molluscs are the usual vectors
for these toxins with mussels and clams being dominant,
there are increasing reports of non-traditional vectors
(Shumway, 1995). These non-filter feeding organisms
include marine gastropods (carnivorous and grazing),
crustaceans, and certain fish (see review by Deeds et al.,
2008a and references therein).

Certain molluscan gastropods that feed by scavenging,
predation and grazing are also known to accumulate PSP
toxins through the food web (Shumway, 1995). Whelk,
moon snails, and abalone are among those that have been
studied to understand whether they pose a threat to
humans. Gastropods tend to depurate slowly, remaining
toxic for extended periods of time (Shumway, 1995; Deeds
et al., 2008a). A thorough account of gastropod vectors can
be found in the review by Deeds et al. (2008a).
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There have been several documented cases of PSP
toxins in Crustaceans (e.g. Shumway, 1995; Negri and
Llewellyn, 1998), and a new report by Linares et al. (2009)
demonstrated that shrimp may also serve as a vector for
PSP toxins to humans. The most notable crustacean
vectors from a seafood safety perspective are crabs
(Kotaki et al., 1983; Gessner and Middaugh, 1995; Oikawa
et al., 2004; Deeds et al., 2008a and references therein)
and lobsters (Watson-Wright et al., 1991; Lawrence et al.,
1994; Cembella and Desbiens, 1994; Deeds et al., 2008a
and references therein). A review of crabs as PSP vectors
was covered thoroughly in Deeds et al. (2008a). Lobsters,
such as the American lobster Homarus americanus, are
also known to be vectors of PSP toxins but have not
received as much attention in the literature. Higher PSP
levels have been consistently found in the hepatopan-
creas (also known as lobster tomalley) tissues (Watson-
Wright et al., 1991; Cembella and Desbiens, 1994), with
low levels detectable in the tail meat and gills (Sephton
et al.,, 2007). Lobster hepatopancreas toxicity became
such a concern that in 1990 the Canadian Department of
Fisheries and Oceans extended its existing PSP moni-
toring program to include lobster (Lawrence et al., 1994).
Cembella and Desbiens (1994) reported that a Canadian
public health advisory was issued to warn against
eating more than two lobster hepatopancreas per day
after PSP levels were found to be in excess of
1500 pg STX eq 100 g~ In July 2008, hepatopancreas
PSP levels in lobster harvested off the coast of Maine, USA
were sufficiently high that advisories were made by the
State of Maine Department of Marine Resources (http://
www.maine.gov/dmr/rm/public_health/shellfishadvisory.htm
[accessed 9 January 2009]) and the US Food and
Drug Administration (http://www.fda.gov/NewsEvents/
Newsroom/PressAnnouncements/2008/ucm116927.htm
[accessed 13 October 2009]). These notices advised
consumers to not eat tomalley from American lobster,
regardless of where the lobster was collected.

Given that lobsters are primarily scavengers, they could
be acquiring the toxins from varied sources. It has been
suggested that toxic sea scallops, such as Placopecten
magellanicus off the coast of Canada, serve as the source
(Cembella and Desbiens, 1994), and it has been demon-
strated in the laboratory that PSP toxins can be transferred
from the scallop Chlamys nobilis to the spiny lobster
Panulirus stimpsoni (Jiang et al., 2006). Due to PSP risks
associated with scallop gonads and viscera, it is commonly
a required practice in certain regions such as off the
northeastern US coast to harvest the adductor muscle only
and discard the viscera and gonads overboard. It has been
recently hypothesized that this practice may play a role in
the subsequent enhanced toxicity observed in lobster
hepatopancreas. However, the timing and overlap of
scallop and lobster harvesting do not fully support the idea
that discarded scallop tissues could be solely responsible
for lobster toxicity. Lobster harvesting occurs throughout
Maine coastal waters, with highest concentrations around
Penobscot Bay in central Maine, and in this region lobsters
have been found to have an extremely diverse diet (Steneck
and Wilson, 2001; Grabowski and Gaudette, 2008). Lobster
hepatopancreas toxicity has been found along the coast

with highest concentrations in areas such as off Jonesport
and Cutler (D. Couture, pers. comm.). Scallop harvesting,
however, is localized with approximately 90% coming from
Cobscook Bay near the Canadian border (Schick and Fein-
del, 2005). In addition to inconsistencies with respect to
spatial distributions, temporal differences exist as well,
with scallop landings generally being limited to winter
months. While it is possible that scallops may play a role in
lobster toxicity, it is likely that there are multiple sources
involved. Further, laboratory studies by Desbiens and
Cembella (1997) demonstrated that lobster hepatopancreas
toxicity depurated slowly, suggesting that PSP risks from
this vector may persist awhile after the toxic algal bloom
and initial uptake in lobster. Based on the complex nature
of lobster toxin accumulation and apparent slow depu-
ration, the best management strategy at this point appears
to be issuing advisories warning the public about
consuming the hepatopancreas until a greater under-
standing has been determined.

PSP toxins also accumulate in zooplanktivorous fish
such as Atlantic salmon, Salmo salar (Sephton et al., 2007),
herring, Clupea harengus harengus (White, 1981), and
mackerel, Scomber scombrus (Castonguay et al., 1997).
Toxins generally do not accumulate in the muscle thereby
minimizing the risk to human consumers; however, those
who consume whole fish are at greater risk of exposure.
Reports of toxin transfer to finfish (including overall
toxicity and toxin profiles) and associated human illnesses
in some of the cases are summarized by Deeds et al.
(2008a).

