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Abstract

In recent years, there has been an increase in the consumption of seafood such as shellfish
and crustaceans due to their pleasant taste and nutritional value. Fish are also a crucial
part of a healthy, balanced diet. However, the consumption of these products may cause
food poisoning through marine biotoxins. In recent years, several legal acts have been
published by the European Commission to regulate toxin limits and describe their reference
analysis methods. Commission Regulation (EC) No. 853/2004 established the maximum
contents of marine biotoxins only in bivalve mollusks. Although other groups of marine
organisms such as crustaceans (crabs, shrimps, and lobsters) and fish are not included in
the EU rules for toxin monitoring, they may still be vectors of marine biotoxins for humans.
Due to this, there is an urgent need for studies regarding the occurrence of marine biotoxins
in non-bivalve seafood organisms and their potential influence on public health. In this
review, the most important cases of accumulation of marine biotoxins in crustaceans and
fish in recent years are described.

Keywords: marine biotoxins; crustaceans; fish; monitoring; human health; detection
methods

Key Contribution: This review describes the occurrence of marine biotoxins in crustaceans
and fish, demonstrating that not only shellfish, which are regulated by law, but also other
marine organisms may be dangerous for human health.

1. Introduction
Marine biotoxins, also called phycotoxins, are a group of toxic compounds produced

mainly by the massive growth of phytoplankton during harmful algal blooms (HABs) [1–3].
The occurrence of HABs is connected to the overgrowth of algae, which is often called ‘red
tides’ due to change in color of the water surface. The formation of marine biotoxins is
dependent on the presence of favorable conditions for their growth, i.e., the availability of
nitrogen and phosphorus, appropriate water temperature, salinity, and CO2 concentration.
Among the roughly 5000 existing species of marine algae, more than 100 may occur in very
large amounts and produce toxins that are harmful for animals and humans [3]. Species of
algae from the genera Noctiluca scintillans and Skeletonema costatum only change the color
of water and cause the death of fish and other marine animals, but algae of Alexandrium,
Gymnodinium, Dinophysis, and Pseudo-nitzschia are mainly responsible for poisoning humans.
Aquatic organisms absorb marine biotoxins through food, and the biotoxins accumulate
in different parts of the body, thus posing a risk for the consumers’ health [1,2]. Potential
vectors of marine toxins are bivalve mollusks (e.g., blue mussels, Japanese carpet shell,
Pacific oysters, and razor clams) [2,3], crustaceans (crabs, lobsters, shrimps) [1,4], and fish
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(e.g., northern anchovies, globefish, Pacific sardines, puffer fish) [1,3] (Figure 1). Mussels
can filter 20 L of water per hour and harmful algal blooms may produce several million
algal cells per liter of water [3].

Figure 1. Exposure of humans to marine toxins through different vectors.

The beneficial properties of marine biotoxins should also be emphasized. This diverse
group of naturally occurring metabolites consists of very complex molecules that, despite
their toxic properties, are also widely used in many fields such as pharmaceutical and
biotechnology industries [5]. It is known that marine biotoxins possess anti-cancer, anti-
inflammatory, anti-bacterial, and neurodegenerative properties and may be effective in the
treatment of diabetes and hypertension.

The groups of marine organisms responsible for biotoxin poisoning were not expanded
and remained the same since Regulation No. 853 regarding the limits for marine biotoxin
in live bivalve mollusks established in 2004 [6]. The development of analytical methods
has led to the detection of new toxin groups. A lot of them are called ‘emerging toxins’,
which are involved with new occurrences that result from rising water temperatures and
escalating coastal eutrophication. Furthermore, climate and hydrographic changes can
also affect phytoplankton species distribution. Despite the implemented marine biotoxin
monitoring programs, there is still a group of toxins without an established regulated
limit [7]. Taking into account the symptoms of illness after the consumption of contam-
inated food, the most important biotoxins are classified as amnesic shellfish poisoning
(ASP), azaspiracid poisoning (AZP), toxins causing paralytic shellfish poisoning (PSP),
diarrheic shellfish poisoning (DSP), and yessotoxin (YTX), which are regulated by the
European Union legislation, and emerging toxins that are not regulated such as neurotoxic
shellfish poisoning (NSP), cyclic imines (CIs), ciguatera fish poisoning (CFP), and puffer
fish poisoning caused by tetrodotoxin (TTX) [3,8] (Table 1).
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Table 1. European Union (EU)-regulated marine toxins in live bivalve mollusks and emerging
marine toxins.

Marine
Biotoxin Group Regulatory Limit Detection

Method

Regulated marine toxins in the EU

Saxitoxins STx 800 µg STX
eq.2-HCl/kg HPLC-FLD *

Domoic acid DA 20 mg DA/kg HPLC-UV *

Okadaic acid OA 160 µg OA eq./kg LC-MS/MS *

Azaspiracids AZAs 160 µg AZA eq./kg LC-MS/MS *

Yessotoxins YTXs 3.75 mg YTX eq./kg LC-MS/MS *

Emerging marine toxins (not regulated in the EU)

Brevetoxins BTx NE ** LC-MS/MS

Ciguatoxins CTx NE ** LC-MS/MS

Cyclic imines CIs NE ** UPLC-MS/MS,
LC-MS/MS,

Tetrodotoxins TTx NE ** HILIC-MS/MS,
UPLC-MS/MS

Palytoxins PTXs NE ** LC-MS/MS
* Official method; ** NE, not established.

Based on chemical properties, marine biotoxins can be classified as hydrophilic or
lipophilic toxins [1,3,9]. In Europe, there are two separate groups of legislated hydrophilic
toxins: saxitoxin (STX) and domoic acid (DA), along with their derivatives. The STX group
is the most complex and comprises the following: the STX group (STX, decarbamoyl sax-
itoxin (dcSTX), the C group, N-sulfocarbamoyl-gonyautoxins 1–4, (C1, C2, C3, and C4));
GTX group, gonyautoxins 1–6 (GTX1, GTX2, GTX3, GTX4, B1 (GTX5), and B2 (GTX6));
decarbamoyl gonyautoxins 1–4 (dcGTX1, dcGTX2, dcGTX3, and dcGTX4); and neosax-
itoxin (NEO, dcNEO). The main DA isomers comprise epi-domoic acid (epi-DA) and
iso-domoic acids A, B, C, D, E, F, G, and H (iso-DA A-H) (1). Lipophilic marine toxins
consist of four groups with different chemical structures: okadaic acid (OA), azaspiracids
(AZAs), pectenotoxins (PTXs), and yessotoxins (YTXs), as well as their derivatives. Among
them, a total of 13 analogs are registered in the European Union: OA and its derivatives,
dinophysistoxins DTX-1, DTX-2, and DTX-3, AZA-1, AZA-2, AZA-3, PTX-1, PTX-2, YTX,
45-OH-YTX, homoYTX, and 45-homoYTX.

New emerging toxin groups often occur not only in bivalve mollusks but also in
fish, e.g., puffer fish and Ciguatoxic fish [10–12]. Symptoms of poisoning mainly include
acute gastrointestinal manifestations with diarrhea, nausea, vomiting, stomachache, and
neurological disorders such as muscular paralysis, dizziness, memory loss, and respiratory
difficulty [3]. Despite the fact that Regulation (EC) No. 2017/625 includes procedures for
monitoring and sampling intended not only for live bivalve mollusks, but also marine
gastropods, tunicates, and echinoderms, these organisms are frequently ignored in surveil-
lance programs [7]. Similarly, crustaceans and fish may be vectors of marine biotoxins, but
they have never been inspected for the content of these compounds [4,8].

There are a lot of scientific reports and documented studies including cases of detect-
ing marine biotoxins in aquatic organisms other than shellfish [4]. Several human outbreaks
of poisoning involving marine biotoxins in crustaceans have been reported [13–15]. How-
ever, there are no established regulations regarding sampling plans, regulatory limits, or
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reference methods of detection for organisms other than bivalve mollusks. For this reason,
it is very important to collect data about biotoxins in crustaceans and fish.

The aim of this review is to present the most important information regarding the oc-
currence of marine biotoxins in non-bivalve organisms such as crustaceans (crabs, lobsters,
shrimps) and fish and also to assess their risk to human health.

Seafood Production and Global Market

Irrespective of the negative impact on human health, poisoning through marine biotox-
ins can cause serious economic consequences. The main sectors affected by harmful algal
blooms are the fish and seafood trade, public health, tourism, and recreation. According
to the data from a report by the Food and Agriculture Organization (FAO) of the United
Nations, ‘The State of World Fisheries and Aquaculture 2022’, the global production of fish
and seafood in 2022 was at a record high level, and this sector will play an increasingly
important role in food supply and food safety worldwide [16]. Global seafood consumption
(including fish) reached 20.2 kg per person in 2020, more than twice that in the 1960s. It
is estimated that by 2030, consumption will increase to 21.4 kg per person. In 2020, the
total amount of fish and seafood caught was at 90.3 million tons, and the total amount
from direct seafood sales was USD 406 billion, while the production of crustaceans was
at 11.2 million tons, worth USD 81.5 billion. Compared to the previous report, in 2018,
the production of crustaceans was at 9.4 million tons for aquaculture worldwide, which
corresponds to about USD 69.3 billion [17]. Among this group of organisms, the most com-
monly produced crustacean in the world is shrimps, followed by crabs and lobsters [18,19].
The increasing consumption of seafood dishes and common consumption of raw or lightly
processed crustaceans can cause the transmission of harmful algal toxins, resulting in food
poisoning of various severity, ranging from mild to even causing death [20]. Fish, desirable
sources of valuable nutrients such as protein, omega 3-fatty acids, and vitamins, are also
exposed to harmful algal blooms.

2. Challenges in the Detection of Marine Biotoxins
The search for new methods to determine marine biotoxins and improve the current

ones is extremely important, not only to ensure consumers’ safety but also due to their
pharmacological properties and clinical application in the form of new drugs and therapeu-
tic paths [21]. The growing number and types of biotoxins and food matrices indicate the
need to develop new procedures in the monitoring of production areas of seafood and fish.
At present, the methods used to determine marine biotoxins can be divided into biological,
functional, and chemical assays. Also, numerous processes of extraction and detection of
marine biotoxins are crucial for determining the quality and safety of seafood. Advanced
chemical methods, such as high-performance liquid chromatography (HPLC) with UV or
FLD detection and liquid chromatography–mass spectrometry (LC-MS), as well as novel
techniques like nanomaterials and biosensors, are used for the effective detection and
quantification of biotoxins in seafood [3,9,22]. Due to the specific identification procedures
for each marine biotoxin, the obtained results correspond to specific concentrations of the
determined compounds and can be calculated into toxic equivalents by using appropriate
conversion factors. The numerous studies conducted in this field are essential for solving
the emerging problems related to the detection of these heterogeneous compounds in
different food matrices.

The first official method for the analysis of the paralytic shellfish poisoning (PSP) toxin
was a mouse bioassay (MBA) [3]. MBA is a biological method based on the intraperitoneal
injection of a seafood extract into the mouse, and then monitoring the survival or the time
it takes the animal to die to determine the presence and concentration of the toxin [9]. The
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biotoxin level is presented in Mouse Units (MU) multiplied by the dilution factor and, if
necessary, by a weight correcting factor, giving finally the concentration of PSP in MU/100 g.
To convert MU into µg of STX equivalent, the result is multiplied by a conversion factor,
which is regularly controlled and calculated by each laboratory. In addition to the ethical
concerns related to the use of the MBA method due to the killing of test animals, there are
other disadvantages to this technique such as low sensitivity and accuracy. For this reason,
in recent years, this method has been replaced mainly by chromatographic techniques.

Currently, the chemical methods are the most efficient and accurate for identifying
multiple biotoxins. The HPLC-FLD technique with pre-column hydrogen peroxide and
sodium periodate, followed by fluorometric detection, is the reference method for the
determination of PSP toxins and is called the Lawrence method [22]. Furthermore, the
LC-MS/MS method using HILIC (hydrophilic interaction liquid chromatography) for
separating saxitoxins, due to their high polarity, is still being tested for the effective analysis
of PSP. Other methods that are less popular for PSP determination are immunological
methods like ELISA or receptor binding assay (RBA), which are suitable only for screening
purposes [3].

The reference method for domoic acid (DA) toxin group determination in shellfish
is HPLC-UV [19]. This assay is based on, first, the extraction of toxins from the sample,
usually with an aqueous methanol mixture (50:50, v/v), and then purification of the extract
using a methanol-compatible filter. The purified extract is analyzed with a UV detector. For
this purpose, the LC-MS/MS method may also be used, which offers more selectivity and
sensitivity through analyzing the mass of the domoic acid molecules and its fragments. This
is very important, especially when identifying various isomers of a toxin and confirming
its presence in complex seafood matrices [23].

Okadaic acid (OA) and its analogs are analyzed in mollusks through liquid chromatog-
raphy with tandem mass spectrometry (LC-MS/MS) [22]. The EU reference method is
based on the extraction of the okadaic acid group and its esters (OA, DTX), pectenotoxins
group (PTX), azaspiracid shellfish poisoning (AZA), and yessotoxins group (YTX) with
100% methanol from homogenized tissue. Then, the extract is filtered and directly analyzed
using the LC–MS/MS method in order to determine the presence of toxins. To study the
total content of the OA toxins group, an alkaline hydrolysis is required from a methanolic
extract prior to LC-MS/MS analysis, with the aim of converting any acylated esters of OA
and/or DTXs to the parent OA and/or DTX1 or DTX2 toxins. After that, extracts are filtered
and analyzed using LC–MS/MS. The ELISA method is also allowed as an alternative assay
for lipophilic toxin determination [24].

In addition to the regulated marine biotoxins, there are also many emerging marine
toxins as the effects of globalization and climate change spread rapidly to new areas, which
makes them very difficult for identification [1,8,12]. The methods most commonly used
for determination of emerging marine biotoxins are based on chromatographic techniques
such as LC-MS/MS (brevetoxins, ciguatoxins, and palytoxins), UPLC-MS/MS (cyclic
imines), and HILIC-MS/MS (TTX) [1]. The other assays include immunoassays, receptor-
binding tests, biosensors, and cell-based approaches, which have been implemented for the
screening and quantification analysis of emerging marine toxins. The problem regarding the
availability of standards and reference materials is the reason for the limited development
of methods for determination of emerging marine biotoxins and, as a consequence, the lack
of official methods for these toxins in seafood.
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3. Occurrence of Marine Biotoxins in Crustaceans
3.1. Marine Biotoxins in Crabs

Crabs are omnivorous organisms that might ingest marine toxins from algae or con-
sume other marine organisms that contain toxins. Therefore, they are significant vectors for
the higher-level organisms in the food chain, including fish, sea birds, and even humans.
In the soft-shell crab industry in the USA, the crabs are usually gutted and cleaned before
being sold due to the undesirable bitter taste of the digestive organs [25].

In 2001, at Aveiro lagoon, north-west Portugal, an outbreak of human diarrheic poison-
ings (DSPs) was revealed after the consumption of numerous cooked green crabs Carcinus
maenas [13]. Symptoms of poisoning (vomiting, diarrhea, and abdominal pains) appeared
2–3 h after ingestion and persisted over a three-day period [2,3]. In this study, collected
crabs were killed by being frozen before the analysis. Then, the samples were thawed,
and the crab shell was removed. The edible parts (body meat and most of the viscera)
without the leg meat were mixed together. The level of okadaic acid (OA) (mainly in the
form of esters) in the edible parts, analyzed using the LC-MS method, was 320 µg/kg of
crab viscera. This case of poisoning confirms that crabs Carcinus maenas, which eat various
species of bivalve mollusks, may be indirect vectors of marine toxins.

In 2002, about 200 persons were poisoned after eating brown crabs Cancer pagurus
harvested off the south coast of Norway [14,15]. The samples of crabs revealed the presence
of 290µg/kg of OA in the edible tissue [14] and 1500 µg/kg in the brown meat (hepatopan-
creas) [15]. The source of contamination was blue mussels (Mytilus edulis) from the same
region, with OA levels reaching up to 4000 µg/kg of mussel meat [14].

In 2008, a study was conducted in Denmark in which green crabs Carcinus maenas
were fed with raw marine clams containing 2500 mg of okadaic acid equivalents/kg [25].
Each crab was fed one mussel (with an average 2.8 g content of meat) per day for 17 days.
The amount of total OA equivalents in the digestive organs was on average 27 times higher
than in the crab’s body meat. The highest detected level was 503 and 12 mg/kg of total OA
equivalents in digestive organs and body meat, respectively.

The second marine toxin that appears regularly around the Portuguese northern coast
is domoic acid (DA) [26]. Mild symptoms of poisoning include vomiting, nausea, and
diarrhea, but in more severe cases, neurological symptoms may occur such as dizziness, res-
piratory difficulty, and coma [1–3]. DA was detected in crabs Carcinus means but below the
USA permitted limit of 30 µg/g of crab viscera [13]. In cooked crabs, a significant reduction
in DA was found, which was consistent with the results of the previous studies [27].