As stated earlier, saxitoxins can also accumulate in certain
puffer fish (Family Tetraodontidae). Most puffer fish
poisoning events are attributed to tetrodotoxin (TTX), a toxin
that differs structurally from STX but also binds to the same
site of the voltage-gated sodium channels and yields similar
pharmacological responses (Narahashi et al., 1967; Kao, 1986;
Hille, 1992; see below for more information). Saxitoxin was
first reported in Takifugu pardalis livers from Japan (Kodama
et al, 1983), and subsequently STX was confirmed as
a component in other puffer fish Takifugu poecilonotus and
Takifugu vermicularis (Nakamura et al.,, 1984), as well as Aro-
thron firmamentum (Nakashima et al., 2004) from Japan.
Additionally, STX-containing freshwater puffer fish were
found in several locations such as the Philippines,
Bangladesh, Brazil and Cambodia (see review by Deeds et al.,
2008a and references therein). In 2002 the first confirmed
STX-related puffer fish poisoning event occurred in the US
(Bodager, 2002; Quilliam et al., 2004; Landsberg et al., 2006).
Originally, the events in 2002 were thought to be caused by
TTX; however, liquid chromatography-mass spectrometry
analyses identified STXs as the contaminants rather than TTX
(Quilliam et al., 2004). From 2002 to 2004 there were 28
confirmed cases of PFP caused by STXs in the US (Landsberg
etal,, 2006; Etheridge et al., 2006). It was determined that the
STXs first originated in the dinoflagellate P. bahamense and
was then transferred through the food web via small
molluscan bivalves to puffer fish, particularly from the east
coast of Florida, near the Indian River Lagoon, resulting in
arisk to human consumers (Quilliam et al., 2004; Landsberg
etal., 2006). Whereas TTX is commonly observed in the liver
of puffer fish, STX can also be elevated in the muscle (e.g.
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Deeds et al., 2008b). Takifugu is generally considered safe for
human consumption if the puffer fish has been prepared such
that the liver is successfully separated; however, when STX is
found in puffer fish, it is generally located in the muscle,
which is the portion typically consumed. Given this risk, the
Florida Fish and Wildlife Conservation Commission placed
a ban on commercial and recreational harvesting of puffer
fish from waters along 5 counties in Florida (http://myfwc.
com/marine/regulation.htm [accessed 29 December 2008])
and a monitoring program has also been established (Abbott
et al., 2009) for the management and monitoring of this
public health threat.

In addition to the freshwater puffer fish described
above, there are also reports of STXs in other freshwater
vectors. For example, Pereira et al. (2004) demonstrated
toxin uptake by the freshwater mussel Anodonta cygnea
when fed the toxic cyanobacterium A. issatschenkoi. Negri
and Jones (1995) also described toxin uptake by the
Australian freshwater mussel Alathyria condola when
exposed to the toxic cyanobacterium A. circinalis. Although
these studies show that freshwater bivalves can be a vector
for STXs, they are not commonly harvested for human
consumption. The potential exception in the latter case is
that freshwater mussels may serve as a portion of the diet
for aboriginal Australians. More recently it has been
demonstrated that STXs can accumulate in tilapia raised in
freshwater aquaculture (Galvao et al., 2009). The authors of
this study reported significant depuration in their 5-day
experiments and suggested that depuration with clean
water could lead to elimination so that levels are safe for
consumption. Another potentially emerging risk in Mexico
is the freshwater snail, Pomacea patula catemacensis,
known as “tegogolos” (Berry and Lind, 2010). The recent
discovery of PSP toxins in this species suggests that this
organism should be studied further to understand the
threat it may pose to human health given its widespread
local consumption and its significance as a major fishing
product from the State of Veracruz.

There are other means by which STXs can pose a human
health risk which cannot be ignored. The threat of drinking
water as a source of toxins to humans has been considered
(Falconer, 1993; Westrick, 2008). A study investigating
cyanobacterial toxins in two Australian drinking water
treatment plants found as much as 17 pg L~ PSP toxins in
the plant’s raw water source (Hoeger et al., 2004); however,
following water treatment only traces (<1 pg L™!) were
detected in the final product and tap water. Another
example of drinking water posing a threat to public health
was found by Molica et al. (2005), who reported the pres-
ence of STX in a Brazilian water supply. A more recent
investigation of PSP toxins in a Brazilian reservoir (Clem-
ente et al., 2009) found PSP toxicity to be 5.15, 43.84, and
50.78 ng STX eq L™! in the spring, summer and autumn.
Toxins, detected by mouse bioassay, were found to be
present (1.36 MU mg~ ! dry weight) in a drinking water and
fish farming source in Lake Dianchi in southwestern China
(Liu et al, 2006), further demonstrating the potential
human health risks of STXs in freshwater resources. Despite
observations of toxins in numerous water resources, no
PSP-related human illnesses have been reported due to the
consumption of drinking water; however, Negri et al.

(1995) described fatalities in sheep that ingested water
contaminated with PSP-producing A. circinalis. A review by
Smith (2008) emphasized the global increase in aquacul-
ture practices and suggested that this shift warrants
concern about potential public health risks due to cyano-
bacterial toxins. It has also been suggested that dietary
supplements made from potentially hazardous cyanobac-
teria may also be a source of STXs to humans (Carmichael
and Falconer, 1993). Lastly, human fatalities occurred as
a result of using a cyanobacterial toxin-contaminated (in
this case microcystins) municipal water supply for dialysis
(e.g. Yuan et al., 2006), raising the concern of this potential
route of exposure as well. For more information on cya-
nobacterial sources of toxins and their relationship to
human health, refer to WHO (1999).