Another organism, which may play an important role in ASP in the marine food
chain, is the swimming crab Polybius henslowii [28]. The crabs were harvested along the
Portuguese coast in the summer of 2002. The determined content of DA was high and the
maximum content reached 323.1 mg DA/g of crab tissue (in the whole body). The highest
level of 576.1 mg DA/g of toxin was in the visceral tissues, while in the remaining tissues,
it was 4–12 times lower, which confirms the different distribution of toxins depending on
the crab’s organ. In contrast, in Polybius henslowii crabs sold during summer at a market
in Portugal, DA concentrations detected were close to the legal limit for mussels, i.e.,
20 mg/kg [28]. Also, the cooking process was assessed and a reduction in toxins of over
50% during cooking was found.

In Europe, besides Portuguese green crabs (Carcinus means) [13] and Polybius
henslowii [28], Scottish crabs have been reported as vectors for ASP toxins [29].

In Monterey Bay, USA, experimental studies have been conducted based on feeding
crabs with razor clams, which contained domoic acid [30]. Experimental studies confirmed
that feeding crabs with contaminated mussels leads to toxin accumulation in several species,
including Dungeness crabs (Cancer magister), rock crab (Cancer pagurus), blue crab (Cancer
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sapidus), and stone crab (Menippe adina). The aim of this experiment was to understand how
the DA toxin accumulates in and is removed from crabs. These studies showed that the
toxin accumulates in the crabs’ hepatopancreas, and they do not have an efficient excreting
system, which causes a potential risk for marine animals and humans.

Crabs can also cause paralytic shellfish poisoning (PSP) and tetrodotoxin poisoning
(TTX) in humans, mainly in North America and Japan [31], but the origin of the toxins has
not been established in all cases. Symptoms of PSP and TTX poisoning are similar and
cover muscle paralysis, ataxia, dizziness, choking feeling, and shortness of breath [3,32,33].
STXs have been reported most commonly in Xanthidae family crabs [34,35]. Xanthid crabs
can accumulate toxins in their tissues at high concentrations, which may be dangerous for
other consumers [36]. The maximum level of PSP toxin was 6227 µg STXeq/100 g in the
Australian Xanthid crabs Atergatis floridus, but several samples contained less than 80 µg
STXeq/100 g [37]. In contrast, in Japan, Zosimus aeneus crabs contained a high level of
saxitoxin, amounting to 300 µg STX eq/100 g of samples collected in 1979 [38]. Tetrodotoxin
has been found, e.g., in Xanthid crabs from Taiwan (Demania cultripes, Demania toxica,
Demania reynaudi, Lophozozymus incisus, Lophozozymus Pictor, and Atergatopsis germaini) [39]
and in Horseshoe crab Carcinoscorpius rotundicauda from Vietnam [40].

3.2. Marine Biotoxins in Lobsters

Lobsters can be a vector for marine biotoxins, mainly for PSP, and may be a serious risk
for human health. The main source of toxins for lobsters are bivalve mollusks, especially
scallops, which are highly toxic throughout the whole year in many places. Lobsters accu-
mulate harmful toxins in their liver and pancreas after consuming contaminated scallops.
High rates of absorption are observed, similar to filter-feeding mussels, which means that
lobsters accumulate toxins quickly. There are only a few reports about the occurrence of
toxins in European lobsters; most of them come from America and Australia [41–45].

The first study on mussels as an indicator species for lobster was performed in 2012
by Madigan et al. after harmful algal blooms [45]. Mussels are ideal markers due to
their high filtration efficiency and rapid biotoxin accumulation. Moreover, there are many
well-developed analytical methods for this matrix, and they are easy to collect from harvest
areas. The monitoring studies often resulted in the closure of J. edwardsii harvests due to the
accumulation of a large amount of PSP toxins in their body after consuming contaminated
bivalve mollusks. Experimental data have revealed that J. edwardsii can collect a large
amount of saxitoxin in the liver and pancreas, and this level exceeds the PSP limit in mussels
after feeding lobsters with a large amount of highly toxic mussels for four days [46].

In Tasmania, Australia, experimental studies were carried out in which live lobsters
were fed with mussels containing PSP toxins collected during the Alexandrium tamarense
bloom [41]. It was reported that Southern Rock Lobsters (Jasus edwardsii) contained PSP
toxins at a maximum level of 4050µg of STX.2HCl eq/kg in their hepatopancreas and in
negligible concentrations in other edible tissues. These studies also showed that cooking
(steaming or boiling) does not reduce the toxicity and toxin profile, but it decreases the
total mass of the hepatopancreas, which reduces the total amount of toxins that could be
consumed. In the USA, preventive measures have been taken due to the high risk of PSP
after eating lobsters. The Food and Drugs Administration (FDA) does not recommend
eating guts from American lobsters, which are considered a delicacy (consumed alone or
as an addition to sauces), when high levels of PSP toxins occur on the Atlantic coast [4].
Another monitoring program implemented in New Zealand for J. edwardsii confirms the
serious risk of lobster poisoning [42]. This program is based on monitoring phytoplankton
and toxins in mussels in harvest areas.
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Toxin levels above the regulatory limit were also detected in the hepatopancreas of
lobster Homarus americanus from eastern Grand Manan Island in Canada, with lower levels
(<160 µg STX eq./kg) in the gills and tail [47]. The highest toxin contents identified in
this study were 4470, 2435 and 1775 µg STX eq./kg tissue of hepatopancreas, depending
on the harvesting site of the harmful algal bloom. This study confirms that scavenging
crustaceans, such as Homarus americanus, may provide saxitoxins for humans through the
consumption of contaminated shellfish, e.g., scallops or blue mussels. The occurrence cases
of marine biotoxins in crustaceans like crabs and lobsters are presented in Figure 2.

Figure 2. (a) DSP, (b) ASP, and (c) PSP toxin levels reported in crustaceans (crabs and lobsters) from
1980 to 2020 [13–15,25,28,31,32,40,41,47–54].

3.3. Marine Biotoxins in Shrimps

The assessment of contaminated shrimp as toxin vectors in the food chain is very im-
portant in regard to these organisms consuming phytoplankton throughout their whole life
as a valuable source of nutrients, mainly fatty acids [55]. Outbreaks of harmful cyanobacte-
ria and dinoflagellates in farm ponds have caused significant losses of shrimps in farms in
Mexico [56,57]. Harmful effects of toxins in shrimps include growth inhibition, impaired
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behavior, reduction in immunocompetence, and death, which lead to a serious reduction in
production [58,59].

To study the toxic influence of the harmful dinoflagellate of Alexandrium species on
marine organisms, four strains of Alexandrium spp. were isolated on the Chinese coast,
and their effect on the survival and feeding rates of the brine shrimp Artemia salina was
analyzed [60]. A. salina is a zooplankton organism belonging to crustaceans and occurring
in different water reservoirs such as lakes and oceans, and it is a common food for fish
and other aquatic organisms [61]. The influence on A. salina in each stage of its life
cycle—nauplii, metanauplii, and adult—was investigated. The experimental data have
shown that Alexandrium spp. at a quantity of 2000 cells/mL is lethal to the investigated
shrimps A. salina and can inhibit their feeding. Paralytic shellfish poisons (PSPs) produced
by Alexandrium spp. contributed to the death of brine shrimp and restrained their feeding
rate. Among the various life stages of A. salina, metanauplii was considered most sensitive
to the toxic algae.

The first report regarding the assessment of the influence of paralytic shellfish toxins
(PSP) from species of Gymnodinium catenatum in white leg shrimp (Litopenaeus vannamei)
was presented in 2008 by Perez-Linares et al. [55]. The shrimps revealed abnormal behavior
after the injection of PSP extract. Death occurred in doses above 5.5 µg STX equivalent/g,
but lower concentrations resulted in imbalance, paralysis of pereiopods (walking legs) and
antennae, abnormal swimming, and abdominal muscle cramps. Main organs such as the
heart and brain were seriously damaged, as shown in histological analysis.

McMahon et al. [62] analyzed the influence of tetrodotoxin (TTX) on the larval growing
of penaeid shrimp (Metapenaeus ensis). In this study, shrimps were injected with a range of
concentrations of tetrodotoxin solution, which caused inhibition of the heart in later larval
stages. However, no inhibitory effect on heartbeat frequency in earlier juvenile stages of
the shrimps was observed.

The first report regarding lipophilic marine biotoxins in brown shrimp (Crangon
crangon) was described in 2017 by Orellana et al. [63]. The samples were collected close
to the coast of the North Sea in Belgium. The mean concentration of OA/DTX-2 toxin in
shrimps was low and estimated to be 1.5 µg/kg wet weight, and no other marine biotoxins
were found in these crustaceans. This study also showed that shrimps consume small
zooplankton organisms such as calanoid copepods and macrobenthic.

4. Fish as Non-Bivalve Vectors for Marine Biotoxins
Fish may accumulate marine biotoxins in different ways: directly by eating phyto-

plankton, by absorbing dissolved toxins through the epithelium after decomposition of
algal blooms, or by consuming toxins from the food chain. Fish are particularly sensitive
to marine toxins in the early stages of development since fish embryos lack a sufficient
enzyme system to remove toxins and have a higher rate of metabolic growth. Fish exposed
to harmful phytoplankton are killed by one or a combination of the following processes: by
algal neurotoxins, due to irritation/mechanical destruction of the gills through hemolytic
substances produced by algal blooms or suffocation caused by the accumulation of mucus
in the gills or the lack oxygen in seawater [64].

Ciguatera fish poisoning (CFP) is currently the most common seafood poisoning
worldwide, associated with human consumption of subtropical fish that are contaminated
with ciguatoxins. There are 50,000–200,000 cases each year of food poisoning after the
consumption of fish contaminated with ciguatoxin [65]. The toxin has most frequently been
found in the tropical regions of the Pacific, Australia (Brisbane and Great Barrier Reef re-
gions), Central America, and the Caribbean, especially between latitudes 35◦ north and 35◦

south. A characteristic feature of ciguatoxin is its progressive accumulation in subsequent
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steps of the food chain. This leads to the accumulation of this toxin in the consumed fish in
amounts that are toxic to humans. Ciguatoxin poisoning manifests with gastrointestinal
disorders (vomiting, diarrhea, and abdominal pain), neurological symptoms (headaches
and nausea, paresthesia, sensibility disorders, and ataxia), and less common cardiovascular
symptoms (bradycardia or tachycardia, hypotension or hypertension) [66]. A concentration
of 0.1–5.0 µg/kg of ciguatoxin causes the most cases of CTX poisoning after consumption
of contaminated fish [12].

Palytoxin (PTX) is another marine toxin that may occur in fish belonging to mackerel,
triggerfish, and filefish species [67]. It is also very dangerous for humans and may cause
the contraction of blood vessels and a rapid increase in blood pressure in the heart and lung
vessels. Palytoxins are responsible for damaging red blood cells and are characterized by
extremely high toxicity to mammals, and the most toxic part of the fish body is the viscera.
The syndrome caused by PTX is called clupeotoxism, an uncommon disease connected
to the consumption of clupeoid fish, such as herrings, sardines, and anchovies, which
has high mortality rates [68]. There have been reports of human near deaths caused by
palytoxin poisoning after eating smoked fish (Decapterus macrosoma) in Hawaii [69] and
after consumption of groupers (Epinephelus spp.) or Blue humphead parrotfish (Scarus
ovifrons) in Japan [70,71].

The first report on the occurrence of okadaic acid in marine fish was in 1996 in the
northern Baltic Sea [72]. This toxin was identified in the liver of flounders (Platichthys flesus)
in the Gulf of Finland. The accumulation of OA was involved in a Dinophysis acuminata
bloom (520–1960 cells/L). Flounders contained up to 222 µg OA/kg in the liver. Another
case is filter-feeder fish Cetengraulis edentulus from the Atlantic Ocean that, during a D.
acuminata bloom, contained 44.7 µg OA/kg in their liver and digestive tract tissues [73]. Off
the southern coast of Brazil, Blenny fish Hypleurochilus fissicornis contained 59.3 µg OA/kg
in free form [74]. There are few reports regarding the accumulation of OA in fish that
show that these organisms contain mainly free okadaic acid in viscera for a short time. The
following symptoms of OA poisoning have been observed in fish: histological changes in
several organs (mainly gills and liver), oxidative stress, abnormal behavior, and in extreme
cases, the death of fish [75,76]. Sardines and anchovies belonging to small marine pelagic
fish are planktivorous filter feeders and are classified as vectors of domoic acid in the
trophic chain during harmful algal blooms [77]. DA levels detected in fish during a study
in California were in the range of 131–1815 µg DA/g in anchovy and 169–588 µg DA/g
in sardine viscera samples. These fish are food for higher predators such as sea birds and
marine mammals like sea lions, and they pose a threat of ASP for these animals. Moreover,
fish may also absorb large amounts of marine toxins during intense feeding on bivalves
harboring large amounts of toxins.

One of the most dangerous toxins that may occur in fish is tetrodotoxin (TTX). It may
cause death in both humans and other mammals, but also birds, many fish species, and
other marine animals. The poisoning includes weaker manifestations of gastrointestinal
symptoms such as nausea and vomiting or severe poisoning such as bradycardia, respira-
tory insufficiency, and coma [78]. The level of TTX depends on the body part of fish, with
the highest values in the ovary and liver and then in the intestines and skin [79]. According
to Commission Regulation (EC) No. 853/2004 establishing specific hygienic rules in the
foodstuffs in the European Union, fishery products originating from poisonous fish of the
Tetraodontidae, Molidae, Diodontidae, and Canthigasteridae families cannot be introduced into
the market [6]. Only Japanese law set a regulatory limit of 2 mg equivalent of TTX/kg for
tetrodotoxin, while in Europe, these control levels have not been established [78].

Saxitoxin (STX) has been determined along with TTX in several marine and freshwater
puffer fish species in countries of the Far East, mainly in Japan [80] and Philippines [81]. STX
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was also detected in puffer fish from three species: Sphoeroides nephelus, with a maximum
content of 22, 104 µg STX equiv./100 g tissue, S. testudineus, with a max. of 1505 µg STX
equiv./100 g tissue, and S. spengleri, with a max. content of 1832 µg STX equiv./100 g in
Florida, USA [82]. Between 2002 and 2004, hobby harvesting of puffer fish in the Indian
River Lagoon resulted in 28 cases of saxitoxin poisoning. The puffer fish contained an
average of 1787 µg STX equiv./100 g tissue in the skin. The highest concentrations were
also detected in the muscle (1102 µg STX equiv./100 g), gonads (654 µg STX equiv./100 g),
gut contents (539 µg STX equiv./100 g), and liver (214 µg STX equiv./100 g). In Japan,
studies performed on Starry toado puffer fish (Arothron firmamentum) showed that only
the ovary and skin of the females were toxic with a range of 5–740 MU/g for STX and
<5–30 MU/g for tetrodotoxin (TTX) [83]. Other studies revealed that STXs accumulated in
tilapia (Oreochromis niloticus) during a toxic cyanobacteria bloom in Brazil but not in high
concentrations (around 20–30 µg STX equiv./100 g) [84]. The levels of STX toxins found in
these studies were higher than the Acute Reference Dose (ARfD) established at 0.5 µg STX
equiv./kg b.w. in shellfish [85]; therefore, the consumption of fish with STX may be very
dangerous for human health. The documented cases of marine biotoxins detected in fish
are listed in Table 2.

Table 2. Highest toxin levels reported in fish during 1995 to 2020.

Species Toxin Toxin
Concentration

Analyzed
Tissue Area Year Reference

Southern Puffer Fish
(Sphoeroides nephelus) PSP 221,040 µg

STXeq./kg Gonads Florida, Indian
River Lagoon 2004 [82]

Southern Puffer Fish
(Sphoeroides nephelus) PSP 201,060 µg

STXeq./kg
Muscle
tissue

Florida, Indian
River Lagoon 2002–2006 [82]

Southern Puffer Fish
(Sphoeroides nephelus) PSP 172,360 µg

STXeq./kg Skin Florida, Indian
River Lagoon 2002–2006 [82]

Southern Puffer Fish
(Sphoeroides nephelus) PSP 136,660 µg

STXeq./kg
Gut

contents
Florida, Indian
River Lagoon 2002–2006 [82]

Southern Puffer Fish
(Sphoeroides nephelus) PSP 47,020 µg

STXeq./kg Skin Florida,
Tequesta 2002–2006 [82]

Southern Puffer Fish
(Sphoeroides nephelus) PSP 33,260 µg

STXeq./kg Skin Florida,
Tampa Bay 2002–2006 [82]

Southern Puffer Fish
(Sphoeroides nephelus) PSP 12,830 µg

STXeq./kg Gonads Florida,
Jacksonville 2002–2005 [82]

Checkered Puffer Fish
(Sphoeroides testudineus) PSP 15,050 µg

STXeq./kg Skin Florida,
Tequesta 2002–2006 [82]

Checkered Puffer Fish
(Sphoeroides testudineus) PSP 3080 µg

STXeq./kg Skin Florida, Indian
River Lagoon 2002–2006 [82]

Checkered Puffer Fish
(Sphoeroides testudineus) PSP 2650 µg

STXeq./kg
Gut

contents
Florida,

Tequesta 2002–2006 [82]

Checkered Puffer Fish
(Sphoeroides testudineus) PSP 1890 µg

STXeq./kg Gonads Florida, Indian
River Lagoon 2002–2006 [82]
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Table 2. Cont.