3. Human illnesses and fatalities

Voltage-gated sodium channels are the molecular
targets of these neurotoxins. These channels have
a common structural motif and consist of one principal
o subunit of 220-260 kDa and one or two auxiliary
B subunits of 33-36 kDa (Catterall, 1984, 2000; Catterall
et al,, 2007). A number of neurotoxins are known to bind to
receptor sites of sodium channels, effecting ion permeation
or voltage-dependent gating. In the case with STXs, the
functional effect is blocking sodium conductance (Hille,
1968, 1975; Ritchie and Rogart, 1977). The STXs bind to site
1 of the « subunit (Catterall, 1986), though it was reported
that binding requires both the o and B, subunits (Catteral,
1989). Amino acid residues forming receptor site 1 are
located in the pore loop and are believed to form the ion
selectivity filter (Noda et al., 1989; Terlau et al., 1991). It has
been demonstrated that mutations in the ion selectivity
filter in the softshell clam Mya arenaria can result due to
selective pressure from the presence of STXs in the natural
environment (Bricelj et al., 2005). Such selective mutations
could be responsible for enhanced toxin accumulation in
vectors, increasing the risks of these toxins. For additional
information on STX blocking in sodium channels, see the
recent review by Wang (2008).

Symptoms resulting from these toxins binding to
voltage-gated sodium channels include tingling sensation
of the lips, mouth and tongue, numbness of extremities,
paresthesias, weakness, ataxia, floating/dissociative
feeling, nausea, shortness of breath, dizziness, vomiting,
headache, dysphagia, and dysarthria (e.g. Halsetead, 1978;
Kao, 1993 and references therein; Gessner et al., 1997).
Gessner et al. also reported diastolic and systolic hyper-
tension in almost all patients. Symptoms can generally
occur within 30 min of consuming contaminated seafood,
although Mons et al. (1998) indicated that symptoms can
even ensue within a few minutes if high enough toxin
concentrations are present in the food. Death has been
reported as soon as 3-4 h following consumption (Garcia
et al., 2004). Medical treatment consists of providing
respiratory support, and fluid therapy can be used to
facilitate toxin excretion. For patients surviving 24 h, with
or without respiratory support, the prognosis is considered
good (Schantz, 1969; FAO, 2004). In fatal cases, death is due
to asphyxiation.
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The actual levels of toxicity that have resulted in
illnesses and fatalities are highly variable, and appear to be
mainly dependent on individual differences in sensitivity,
with observable differences in mortality rates between
children and adults (see FAO, 2004 and references therein).
For example, the Australia New Zealand Food Authority
documented that a concentration as low as 120 ug STX eq
per person elucidated symptoms in humans, whereas
values ranging from 400 to 10,000 pug STX eq per person
had been found responsible for deaths (ANZFA, 2001).

The number of locations reporting intoxications rose by
27 from 1970 to 1990 (Hallegraeff, 1993) and greater than
20 countries have proposed regulatory limits for these
toxins (van Egmond et al., 1992). A global review of PSP
events can be found in FAO (2004), with PSP reports
throughout Europe, Africa, North America, Central and
South America, Asia and Oceania. Numerous fatalities have
been reported worldwide (Shumway et al., 1990). For
example, PSP-related fatalities have occurred in South
Africa (IPCS, 1984), Canada (IPCS, 1984), Chile (Lagos, 1998;
FAO, 2004), Guatemala (Rodrigue et al., 1990) and Mexico
(IPCS, 1984; Orellana-Cepeda et al.,, 1998). Despite the
numerous reports of events and fatalities, successful
monitoring programs have been implemented in many
countries and have minimized health risks and reduced
illnesses and fatalities.

Even though there have been outbreaks, illnesses and
fatalities, there is still a fairly limited knowledge base on
PSP toxin metabolism in humans. Information on toxins in
human urine and serum was obtained following four PSP
outbreaks on Kodiak Island, Alaska (Gessner et al., 1997).
Detectable levels (nM) were found in both urine and serum,
though urine was the clinical matrix with clearly higher
toxin loads. Upon comparing toxin profiles in the mussels
consumed by the patients with those in the urine and
serum, human metabolism of PSP toxins was supported.
Metabolism was further indicated based on results from
a post-mortem analysis of samples from a victim that
consumed contaminated crab, Zosimus aeneus (Llewellyn
et al., 2002). Toxins were detected in the adult male’s gut
contents, blood, urine and liver. Toxin profiles in the crab,
victim’s gut content and urine demonstrated the process of
conversion from GTX2/3 and STX in the crab to NEO, dcSTX
and STX in the urine. Garcia et al. (2004) also described
post-mortem toxin composition and concentration in
human samples, this time in tissues and body fluids after
the fatal consumption of mussels (Aulacomya ater) with
concentrations reaching 8575 pg STX eq 100 g~ Toxins
were found in the gastric content, urine, bile, cerebrospinal
fluid, liver, kidney, lung, stomach, spleen, heart, brain,
adrenal glands, pancreas, and thyroid glands. Toxin profiles
differed among tissues/fluids and the oxidation of STX to
NEO and GTX2/3 to GTX1/4 was apparent. The authors
concluded that toxin metabolism does occur in humans
following ingestion, and excretion occurs through urine
and feces. In a later publication (Garcia et al., 2009), the
authors provided evidence of enzymatic biotransformation
of GTX2/3 when incubated with healthy human liver
microsomes. They suggested that metabolism occurs via
a glucuronidation reaction, an important detoxification
pathway in humans that involves the metabolic conversion

of xenobiotics to water-soluble metabolites that can be
easily removed from the body through urine and/or bile.

These limited, but important, clinical samples have
provided snap shots of information about the transfer of
toxins from seafood vectors to humans indicating metab-
olism and biotransformation. Time series of toxin data for
clinical samples have been mostly lacking however, leaving
the details about toxin excretion elusive. In 2007 four
individuals became ill after eating mussels collected from
a floating barrel off the coast of Maine. Upon arrival at the
hospital, time series samples were collected of the patients’
urine and serum for toxin analysis (Etheridge et al,
unpublished data) and provided confirmation of the earlier
reports regarding the metabolism and excretion of toxins in
humans.