Species Toxin Toxin
Concentration

Analyzed
Tissue Area Year Reference

Bandtail puffer fish
(Sphoeroides spengleri) PSP 18,320 µg

STXeq./kg Skin Florida, Indian
River Lagoon 2002–2006 [82]

Bandtail puffer fish
(Sphoeroides spengleri) PSP 17,780 µg

STXeq./kg Muscle Florida,
Tequesta 2002–2006 [82]

Bandtail puffer fish
(Sphoeroides spengleri) PSP 15,340 µg

STXeq./kg Skin Florida Keys 2002–2006 [82]

Bandtail puffer fish
(Sphoeroides spengleri) PSP 14,280 µg

STXeq./kg
Gut

contents
Florida, Indian
River Lagoon 2002–2006 [82]

Starry toado puffer fish
(Arothron firmamentum) PSP 133,200 µg

STXeq./kg * Ovary Japan, Iwate 2000 [83]

Starry toado puffer fish
(Arothron firmamentum) PSP 27,360 µg

STXeq./kg * Ovary Japan, Oita
Prefecture 1995 [83]

Tilapia
(Oreochromis niloticus) PSP 300 µg

STXeq./kg Muscle Brazil, Sao
Paulo 2005 [84]

Starry toado puffer fish
(Arothron firmamentum) TTX 6600 µg

TTXeq./kg ** Skin Japan, Oita
Prefecture 1995 [85]

Torafugu puffer fish
(Takifugu Rubripes) TTX 880,000 µg

TTXeq./kg Liver Japan, Saitama
Prefecture 2000 [86]

Torafugu puffer fish
(Takifugu Rubripes) TTX 352,000 µg

TTXeq./kg Ovary Japan, Saitama
Prefecture 2000 [86]

Silver cheeked puffer
fish (Lagocephalus

sceleratus)
TTX 13,480 µg

TTXeq./kg Liver Northern
Cyprus Sea 2017–2018 [87]

Amberjack
(Seriola spp.) CTX 6.439 µg

CTX1Beq./kg Liver Canary Islands 2016–2019 [88]

Black Moray Eel
(Muraena helena) CTX 6.062 µg

CTX1Beq./kg Liver Canary Islands 2016–2019 [88]

Flounder
(Platichthys flesus) DSP 222 µg

OA/kg Liver Baltic Sea, Gulf
of Finland 1996 [72]

Atlantic Anchoveta
(Cetengraulis edentulus) DSP 44.7 µg

OA/kg Guts + liver Brazil,
Paranagua 2011 [73]

Blenny fish
(Hypleurochilus

fissicornis)
DSP 59.3 µg

OA/kg Viscera Brazil, Santa
Catarina 2016 [74]

Anchovy
(Engraulis mordax) ASP

1815; 1175;
1600; 1050;

507; 288 mg
DA/kg

Viscera California,
Monterey Bay 2000 [77]

Sardines
(Sardinops sagax) ASP

588; 558; 551;
386; 279; 216;

169 mg
DA/kg

Viscera California,
Monterey Bay 2000 [77]

* Mouse Units were converted into STX equivalents, considering 1MU = 0.18 µg STX. ** Mouse Units were
converted into TTX equivalents, considering 1MU = 0.22 µg TTX.
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5. Conclusions and Future Perspectives
Monitoring the content of marine biotoxins in mollusks and other marine organisms is

very important for public health and the fishery industry. The increasing number of novel
non-traditional vectors of marine biotoxins should be identified to avoid food poisoning
among consumers. Furthermore, the data regarding new organisms which may be vectors
for marine biotoxins are crucial for the current risk assessment involved in food poisoning.
Despite the fact that the number of poisoning cases with marine biotoxins from various
marine organisms worldwide is considerable, there is a lack of precise epidemiological data
regarding which of them may cause a risk to public health. The occasional consumption
of crabs or lobsters by some consumers raises the problem of possible long-term health
effects resulting from the ingestion of low doses of biotoxins in these foods. In contrast, the
detection of large amounts of marine biotoxins in fish and seafood may cause economic
losses for the fishery and aquaculture industries due to potential fishery closures. Marine
biotoxin monitoring programs in European Union legislation are facing new problems due
to the growing demand for fish and seafood worldwide. Also, new species of seafood, so
far eaten in small amounts, are becoming increasingly popular among consumers.

Taking into account the different anatomical structure, habitat, and feeding habits
of new toxin vectors like crabs, shrimps, lobsters, and fish, detailed regulations should
be introduced to ensure the safety of consuming these organisms. They need to include
issues such as the classification of production areas, sampling frequency and size, and
problems with the determination of toxins in different matrices. In reference to the last
issue, further studies are needed to better describe the mechanisms of action of toxins in
new matrices like crustaceans and fish to develop methods for the purification of samples
and to study the matrix effects. In summary, future studies on monitoring marine biotoxins
in crustaceans and fish should focus on development and improvement of analytical
techniques to determine new toxins and their derivatives in new matrices, evaluating a
wider range of organisms as potential vectors, and assessing the long-term influence of
biotoxins on marine life and humans.
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ASP Amnesic shellfish poisoning
AZP Azaspiracid shellfish poisoning
BTX Brevetoxin
CTX Ciguatoxin
DSP Diarrhetic shellfish poisoning
DTX Dinophysistoxin
HILIC-MS/MS Hydrophilic interaction liquid chromatography with tandem mass spectrometry
HPLC-FLD High-performance liquid chromatography with fluorescence detection
HPLC-UV High-performance liquid chromatography with ultraviolet detection
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LC-MS/MS Liquid chromatography with tandem mass spectrometry
MBA Mouse bioassay
PSP Paralytic shellfish poisoning
PTX Palytoxin
TTX Tetrodotoxin
UPLC-MS/MS Ultra-performance liquid chromatography with tandem mass spectrometry
YTX Yessotoxoin

References
1. Paz, O.; Marisa, S. Emerging marine biotoxins in european waters: Potential risks and analytical challenges. Mar. Drugs 2022,

20, 199. [CrossRef] [PubMed]
2. Farabegoli, F.; Blanco, L.; Rodríguez, L.P.; Vieites, J.M.; Cabado, A.G. Phycotoxins in marine shellfish: Origin, ocurrence and

effects on humans. Mar. Drugs 2018, 16, 188. [CrossRef] [PubMed]
3. Visciano, P.; Schirone, M.; Berti, M.; Milandri, A.; Tofalo, R.; Suzzi, G. Marine biotoxins: Occurrence, toxicity, regulatory Limits

and reference methods. Front. Microbiol. 2016, 7, 1051. [CrossRef]
4. Costa, P.R.; Costa, S.T.; Braga, A.C.; Rodrigues, S.M.; Vale, P. Relevance and challenges in monitoring marine biotoxins in

non-bivalve vectors. Food Control 2017, 76, 24–33. [CrossRef]
5. Louzao, M.C.; Vilarino, N.; Vale, C.; Costas, C.; Cao, A.; Raposo-Garcia, S.; Vieytes, M.R.; Botana, L.M. Current trends and new

challenges in marine phycotoxins. Mar. Drugs 2022, 20, 198. [CrossRef] [PubMed]
6. European Parliament and Council of the European Union. Regulation (EC) No 853/2004 of the European Parliament and of

the Council of 29 April 2004 laying down specific hygiene rules for the hygiene of foodstuffs. Off. J. Eur. Union 2004, 139,
55–205. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32004R0853&qid=1764432595843
(accessed on 16 June 2025).

7. European Parliament and Council of the European Union. Regulation (EU) No 2017/625 of the European Parliament and of the
Council of 15 March 2017 on official controls and other official activities performed to ensure the application of food and feed law,
rules on animal health and welfare, plant health and plant protection products. Off. J. Eur. Union 2017, 95, 1–142. Available online:
https://eur-lex.europa.eu/eli/reg/2017/625/2025-01-05 (accessed on 16 June 2025).