4. Action levels and regulatory perspectives

To protect public health, an action level or regulatory limit
(the specific terms used tend to vary based on the
legal ramifications of each country) is defined and it is
unlawful to harvest seafood when toxins exceed the estab-
lished limit. A review of regulatory limits for a range of
countries can be found in FAO (2004). Typically itis defined as
80 pg STX equivalents (eq) 100 g~ tissue, which is the case for
the action level in the US. Action levels for marine toxins in
the US can be found in the Food and Drug Administration’s
Fish and Fisheries Products Hazards and Controls
Guidance (http://www.fda.gov/Food/GuidanceCompliance
RegulatoryInformation/GuidanceDocuments/Seafood/ucm
091782.htm [accessed 29 December 2008]). The origin of an
action level for STXs was described by Wekell et al. (2004).
Briefly, it was established based on detection of PSPs using
mouse bioassay (MBA). Sommer and Meyer (1937) defined
a mouse unit as the amount of toxin that killed a 20 g mouse
within 10-20 min (using an extract of 100 g sample tissue
boiled in HCI). Based on extractions this was 200 MU 100 g !
shellfish. Using a conversion factor of 0.2 pg STX eq equal to
1 MU, the limit of detection (LOD) was defined as
40 pg STX eq 100 g~ . The limit of 80 was set as a compromise
between the MBA LOD and the minimal toxicity of
200 pg STX eq 100 g~ ! reported at that time for causing
illness. To date this action level has been effective. Modern
illnesses, at least in the US, result primarily from recreational
harvest and subsistence fishing from closed or untested
waters.

A recent summary, however, by the European Food
Safety Authority (EFSA) states the opinion that, based on
the established acute reference doses, the current EU
regulatory limit for STX-group toxins was not sufficiently
protective (EFSA, 2009). They suggest a level of
75 ug STX eq kg1 (7.5 pg STX eq 100 g~ 1) as opposed to the
current 800 pg STX eq kg™' (80 pg STX eq 100 g~ 1). If the
proposed revision to the EU regulatory limit for STXs takes
effect, there will be a need for a detection method with
a sensitivity that allows for the rapid determination of
product exceeding that established toxin limit (the MBA
LOD will not allow this method to be used). While the
Lawrence HPLC method can detect such lower concentra-
tions, it has not been fully validated at concentrations much
lower than the existing EU regulatory limit. The EFSA


http://www.fda.gov/Food/GuidanceComplianceRegulatoryInformation/GuidanceDocuments/Seafood/ucm091782.htm
http://www.fda.gov/Food/GuidanceComplianceRegulatoryInformation/GuidanceDocuments/Seafood/ucm091782.htm
http://www.fda.gov/Food/GuidanceComplianceRegulatoryInformation/GuidanceDocuments/Seafood/ucm091782.htm

114 S.M. Etheridge / Toxicon 56 (2010) 108-122

opinion further suggested a change from 100 g to 400 g for
what is considered a realistic portion size of shellfish.

5. Toxin detection methods

Given the recent reviews on PSP toxin detection
methods (Ben-Gigirey and Villar-Gonzalez, 2008), this
summary is not exhaustive. Rather, this review highlights
PSP detection methods that currently are used (or
demonstrate advanced promise for use) for seafood safety
and human health purposes. There is a need for detection
options that span the range from screening and field
methods to validated laboratory confirmatory tests.

The mouse bioassay is considered the official regulatory
method in most countries for determining PSP toxins in
shellfish (AOAC, 2000), meaning that this is the method
most often required for making determinations regarding
opening and closing harvest areas for seafood. The MBA is
an NSSP (National Shellfish Sanitation Program) approved
method which allows for its implementation as a regula-
tory method in the US. Despite its widespread use and
recognition as the gold standard, the many disadvantages
of the MBA include: poor specificity with low sensitivity,
low sample throughput, fairly high cost, labor-intensive,
high variability, and animal usage. The observed variability
is mostly due to salt effects which lead to an underesti-
mation of toxicity as high salt content of samples is known
to interfere with the MBA, suppressing toxic effects
(Schantz et al, 1958). Over estimations of toxicity are
plausible as well. For example, zinc accumulation in oysters
has resulted in lethal effects in mice at insignificant toxin
levels (Aune et al., 1998). Given the numerous limitations of
the MBA and, in particular, the ethical concerns of using
animals, there are great efforts to establish alternative
methods for PSP toxin detection. The European Commis-
sion has gone as far as publishing directives to establish
other methods for official PSP control. The European
Animal Protection Legislation (Council Directive 86/609/
EEC) was developed to encourage movement away from
animal usage towards other validated methods.

There are numerous assays currently being used (or
evaluated for use) for seafood safety and human health
purposes. A single laboratory validation of the receptor
binding assay (RBA) was successful (Van Dolah et al., in press),
and an AOAC collaborative study is currently in progress. The
RBA is highly specific, exploiting the interaction of the toxins
with the native receptor site (i.e. voltage-gated sodium
channels). This functional based assay allows toxins to bind to
the receptors according to their affinity, yielding an inte-
grated toxic potency. The RBA was implemented for detecting
PSP toxins by Davio and Fontelo (1984) and Vieytes et al.
(1993). Both of these studies demonstrated the possibility of
using the RBA to detect PSP toxins in matrices of interest such
as human plasma and mussel extracts, respectively. Later the
assay was further improved by Doucette et al. (1997) who
transformed it into a microtiter plate-based assay which
increased sample throughput and efficiency. Results showed
a close agreement between toxicity determined by RBA
compared to the MBA. The method was further improved by
Powell and Doucette (1999) by using microplate scintillation
technology which resulted in decreasing the assay time to4 h.