8. Estevez, P.; Castro, D.; Pequeño-Valtierra, A.; Giraldez, J.; Gago-Martinez, A. Emerging marine biotoxins in seafood from
European coasts: Incidence and analytical challenges. Foods 2019, 8, 149. [CrossRef]

9. Gerssen, A.; Pol-Hofstad, I.E.; Poelman, M.; Mulder, P.P.J.; Van den Top, H.J.; De Boer, J. Marine toxins: Chemistry, toxicity,
occurrence and detection, with special reference to the Dutch situation. Toxins 2010, 2, 878–904. [CrossRef]

10. European Food Safety Authority (EFSA). Panel on contaminants in the food chain (CONTAM). Scientific opinion on marine
biotoxins in shellfish—Palytoxin group. EFSA J. 2009, 7, 1393. [CrossRef]

11. European Food Safety Authority (EFSA). Scientific Opinion on marine biotoxins in shellfish—Cyclic imines (spirolides,
gymnodimines, pinnatoxins and pteriatoxins). EFSA J. 2010, 8, 1628. [CrossRef]

12. European Food Safety Authority (EFSA). Scientific opinion on marine biotoxins in shellfish—Emerging toxins: Ciguatoxin group.
EFSA J. 2010, 8, 1627. [CrossRef]

13. Vale, P.; Sampayo, M.A.D.M. First confirmation of human diarrhoeic poisonings by okadaic acid esters after ingestion of razor
clams (Solen marginatus) and green crabs (Carcinus maenas) in Aveiro lagoon, Portugal and detection of okadaic acid esters in
phytoplankton. Toxicon 2002, 40, 989–996. [CrossRef]

14. Torgersen, T.; Aasen, J.; Aune, T. Diarrhetic shellfish poisoning by okadaic acid esters from Brown crabs (Cancer pagurus) in
Norway. Toxicon 2005, 46, 572–578. [CrossRef]

15. Castberg, T.; Torgersen, T.; Aasen, J.; Aune, T.; Naustvoll, L.J. Diarrhoetic shellfish poisoning toxins in Cancer pagurus L., 1758
(Brachyura, Cancridae) in Norwegian waters. Sarsia 2004, 89, 311–317. [CrossRef]

16. Food and Agriculture Organization of the United Nations. The State of World Fisheries and Aquaculture 2022. Towards Blue
Transformation. Part 1 World Review; Food and Agriculture Organization of the United Nations: Rome, Italy, 2022. [CrossRef]

17. Food and Agriculture Organization of the United Nations. The State of World Fisheries and Aquaculture 2020. Sustainability in Action.
Part 1 World Review; Food and Agriculture Organization of the United Nations: Rome, Italy, 2020. [CrossRef]

18. Farag, M.A.; Mansour, S.T.; Nouh, R.A.; Khattab, A.R. Crustaceans (shrimp, crab, and lobster): A comprehensive review of their
potential health hazards and detection methods to assure their biosafety. J. Food Saf. 2022, 13026, 1–20. [CrossRef]

19. Narayanasamy, A.; Balde, A.; Raghavender, P.; Shashanth, D.; Abraham, J.; Joshi, I.; Abdul, N.R. Isolation of marine crab
(Charybdisnatator) leg muscle peptide and its anti-inflammatory effects on mac-rophage cells. Biocatal. Agric. Biotechnol. 2020,
25, 101577. [CrossRef]

https://doi.org/10.3390/md20030199
https://www.ncbi.nlm.nih.gov/pubmed/35323498
https://doi.org/10.3390/md16060188
https://www.ncbi.nlm.nih.gov/pubmed/29844286
https://doi.org/10.3389/fmicb.2016.01051
https://doi.org/10.1016/j.foodcont.2016.12.038
https://doi.org/10.3390/md20030198
https://www.ncbi.nlm.nih.gov/pubmed/35323497
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32004R0853&qid=1764432595843
https://eur-lex.europa.eu/eli/reg/2017/625/2025-01-05
https://doi.org/10.3390/foods8050149
https://doi.org/10.3390/toxins2040878
https://doi.org/10.2903/j.efsa.2009.1393
https://doi.org/10.2903/j.efsa.2010.1628
https://doi.org/10.2903/j.efsa.2010.1627
https://doi.org/10.1016/S0041-0101(02)00095-8
https://doi.org/10.1016/j.toxicon.2005.06.024
https://doi.org/10.1080/00364820410002550
https://doi.org/10.4060/cc0461en
https://doi.org/10.4060/ca9229en
https://doi.org/10.1111/jfs.13026
https://doi.org/10.1016/j.bcab.2020.101577


Toxins 2025, 17, 589 15 of 17

20. Venugopal, V.; Gopakumar, K. Shellfish: Nutritive value, health benefits, and consumer safety. Compr. Rev. Food Sci. Food Saf.
2017, 16, 1219–1242. [CrossRef] [PubMed]

21. Rowaiye, A.; Emenyeonu, L.; Nwonu, E.J.; Abakpa, G.O.; Bur, D.; Ibeanu, G. The Potential of Biotoxins for Drug Discovery and
Development. In Biotoxins in Food, Threats and Benefits, 1st ed.; Aransiola, S.A., Kotun, B.C., Maddela, N.G., Eds.; Routledge: Boca
Raton, FL, USA, 2025; p. 37.

22. European Parliament Commission. European Parliament Commission Implementing Regulation (EU) 2019/627 of 15 March 2019
laying down uniform practical arrangements for the performance of official controls on products of animal origin intended for
human consumption in accordance with Regulation (EU) 2017/625 of the European Parliament and of the Council and amending
Commission Regulation (EC) No 2074/2005 as regards official controls. Off. J. Eur. Union 2019, L131, 51–100. Available online:
http://data.europa.eu/eli/reg_impl/2019/627/2025-08-10 (accessed on 16 July 2025).

23. Bian, Y.; Zhang, Y.; Feng, X.S.; Gao, H.Y. Marine toxins in seafood: Recent updates on sample pretreatment and determination
techniques. Food Chem. 2024, 438, 137995. [CrossRef]

24. Sassolas, A.; Hayat, A.; Catanante, G.; Marty, J.L. Detection of the marine toxin okadaic acid: Assessing seafood safety. Talanta
2013, 105, 306–313. [CrossRef]

25. Jørgensen, K.; Cold, U.; Fischer, K. Accumulation and depuration of okadaic acid esters in the European green crab (Carcinus
maenas) during a feeding study. Toxicon 2008, 51, 468–472. [CrossRef]

26. Vale, P.; Sampayo, M.A.D.M. Domoic acid in Portuguese shellfish and fish. Toxicon 2001, 39, 893–904. [CrossRef] [PubMed]
27. Hatfield, C.L.; Gauglitz, E.J., Jr.; Barnett, H.J.; Lund, J.A.K.; Wekell, J.C.; Eklund, A.M. The fate of domoic acid in Dungeness crab

(Cancer magister) as a function of processing. J. Shellfish Res. 1995, 14, 359–363.
28. Costa, P.R.; Rodrigues, S.M.; Botelho, M.J.; Sampayo, M.A.D.M. A potential vector of domoic acid: The swimming crab Polybius

henslowii Leach (Decapoda-brachyura). Toxicon 2003, 42, 135–141. [CrossRef]
29. Hess, P.; Gallacher, S.; Bates, L.A.; Brown, N.; Quilliam, M.A. Determination and confirmation of the Amnesic Shellfish Poisoning

toxin, domoic acid, in shellfish from Scotland by liquid chromatography and mass spectrometry. J. AOAC Int. 2001, 84, 1657–1667.
[CrossRef]

30. Altwein, D.M.; Foster, K.; Doose, G.; Newton, R.T. The detection and distribution of the marine neurotoxin domoic acid on the
Pacific Coast of the United States 1991–1993. J. Shellfish Res. 1995, 14, 217–222.

31. Shumway, S.E. Phycotoxin-Related shellfish poisoning: Bivalve molluscs are not the only vectors. Rev. Fish. Sci. 1995, 3, 1–31.
[CrossRef]

32. Deeds, J.R. Non-Traditional Vectors for Paralytic Shellfish Poisoning. Mar. Drugs 2008, 6, 308–348. [CrossRef] [PubMed]
33. How, C.K.; Chern, C.H.; Huang, Y.C.; Wang, L.M.; Lee, C.H. Tetrodotoxin poisoning. Am. J. Emerg. Med. 2003, 21, 51–54.

[CrossRef]
34. Arakawa, O.; Noguchi, T.; Shida, Y.; Onoue, Y. Occurrence of carbamoyl-N-hydroxyderivatives of saxitoxin and neosaxitoxin in a

xanthid crab Zosimus aeneus. Toxicon 1994, 32, 175–183. [CrossRef]
35. Arakawa, O.; Nishio, S.; Noguchi, T.; Shida, Y.; Onoue, Y. A new saxitoxin analogue from a Xanthid crab Atergatis floridus. Toxicon

1995, 33, 1577–1584. [CrossRef]
36. Llewellyn, L.E. Haemolymph protein in xanthid crabs: Its selective binding of saxitoxin and possible role in toxin bioaccumulation.

Mar. Biol. 1997, 128, 599–606. [CrossRef]
37. Negri, A.; Llewellyn, L. Comparative analyses by HPLC and the sodium channel and saxiphilin 3H-saxitoxin receptor assays for

paralytic shellfish toxins in crustaceans and molluscs from tropical North West Australia. Toxicon 1998, 36, 283–298. [CrossRef]
[PubMed]

38. Koyama, K.; Noguchi, T.; Uzu, A.; Hashimoto, K. Individual, local, and size-dependent variations in toxicity of the xanthid crab
Zosimus aeneus. Bull. Jpn. Soc. Sci. Fish. 1983, 49, 1273–1279. [CrossRef]

39. Tsai, Y.H.; Ho, P.H.; Hwang, C.C.; Hwang, P.A.; Cheng, C.A.; Hwang, D.F. Tetrodotoxin in several species of xanthid crabs in
southern Taiwan. Food Chem. 2006, 95, 205–212. [CrossRef]

40. Dao, H.V.; Takata, Y.; Sato, S.; Fukuyo, Y.; Kodama, M. Frequent occurrence of the tetrodotoxin-bearing horseshoe crab Carcinoscor-
pius rotundicauda in Vietnam. Fish. Sci. 2009, 75, 435–438. [CrossRef]

41. Turnbull, A.; Malhi, N.; Tan, J.; Harwood, D.T.; Madigan, T. Fate of Paralytic Shellfish Toxins in Southern Rock Lobster (Jasus
edwardsii) during Cooking: Concentration, Composition, and Distribution. J. Food Protect. 2018, 81, 240–245. [CrossRef]

42. NZRLIC. National Marine Biotoxin Risk Management Plan for the New Zealand Rock Lobster Industry; New Zealand Rock
Lobster Industry Council: Wellington, New Zealand, 2024. Available online: https://nzrocklobster.co.nz/documents/
nationalmarinebiotoxinriskmanagementplan/ (accessed on 27 August 2025).

43. California Ocean Science Trust. Frequently Asked Questions: Harmful Algal Blooms and California Fisheries. California Ocean
Science Trust. Available online: https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=128577 (accessed on 27 August 2025).

44. CDFW. Health Advisories and Closures for California Finfish, Shellfish and Crustaceans. Available online:
https://wildlife.ca.gov/Fishing/Ocean/Health-Advisories (accessed on 27 August 2025).

https://doi.org/10.1111/1541-4337.12312
https://www.ncbi.nlm.nih.gov/pubmed/33371588
http://data.europa.eu/eli/reg_impl/2019/627/2025-08-10
https://doi.org/10.1016/j.foodchem.2023.137995
https://doi.org/10.1016/j.talanta.2012.10.049
https://doi.org/10.1016/j.toxicon.2007.09.004
https://doi.org/10.1016/S0041-0101(00)00229-4
https://www.ncbi.nlm.nih.gov/pubmed/11137551
https://doi.org/10.1016/S0041-0101(03)00107-7
https://doi.org/10.1093/jaoac/84.5.1657
https://doi.org/10.1080/10641269509388565
https://doi.org/10.3390/md6020308
https://www.ncbi.nlm.nih.gov/pubmed/18728730
https://doi.org/10.1053/ajem.2003.50008
https://doi.org/10.1016/0041-0101(94)90106-6
https://doi.org/10.1016/0041-0101(95)00106-9
https://doi.org/10.1007/s002270050126
https://doi.org/10.1016/S0041-0101(97)00119-0
https://www.ncbi.nlm.nih.gov/pubmed/9620576
https://doi.org/10.2331/suisan.49.1273
https://doi.org/10.1016/j.foodchem.2004.12.032
https://doi.org/10.1007/s12562-008-0041-5
https://doi.org/10.4315/0362-028X.JFP-17-280
https://nzrocklobster.co.nz/documents/nationalmarinebiotoxinriskmanagementplan/
https://nzrocklobster.co.nz/documents/nationalmarinebiotoxinriskmanagementplan/
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=128577
https://wildlife.ca.gov/Fishing/Ocean/Health-Advisories


Toxins 2025, 17, 589 16 of 17

45. Madigan, T.; Tan, J.; Malhi, N.; McLeod, C.; Turnbull, A. Understanding and Reducing the Impact of Paralytic Shellfish Toxins in
Southern Rock Lobster; FRDC Report 2013/713; South Australian Research and Development Institute: Adelaide, Australia, 2017.

46. Turnbull, A.; Malhi, N.; Seger, A.; Harwood, T.; Jolley, J.; Fitzgibbon, Q.; Hallegraeff, G. Paralytic shellfish toxin uptake, tissue
distribution, and depuration in the Southern Rock Lobster Jasus edwardsii Hutton. Harmful Algae 2020, 95, 101818. [CrossRef]

47. Sephton, D.H.; Haya, K.; Martin, J.L.; LeGresley, M.M.; Page, F.H. Paralytic shellfish toxins in zooplankton, mussels, lobsters
and caged Atlantic salmon, Salmo salar, during a bloom of Alexandrium fundyense off Gran Manan Island, in the Bay of Fundy.
Harmful Algae 2007, 6, 745–758. [CrossRef]

48. Bates, S.S.; Beach, D.G.; Comeau, L.A.; Haigh, N.; Lewis, N.I.; Locke, A.; Martin, J.L.; McCarron, P.; McKenzie, C.H.; Michel, C.;
et al. Marine Harmful Algal Blooms and Phycotoxins of Concern to Canada. Can. Technol. Rep. Fish. Aquat. Sci. 2020, 3384, 1–322.

49. Department of Fisheries and Oceans Inspection Branch. Summary of Marine Toxin Records in the Pacific Region, 2250
South Boundary Road, Burnaby, Canada 1994, p. 90. Available online: https://waves-vagues.dfo-mpo.gc.ca/library-
bibliotheque/40610949.pdf (accessed on 27 August 2025).

50. Oikawa, H.; Matsuyama, Y.; Satomi, M.; Yano, Y. Accumulation of paralytic shellfish poisoning toxin by the swimming crab
Charybdis japonica in Kure Bay, Hiroshima Prefecture. Fish. Sci. 2008, 74, 1180–1186. [CrossRef]

51. McLeod, C.; Kiermeier, A.; Stewart, I.; Tan, J.; Turnbull, A.; Madigan, T. Paralytic shellfish toxins in Australian Southern Rock
Lobster (Jasus edwardsii): Acute human exposure from consumption of hepatopancreas. Hum. Ecol. Risk Assess. 2018, 24, 1872.
[CrossRef]

52. Llewellyn, L.E.; Dodd, M.J.; Robertson, A.; Ericson, G.; De Koning, C.; Negri, A.P. Post-mortem analysis of samples from a human
victim of a fatal poisoning caused by the xanthid crab, Zosimus aeneus. Toxicon 2002, 40, 1463–1469. [CrossRef]

53. Llewellyn, L.E.; Endean, R. Toxins extracted from Australian specimens of the crab, Eriphia sebana (Xanthidae). Toxicon 1989, 27,
579–586. [CrossRef]

54. Oikawa, H.; Fujita, T.; Saito, K.; Satomi, M.; Yano, Y. Difference in the level of paralytic shellfish poisoning toxin accumulation
between the crabs Telmessus acutidens and Charybdis japonica collected in Onahama, Fukushima Prefecture. Fish. Sci. 2007, 73,
395–403. [CrossRef]

55. Perez-Linares, J.; Ochoa, J.L.; Gago-Martinez, A. Effect of PSP Toxins in White Leg Shrimp Litopenaeus vannamei Boone, 1931.
J. Food Sci. 2008, 73, 69–73. [CrossRef]

56. Cortes-Altamirano, R.; Manrique, F.A.; Luna-Soria, R. Harmful phytoplankton blooms in shrimp farms from Sinaloa, Mexico. In
Abstracts of VIII International Conference on Harmful Algae, Proceedings of the VIII International Conference on Harmful Algae, Vigo,
Spain, 25–29 June 1997; Instituto Espanol de Oceanografia: Madrid, Spain, 1997; p. 50.