This study also demonstrated the utility of the RBA for a range
of sample matrices, including algal and zooplankton extracts
as well as human fluids. A strong correlation was found in this
study between RBA based toxicity and that determined from
HPLC results for algal extracts and human urine and serum
samples. Usup et al. (2004) characterized the detection of
a range of toxin congeners using the RBA and found that the
rat brain sodium channel preparations in the assay reliably
represented total toxicity of the congeners present in
a sample. They reported binding affinities in the order of
STX > GTX1/4 > NEO > GTX2/3 > dcSTX > GTX5 which is
similar to the order found based on mouse toxicity. All results
to date demonstrate the ability of the RBA to provide accurate
estimates of overall toxicity and agree well with other
established methods. The existing AOAC collaborative study
indicates the potential for this method to be fully validated in
the near future, enhancing the likelihood of approval by
regulatory authorities as an alternative regulatory method. It
is noteworthy, however, that the RBA would need to be
approved as an NSSP method before it could easily be
implemented for regulatory purposes in the US. The main
limitation of widespread implementation of the RBA is the
need for radiolabeled material (*H-STX). This is an impedi-
ment because the material is in short supply and it is also
difficult for some laboratories to fulfill requirements for
performing assays that involve radioactive materials.
Immunoassays, which depend on antibody-based
detection, are also becoming more readily available for STX
detection. Commercial ELISAs (enzyme-linked immuno-
sorbent assays) include those produced by Abraxis, R-Bio-
pharm, and Beacon Analytical Systems, Inc. Advantages of
these kits include ease of use and high throughput. Yet
a major challenge is that they suffer from cross-reactivity
limitations, where antibody binding with the range of
congeners does not necessarily reflect human oral potency.
The ELISA method developed by Usleber et al. (1991) was
used to produce the commercially available Ridascreen™
test kit (R-Biopharm Darmstadt, Germany), and these kits
were used by CDC to evaluate clinical samples associated
with puffer fish poisoning (M. Early, pers. comm.). They
were also used by Etheridge et al. (2006) to test puffer fish
extracts associated with a human illness. In these cases
ELISA results compared well with other methods, although
this was because the samples fortuitously possessed
a congener profile that reacted with the antibody in
a fashion that matched the potency. Good agreement
between ELISAs and MBA was also reported in other studies
(Chu et al., 1996; Usleber et al., 1997), but not in all (Kasuga
et al., 1996). As stated earlier, toxin profiles can be quite
complex, making the cross-reactivity challenge with anti-
bodies an impediment to widespread use of the kits. To
improve immuno-based assays for PSP toxins, an antibody
or, more likely, a mixture of antibodies with a cross-reac-
tivity to congeners reflecting toxicity is needed. To address
this issue Beacon Analytical Systems, Inc. has introduced an
additional ELISA for the detection of NEO. Antibodies to all
toxin congeners are not readily available. Successful
production of antibodies appears to remain on small scales
(e.g. Chu et al, 1992), with the exception of what is
produced by or in association with test kit developers for
their own purposes. The lack of available antibodies is
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mostly due to the lack of purified toxin congeners from
which to produce them. None of these kits have undergone
AOAC validation nor are they NSSP approved (with the
exception of approval for the Abraxis ELISA to be used as
part of a pilot study to assess the Onboard Screening
Dockside Testing Protocol as a management strategy -
described below).

Lateral flow immuno-chromatography test kits are also
antibody-based assays that have potential for detecting
PSP toxins for seafood safety and human health purposes.
The only such commercially available kit is the Jellett
Rapid Test (JRT) manufactured by Jellett Rapid Testing, Ltd.
The JRT kit has not been AOAC validated; however, they
have approval by the ISSC (Interstate Shellfish Sanitation
Conference) as an NSSP approved method for regulatory
use in the US under very specific circumstances. Specifi-
cally, the JRT can be used in the following ways: (1) as
a method to determine when to perform an MBA in
a previously closed area, (2) a negative result can be
substituted for an MBA to maintain an area in the open
status, and (3) a positive result shall be used for
a precautionary closure. The JRTs are faced, however, with
the same antibody cross-reactivity challenge as other
immuno-based methods. Evaluations of the JRT have been
conducted by several regulatory laboratories. For example,
concerns were reported in the UK about potential false
negatives when using the kits (CEFAS, 2007). In the US,
however, studies have concluded that false positives are
the main problem. California’s public health laboratory
conducted a parallel study using the MBA and the JRT in
2004 for a total of 910 samples (Oshiro et al., 2006).
Throughout the year there were no false negatives found,
meaning there were no cases when the JRT gave a negative
result when the MBA tested positive. However, 28.5% of
the samples resulted in false positives (positive by JRT and
negative by MBA). Unfortunately there were no toxin
profile data available to see if discrepancies were related
to the toxin congeners present in the samples. The authors
concluded that the JRT could be used as part of California’s
PSP surveillance program as a screening tool for deter-
mining when to conduct MBAs, thereby reducing animal
usage. Similarly, Costa et al. (2009) found no false nega-
tives when using the JRT to test shellfish collected from
the Aleutian Islands, Alaska. The percentage of false
positives was greater in this study, with 73% false positives
reported for the JRT when compared to the RBA. Likewise
at the US FDA, we conducted a study investigating shell-
fish toxicity tested by JRT compared to the RBA and no
false negatives were reported. However, false positives
were fairly frequent (Fig. 2). Even Jellett Rapid Testing Ltd.
reports false positive rates ranging between 1.4% and 55%,
depending on the toxin profile (Laycock et al., 2010). From
a public health perspective false negatives are to be
avoided entirely, whereas false positives err on the side of
protection. A problem arises though when the rate of false
positives is too high and the kits become ineffective tools.
Unfortunately, there is no known toxin profile that exists
ubiquitously that could be used for kit validation. Thus,
false positives are inevitable.

While the assays stated above are more widely used
and/or considered for seafood safety and human health

uses, there are others that may serve as effective detection
tools in the future. Surface plasmon resonance (SPR)
biosensors represent an example. They have been applied
mostly in biomedical research and industry settings to
assess molecular interactions especially for drug analysis.
Relatively recently this platform has been evaluated for
detecting and investigating small molecular weight toxins
(e.g. Yu et al.,, 2005; Taylor et al., 2008). An SPR biosensor
assay was developed by Fonfria et al. (2007) to detect PSP
toxins using an inhibition type antibody binding approach.
They report being able to detect STX in the range of
15-400 pg 100 g~ '; however, the antibody challenges
described earlier apply here as well. Another study
describes an approach of using calyx[4]arene derivative
monolayers in an SPR assay and found the crown ether self-
assembled monolayer to bind STX well, even at low
concentrations (Chen et al., 2007). Campbell et al. (2007)
investigated the use of three different PSP protein binders
in an SPR inhibition-based assay which included sodium
channel receptors, a monoclonal antibody raised to GTX2/3
and a polyclonal antibody raised to STX. They reported the
ability to bind STX using all three proteins with the rabbit
polyclonal demonstrating cross-reactivity with the widest
range of PSP toxins. The data, however, indicated stability
issues with the sodium channel preparations that were
used during the assay and that improvements are neces-
sary before native receptors can serve as the molecular
recognition element in this assay. The potential for
coupling SPR with mass spectrometry for confirmatory
analysis of PSP toxins is also being investigated (Marchesini
etal., 2009). An assay for detecting PSP in shellfish using an
SPR biosensor is currently the focus of a multi-laboratory
collaborative study through BioCop Project, which seeks to
supply regulators, consumers and industry with long-term
solutions to the complex problems associated with chem-
ical contaminant monitoring (http://www.biocop.org/
index.html [accessed 9 November 2009]). Advantages of
SPR biosensors include having real-time, label-free, high
throughput, detection capabilities that use very little
solvents or sample. It is foreseeable that this method could
play a more prominent role for regulatory purposes in
the future.

In addition to assays there are also analytical methods
that allow for the separation of individual toxin congeners
so that they can each be identified and quantified. Of those,
high-performance liquid chromatography (HPLC) is most
well-established for PSP toxins. HPLC methods for these
toxins involve either a pre- or post-column oxidation step
so that the derivatized form of the toxins can be detected by
fluorescence. The post-column oxidation HPLC method
reported by Sullivan and Wekell (1984) and Sullivan et al.
(1985) was based on the original fluorometric method of
Bates and Rapoport (1975) and it was found to compare
well with the MBA. One challenge of the Sullivan (1988)
post-column oxidation method is that it is challenging to
differentiate STX from dcSTX (van Egmond et al., 1994). The
most commonly used method for research application is
the post-column oxidation HPLC method by Oshima (1995).
The limitation is time consumption since three separate
isocratic runs are needed in order to separate, identify and
quantify the range of toxins present. This particular HPLC
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Fig. 2. Sea scallop (a) gonad and (b) viscera toxicity compared using the JRT and RBA. All scallop samples collected during the survey of waters off the northeast
coast of the US in 2007 that tested less than 40 pg STX eq 100 g~! by RBA were plotted showing the JRT results (green = negative; yellow = weakly positive;
red = positive). The red symbols, thus, denote samples for which the JRT yielded a false positive. No false negatives were found during that survey. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

method has not been AOAC validated nor is it approved as
an NSSP method for regulatory purposes.

The Oshima (1995) post-column oxidation method was
modified by Thomas et al. (2006) and then further by
Rourke et al. (2008). Originally, the method required three
separate injections per sample under different chromato-
graphic and post-column conditions in order to detect the
full range of toxins. The modified version only requires two
separate injections per sample. The major advantages of
this modified method include higher throughput and faster
turnaround time of positive samples. A successful AOAC
single laboratory validation was performed with this
method (Rourke et al., 2008), and it is currently the focus of
an AOAC collaborative study. Additionally, in October 2009

this post-column HPLC approach was accepted as a Type IV
NSSP method for the determination of paralytic shellfish
toxins in shellfish, making it the most recently approved
PSP method for regulatory purposes in the US.

The pre-column oxidation HPLC technique that is
becoming more established, especially as a regulatory tool,
is the Lawrence AOAC (2005) approved method. This pre-
column oxidation HPLC method has been validated for STX,
NEO, GTX2/3, GTX1/4, dcSTX, B1 (GTX5), C1/2 and C3/4 in
mussels, clams, oysters and scallops. In the UK, this method
has already been implemented as the primary regulatory
tool (Food Standards Agency (FSA), 2007). In order for state
monitoring laboratories in the US to implement this
method, it would still need to be deemed an NSSP approved
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method; however, even with that approval it is unlikely
that many state laboratories would switch to this method
due to time constraints, instrument expense and the need
for a skilled scientist to analyze samples. The method has
not been adopted for use in Canada even though this is
where the method was developed. Guy and Griffin (2009)
cited instrumentation costs and lack of certified reference
materials as the major obstacles of implementation. Many
of the PSP congeners are actually available through the
National Research Council in Canada. The congeners that
are fairly common that are still not available include B2
(GTX6) and C3/4. The lack of these additional standards
would of course be the same limitation to any other
analytical method. It is likely that the major drawback and
leading reason for the Lawrence method not being imple-
mented as a regulatory tool is due to the time it takes to
complete a sample analysis (Ben-Gigirey and Villar-Gon-
zalez, 2008). This is especially the case in Canada where
they find a large number of positive samples that have to
undergo the full Lawrence analysis, thereby reducing
sample throughput and increasing costs.