57. Alonso-Rodrıguez, R.; Paez-Osuna, F. Nutrients, phytoplankton and harmful algal blooms in shrimp ponds: A review with
special reference to the situation in the Gulf of California. Aquaculture 2003, 219, 317–336. [CrossRef]

58. Perez-Linares, J.; Cadena, M.; Rangel, C.; Unzueta-Bustamante, M.L.; Ochoa, J.L. Effect of Schizotrix calcicola on white shrimp
Litopenaeus vannamei (Penaeus vannamei) postlarvae. Aquaculture 2003, 218, 55–65. [CrossRef]

59. Perez-Linares, J.; Ochoa, J.L.; Gago-Martinez, A. Retention and tissue damage of PSP and NSP toxins in shrimp: Is cultured
shrimp a potential vector of toxins to human population? Toxicon 2009, 53, 185–195. [CrossRef] [PubMed]

60. Wu, Z.; Zou, Y.; Zhu, M.; Wang, Z.; Dan, W. Effects of toxic Alexandrium species on the surbvival and feeding rates of brine
shrimp Artemia salina. Acta Ecol. Sin. 2006, 26, 3942–3947. [CrossRef]

61. Zhu, B.; Zhu, S.; Li, J.; Hui, X.; Wang, G.-X. The developmental toxicity, bioaccumulation and distribution of oxidized single
walled carbon nanotubes in Artemia salina. Toxicol. Res. 2018, 7, 897–906. [CrossRef]

62. McMahon, B.R.; Tanaka, K.; Doyle, J.E.; Chu, K.H. A change of heart: Cardiovascular development in the shrimp Metapenaeus
ensis. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2002, 133, 577–587. [CrossRef]

63. Orellana, G.; Meulebroek, L.V.; Rijcke, M.D.; Janssen, C.R.; Vanhaecke, L. High resolution mass spectrometry-based screening
reveals lipophilic toxins in multiple trophic levels from the North Sea. Harmful Algae 2017, 64, 30–41. [CrossRef]

64. Karlson, B.; Andersen, P.; Arneborg, L.; Cembella, A.; Eikrem, W.; John, U.; West, J.J.; Klemm, K.; Kobos, J.; Lehtinen, S.; et al.
Harmful algal blooms and their effects in coastal seas of northern Europe. Harmful Algae 2021, 102, 101989. [CrossRef] [PubMed]

65. Dickey, R.W.; Plakas, S.M. Ciguatera: A public health perspective. Toxicon 2010, 56, 123–136. [CrossRef] [PubMed]
66. Isbister, G.K.; Kiernan, M.C. Neurotoxic marine poisoning. Lancet Neurol. 2005, 4, 219–228. [CrossRef] [PubMed]
67. Gleibs, S.; Mebs, D.; Werding, B. Studies on the origin and distribution of palytoxin in Caribbean coral reef. Toxicon 1995, 33,

1531–1537. [CrossRef]
68. Deeds, J.R.; Schwartz, M.D. Human risk associated with palytoxin exposure. Toxicon 2010, 56, 150–162. [CrossRef]
69. Kodama, A.M.; Hokama, Y.; Yasumoto, T.; Fukui, M.; Manea, S.J.; Sutherland, N. Clinical and laboratory findings implicating

palytoxin as cause of ciguatera poisoning due to Decapterus macrosoma (mackerel). Toxicon 1989, 27, 1051–1053. [CrossRef]
70. Taniyama, S.; Mahmud, Y.; Terada, M.; Takatani, T.; Arakawa, O.; Noguchi, T. Occurrence of a food poisoning incident by

palytoxin from a serranid Epinephelus sp. in Japan. J. Nat. Toxins 2002, 11, 277–282. [PubMed]

https://doi.org/10.1016/j.hal.2020.101818
https://doi.org/10.1016/j.hal.2007.03.002
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/40610949.pdf
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/40610949.pdf
https://doi.org/10.1111/j.1444-2906.2008.01638.x
https://doi.org/10.1080/10807039.2018.1428083
https://doi.org/10.1016/S0041-0101(02)00164-2
https://doi.org/10.1016/0041-0101(89)90119-0
https://doi.org/10.1111/j.1444-2906.2007.01347.x
https://doi.org/10.1111/j.1750-3841.2008.00710.x
https://doi.org/10.1016/s0044-8486(02)00509-4
https://doi.org/10.1016/S0044-8486(02)00447-7
https://doi.org/10.1016/j.toxicon.2008.10.022
https://www.ncbi.nlm.nih.gov/pubmed/19028514
https://doi.org/10.1016/S1872-2032(07)60004-3
https://doi.org/10.1039/C8TX00084K
https://doi.org/10.1016/S1095-6433(02)00196-4
https://doi.org/10.1016/j.hal.2017.03.005
https://doi.org/10.1016/j.hal.2021.101989
https://www.ncbi.nlm.nih.gov/pubmed/33875185
https://doi.org/10.1016/j.toxicon.2009.09.008
https://www.ncbi.nlm.nih.gov/pubmed/19782098
https://doi.org/10.1016/S1474-4422(05)70041-7
https://www.ncbi.nlm.nih.gov/pubmed/15778101
https://doi.org/10.1016/0041-0101(95)00079-2
https://doi.org/10.1016/j.toxicon.2009.05.035
https://doi.org/10.1016/0041-0101(89)90156-6
https://www.ncbi.nlm.nih.gov/pubmed/12503870


Toxins 2025, 17, 589 17 of 17

71. Okano, H.; Masuoka, H.; Kamei, S.; Seko, T.; Koyabu, S.; Tsuneoka, K.; Tamai, T.; Ueda, K.; Nakazawa, S.; Sugawa, M.; et al.
Rhabdomyolysis and myocardial damage induced by palytoxin, a toxin of blue humphead parrotfish. Internal Med. 1998, 37,
330–333. [CrossRef]

72. Sipiä, V.; Kankaanpää, H.; Meriluoto, J.; Høisæter, T. The first observation of okadaic acid in flounder in the Baltic Sea. Sarsia 2000,
85, 471–475. [CrossRef]

73. Corriere, M.; Soliño, L.; Costa, P.R. Effects of the marine biotoxins okadaic acid and dinophysistoxins on fish. J. Mar. Sci. Eng.
2021, 9, 293. [CrossRef]

74. Alves, T.P.; Mafra, L.L. Diel variations in cell abundance and trophic transfer of diarrheic toxins during massive Dinophysis
bloom in southern Brazil. Toxins 2018, 10, 232. [CrossRef]

75. Souid, G.; Souayed, N.; Haouas, Z.; Maaroufi, K. Does the phycotoxin okadaic acid cause oxidative stress damages and histological
alterations to seabream (Sparus aurata)? Toxicon 2018, 144, 55–60. [CrossRef]

76. Neves, R.A.F.; Nascimento, S.M.; Santos, L.N. Sublethal fish responses to short-term food chain transfer of DSP toxins: The role of
somatic condition. J. Exp. Mar. Biol. Ecol. 2020, 524, 151317. [CrossRef]

77. Lefebvre, K.A.; Silver, M.W.; Coale, S.L.; Tjeerdema, R.S. Domoic acid in planktivorous fish in relation to toxic Pseudo-nitzschia
cell densities. Mar. Biol. 2002, 140, 625–631. [CrossRef]

78. Bane, V.; Lehane, M.; Dikshit, M.; O’Riordan, A.; Furey, A. Tetrodotoxin: Chemistry, toxicity, source, distribution, and detection.
Toxins 2014, 6, 693–755. [CrossRef] [PubMed]

79. Mahmud, Y.; Arakawa, O.; Noguchi, T. An epidemic survey on freshwater puffer poisoning in Bangladesh. J. Nat. Toxins 2000, 9,
319–326. [PubMed]

80. Kodama, M.; Ogata, T.; Kawamukai, K.; Oshima, Y.; Yasumoto, T. Toxicity of muscle and other organs of five species of puffer
collected from the Pacific coast of Tohoku area of Japan. Bull. Jpn. Soc. Sci. Fish. 1984, 50, 703–706. [CrossRef]

81. Sato, S.; Ogata, T.; Borja, V.; Gonzales, C.; Fukuyo, Y.; Kodama, M. Frequent occurrence of paralytic shellfish poisoning toxins as
dominant toxins in marine puffer from tropical water. Toxicon 2000, 38, 1101–1109. [CrossRef]

82. Abbott, J.P.; Flewelling, L.J.; Landsberg, J.H. Saxitoxin monitoring in three species of Florida puffer fish. Harmful Algae 2009, 8,
343–348. [CrossRef]

83. Nakashima, K.; Arakawa, O.; Taniyama, S.; Nonaka, M.; Takatani, T.; Yamamori, K.; Fuchi, Y.; Noguchi, T. Occurrence of saxitoxins
as a major toxin in the ovary of a marine puffer Arothron firmamentum. Toxicon 2004, 43, 207–212. [CrossRef]

84. Galvao, J.A.; Oetterer, M.; do Carmo Bittencourt-Oliveira, M.; Gouvea-Barros, S.; Hiller, S.; Erler, K.; Luckas, B.; Pinto, E.; Kujbida,
P. Saxitoxins accumulation by freshwater tilapia (Oreochromis niloticus) for human consumption. Toxicon 2009, 54, 891–894.
[CrossRef]

85. European Food Safety Authority (EFSA). Marine biotoxins in shellfish—Saxitoxin group Scientific opinion of the Panel on
Contaminants in the Food Chain. EFSA J. 2009, 1019, 1–3. [CrossRef]

86. Horie, M.; Kobayashi, S.; Shimizu, N.; Nakazawa, H. Determination of tetrodotoxin in puffer-fish by liquid chromatography-
electrospray ionization mass spectrometry. Analyst 2002, 127, 755–759. [CrossRef] [PubMed]
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