To date, these method validation studies have focused
on shellfish extracts and there is no validated method for
detecting PSP toxins in clinical matrices. The focus of
a current study (Etheridge et al.,, unpublished) is the
extension of the Lawrence HPLC method for use with
human urine and serum. Given the limited number of
clinical samples typically encountered, the time
constraints of this method would be less of a concern
compared to using it for shellfish monitoring purposes.
Having a validated method for detecting individual toxins
in clinical samples will enhance our ability to obtain as
much information as possible about toxins in humans for
those rare samples that are collected in time, stored
adequately, and sent to an appropriate laboratory that can
perform the analyses.

In general another challenge of HPLC and fluorescence
detection is the possibility that naturally occurring fluo-
rescent compounds in samples may interfere with toxin
identification, as was demonstrated by the GTX4 “impos-
ters” by Baker et al. (2003). Etheridge et al. (2006) dis-
cussed this challenge and steps that can be taken in
addition to simple chromatographic runs to confirm the
presence of PSP toxins. In brief, it is necessary to, at
a minimum, run subsets of samples without the post-
column oxidation to assist with distinguishing toxins from
naturally occurring fluorescent compounds in the matrix.
Other limitations of HPLC-based toxin determination
include lack of availability of certain toxin standards as
described above and converting toxin concentration back
to toxicity, which is the most relevant measure with respect
to human illness. Both of these limitations of course apply
to other analytical methods as well.

The other analytical separation method becoming more
established for PSP toxins is liquid chromatography with
mass spectrometry detection (LC-MS). Dell’Aversano et al.
(2005) improved LC-MS detection capabilities by estab-
lishing a method based on hydrophilic interaction liquid
chromatography (HILIC) which was more sensitive than
previous methods. Since this method does not use mobile
phases with ion-pairing agents, it does not suffer from

reduced ionization efficiency as did previous methods.
Application of a zwitterionic hydrophilic interaction liquid
chromatography (HILIC) column by Diener et al. (2007)
separated underivatized PSP toxins using an LC-MS/MS
method to separate all 3 groups of PSP toxins in a single
run. This area of research is expanding rapidly and prom-
ises to be an effective detection tool for these toxins (Deeds
et al, 2008b). Challenges that currently remain are
improving limits of detection and obtaining labeled
internal standards to be used for concentration determi-
nation. The greatest advantage of LC-MS methods is that it
is confirmatory.

Regardless of the detection method used, sample
extraction plays a significant role. The most common is the
boiling hydrochloric acid extraction used within the AOAC
MBA (AOAC 2000). This process has the potential to convert
some of the less potent toxins into congeners of higher
toxicity (e.g. C toxins into their respective GTX counter-
parts). Since there is also the possibility that similar
conditions may occur during human digestion, the extrac-
tion is considered acceptable as it errs on the side of
caution. However, if one is interested in the inherent toxin
profile and toxicity of a sample less harsh procedures (e.g.
acetic acid) are needed. Vale et al. (2008) recently pub-
lished a study on the effect of pH during extraction on PSP
toxin potency and showed that a variation in pH by 2 units
during extraction can lead to large discrepancies in sample
toxin profiles and toxicity. The critical issue of toxin
extraction must be considered when selecting a particular
detection method to ensure that the measurement
provided answers the regulatory need.

6. Monitoring and management strategies

The STXs are heat and acid stable, thus cooking the
seafood does not denature the toxins. The combination of
acid and heat can result in the hydrolysis of the carbamyl-
N-sulfo congeners to their corresponding carbamate form
(Boyer et al., 1986), making seafood potentially more toxic.
While the cooking process does not destroy toxins per se,
it is possible that certain procedures could reduce toxin
levels. For example, Lawrence et al. (1994) demonstrated
that boiling or steaming lobster tomalley could reduce
toxicity by approximately 65% compared to raw toxicity.
This observed decrease is the result of toxins migrating out
of the lobster and into the water used for boiling/steam-
ing. Therefore, when seafood is boiled or steamed, toxin
extraction can make cooking liquids very toxic (Mons
et al., 1998).

Operations of an industrial canning process were also
evaluated for decreasing toxins, and found that boiling
and sterilization reduced toxins (Berenguer et al., 1993).
Takata et al. (1994) studied the effect of boiling and
retorting on toxicity in oysters and reported that boiling
and retorting for 60 min was more effective than boiling
and then retorting for 5 min. While adjusting cooking
processes is not solely a strategy for managing this public
health risk, there are some benefits to certain cooking
methods that extract the toxin into a cooking liquid that
can then be discarded.
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A harvesting management strategy is to only harvest
parts of the organisms known to be safe and to discard the
parts of the organism that may pose a threat. The most
noteworthy example of such a practice is the harvesting of
sea scallop adductor muscle only. In certain waters off the
coast of the US, shellfish beds are only open for scallop
adductor muscle harvesting and are closed to harvesting of
all other molluscan bivalves, due to the threat of PSP. This
practice is allowed because scallop adductor muscle is
typically considered free of PSP toxins. Reports by Mur-
akami and Noguchi (2003) found small toxin levels in the
adductor muscle from the scallop Patinopecten yessoensis
that were frozen as a whole body and then separated after
thawing. Therefore, scallop adductors are considered safe
when prepared from live, fresh scallops with careful
removal of the remaining organs and tissues which is the
basis for the required separation at sea upon harvest before
freezing. Another example of management strategies
dealing with the harvest and processing of certain body
parts is the abalone in South Africa. It was suggested by
Pitcher et al. (2001) that PSP toxin levels could be reduced
by separating the abalone foot and epipodial fringe and
scrubbing them.

A more recent study investigating the potential for
decreasing toxin content in bivalves by industrial processes
can be found by Reboreda et al. (2010). In addition to pre-
senting a brief review of previous reports on procedures for
detoxifying bivalves, the authors evaluated four methods
for decreasing marine toxin levels in mussels, scallops,
clams, and cockles: freezing, evisceration, ozonation, and
thermal processing. Specifically for PSP toxins, they
assessed the effects of thermal processing and freezing on
mussels, clams, and cockles. Notably, they found that PSP
toxicity decreased after thermal processing and the effect
of freezing was highly dependent on the matrix. The
bivalves used for this study, however, were not highly toxic.
In order to fully assess the degree of successful detoxifica-
tion these studies should be repeated starting with mate-
rial with a higher toxin burden.

Since the seafood harvesting, processing and cooking
methods have limited impact in most cases on reducing
toxin loads and making seafood products safe from this
hazard, there are other major monitoring and management
strategies in place to protect public health. As already
stated, the action level must not be exceeded for seafood to
be harvested; therefore monitoring tools are critical for
making decisions to open/close seafood resources as
quickly and efficiently as possible. Many countries have
established successful programs and many states within
the US have very successful monitoring strategies for sea-
food collected from waters in their purview. One major
challenge facing the FDA is the extensive offshore shellfish
beds that are under federal jurisdiction, making them FDA'’s
responsibility for ensuring their safety. FDA, however, does
not have statutory authority to close a fishery, thus
a request is made in these cases to the National Marine
Fisheries Service to close the beds under their authority
given by the Magnuson-Stevens Act. Federal waters
represent areas that are nominally 3 miles or greater
offshore and cover an enormous area, making it a serious
challenge for traditional sample monitoring such as that

typically done by state laboratories. Thus, innovative
strategies are being investigated for monitoring and
managing these offshore resources. Currently, the focus is
on an Onboard Screening Dockside Testing pilot study
(http://[www.nero.noaa.gov/sfd/clams/ [accessed 9 January
2009]). This strategy involves giving a fishing vessel
a permit to fish in closed waters with restrictions in place to
ensure public health is protected. The protocol calls for
industry to use available test kits in the field to test the
seafood product upon harvest. If all samples from
a minimal number of required sampling locations per area
are negative using the field test, the product may be har-
vested and landed. However, once the product is landed it
must be tested using a regulatory method (i.e. MBA) to
confirm the product is safe for consumption before it can be
released from the processing plant. Pilot studies are
currently underway and involve the use of two onboard
screening methods: the Jellett Rapid Test (JRT) and the
ELISA by Abraxis.

Another management tool for seafood safety is through
the Hazard Analysis Critical Control Point (HACCP)
program. The FDA implemented HACCP in the mid-1990s
for the seafood industry to (1) analyze hazards, (2) identify
and monitor critical control points, (3) establish corrective
actions to be taken when monitoring shows that a critical
limit has not been met, and (4) verify that the system is
working and documented properly. The FDA published and
periodically updates the Fish and Fishery Products Hazards
and Controls Guide to assist processors in HACCP plan
development. The safety features of FDA’s seafood HACCP
regulations have also been incorporated into NOAA'’s
National Seafood Inspection Program.

In the US, the ISSC and the NSSP serve to promote
seafood safety. The ISSC (http://www.issc.org [accessed 9
January 2009]) was formed in 1982 to foster and promote
shellfish sanitation through the cooperation of state and
federal control agencies, the shellfish industry, and the
academic community. The ISSC has its own Biotoxin
Committee and a Laboratory Methods Review Committee
for approving methods of detection for toxins in seafood
for regulatory purposes. The NSSP is the federal/state
cooperative program recognized by the FDA and ISSC for the
sanitary control of shellfish produced and sold for human
consumption. The NSSP provides the Guide for the
Control of Molluscan Shellfish (http://www.fda.gov/Food/
FoodSafety/Product-Specificinformation/Seafood/Federal
StatePrograms/NationalShellfishSanitationProgram/ucm
046353.htm [accessed 9 January 2009]). Both entities play
major roles in guiding policy/regulation in the US with
respect to seafood safety.

On a more global scale the Task Force on Marine and
Freshwater Toxins was developed under the auspices of
AOAC (http://www.aoac.org [accessed on 9 January 2009])
to work on prioritizing, funding, and accelerating validation
studies of methods for marine and freshwater toxins. This is
formed by an international group of experts on these toxins and
stakeholders who have a strong and practical interest in the
development and validation of methods for detection of these
toxins. Also on a global scale, the Codex Alimentarius (http://
www.codexalimentarius.net [accessed 9 January 2009])
was created in 1963 by FAO and WHO to develop food
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standards, guidelines and related texts such as codes of practice
under the Joint FAO/WHO Food Standards Programme.

7. Summary

Paralytic shellfish poisoning is a serious syndrome and
the toxins responsible for this illness pose a great risk to
seafood safety and public health. Our understanding of the
sources, vectors, viable toxin testing methods and moni-
toring/management practices has reduced illnesses and
fatalities over the years. However, our knowledge base
continues to expand even as new sources/vectors emerge.
With efforts directed at establishing more appropriate
regulatory methods and seeking alternatives to the MBA,
our ability to monitor for toxins in a range of matrices of
interest will improve. Innovative management strategies,
such as the onboard screening dockside testing study,
should be considered to further enhance our capacity to
ensure that safe seafood products reach the market.
Through these enhancements it is anticipated that we not
only further decrease the number of PSP illnesses and
fatalities, but that we make closures as efficiently as
possible so that safe resources are available and are not
unnecessarily closed — a balance that respects the economy
and livelihood of the seafood industry and protecting the
public.
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