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Abstract

The okadaic acid (OA)-group toxins, including OA, dinophysistoxin-1 (DTX1), dinophysistoxin-2 (DTX2), and dinophysis-
toxin-3 (DTX3), cause diarrheic shellfish poisoning in humans. To manage OA-group toxins more strictly, Korean regulations
were recently revised to consider OA, DTX1, DTX2, and DTX3 combined. Thus, our study characterized the occurrence
of OA, DTX1, DTX2, and DTX3 in seafood distributed across South Korea, and a risk assessment of seafood consump-
tion was conducted. Two hundred and seventeen samples from 16 bivalve and 7 non-bivalve species collected from three
representative coastal areas in 2021 were analyzed via liquid chromatography-tandem mass spectrometry. OA, DTX1, and
DTX3 were detected in 2.3%, 4.1%, and 9.2% of the examined samples, with positive mean levels of 11.3, 16.4, and 40.9 ug/
kg, respectively. DTX2 was not detected in any of the samples. At least one OA-group toxin was detected in the bivalve
samples, including blood clams, pan shells, hard clams, mussels, and scallops, whereas none were detected in non-bivalves.
The estimated acute exposure to OA-group toxins through the intake of seafood in the Korean population and consumer
groups was low, ranging from 24.7 to 74.5% of the recommended acute reference dose (ARfD) of 0.33 pg OA equivalents/kg
body weight. However, for the scallop consumers aged 7-12 years, acute exposure to OA-group toxins exceeded the ARfD,
indicating a possible health risk. These results suggest that including DTX3 in the new regulatory limits is appropriate to
protect Korean seafood consumers from exposure to OA-group toxins.

Keywords Diarrheic shellfish poisoning - Korean seafood - OA-group toxin - Occurrence - Risk assessment - Bivalves

Introduction

The okadaic acid (OA)-group toxins encompasses OA and
its analogs dinophysistoxin-1 (DTX1), dinophysistoxin-2
(DTX?2), and dinophysistoxin-3 (DTX3). OA, DTX1, and
DTX2 are synthesized by toxin-producing microalgae,
namely Dinophysis acuminata (OA, DTX1), D. ovum (OA),
Prorocentrum lima (OA, DTX1), D. acuta (OA, DTX2),
and D. caudata (OA, DTX2), and tend to accumulate in the
hepatopancreas of various species of filter-feeding mollusks,
including mussels, clams, oysters, and scallops (Dominguez
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et al. 2010; EFSA 2008; EFSA 2021). Therefore, the con-
sumption of contaminated shellfish can cause diarrheic
shellfish poisoning (DSP), which is characterized by diar-
rhea, nausea, vomiting, and abdominal pain (Larsen et al.
2007; Lee et al. 2016).

The OA-group toxins are polyether compounds that
have lipophilic properties. They are stable between — 20
and 80 °C but are substantially degraded above 100 °C
(FAO 2004; McCarron et al. 2008; Yasumoto and Murata
1993). The main representative OA-group toxin is OA,
a linear polyketide with a molecular weight of approxi-
mately 800 Da that contains several ether rings and a ter-
minal carboxylic acid moiety (Valdiglesias et al. 2013).
DTX3 is thought to be a metabolic product of OA, DTX1,
and DTX2, which is produced within the shellfish itself
(Yanagi et al. 1989). Specifically, DTX3 is a heterogene-
ous group of fatty acid ester derivatives of the OA, DTX1,
and DTX2 toxins, in which the 7-hydroxy position is ester-
ified with an acyl chain 14-22 carbons in length (EFSA
2008). However, DTX3 is deacylated to the parent toxin
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(i.e., OA, DTXI1, or DTX2) under alkaline conditions, at
elevated temperatures, or in the presence of enzymes such
as lipase and cholesterol esterase (EFSA 2008).

Sea temperature may be one of the most important envi-
ronmental factors influencing the distribution and toxin
content of Dinophysis species, as plankton growth rates
generally increase with increasing temperature within
a certain range (Borges et al. 2022; Griffith and Gobler
2020; Hallegraeff 2010). This has led to the assumption
that the occurrence of DSP and the synthesis of lipophilic
toxins by Dinophysis species also depend on the environ-
mental temperature (Kamiyama 2010). The sea tempera-
ture off the coast of Korea is steadily rising each year.
The average seawater temperature from 1968 to 2020 was
16.8 °C in the East Sea, 18.7 °C in the South Sea, and
15.0 °C in the West Sea. However, the annual temperatures
of the East Sea, South Sea, and West Sea in 1968 and 2020
have increased by 1.9, 1.3, and 0.9 °C, respectively (Korea
Meteorological Administration 2021). Previous studies
identified OA-group toxins in the South Sea, which is the
water body with the highest temperature off the Korean
coast (Park et al. 2019). Therefore, based on the increasing
sea temperatures and the report by Kamiyama (2010), OA
and its DTX analogs may also be found in the East Sea.

OA-group toxins are known to inhibit protein (serine
and threonine) phosphatases (PPs), which is their mecha-
nism of action. The inhibition of type 1 PPs (PP1) and type
2A PPs (PP2A) is of particular significance. After inges-
tion, OA-group toxins inhibit PPs in enterocytes, destabi-
lizing sodium concentration, which leads to diarrhea-like
symptoms due to osmotic pressure differences (Munday
2013; Tripuraneni et al. 1997). DTX3 cannot bind to PPs
and is therefore less toxic than the other OA-group toxins.
However, when humans consume seafood, certain hydro-
lases can convert DTX3 into its corresponding precursors
(OA, DTX1, or DTX?2) and increase its toxicity. Therefore,
additional efforts are needed to manage DTX3 and the free
forms of OA-group toxins. However, no chronic toxicity/
carcinogenicity studies have been conducted for OA and
its analogs (EFSA 2008).

A tolerable daily intake of OA-group toxin has yet to be
established because data on the chronic effects of OA toxins
are insufficient. However, an acute reference dose (ARfD)
has been established based on the acute effects of human
exposure cases. The Joint FAO/IOC/WHO ad hoc Expert
Consultation suggested a provisional ARfD of 0.33 ug OA
equivalents (eq.)/kg body weight (bw) (FAO/IOC/WHO
2004). The European Food Safety Authority (EFSA) estab-
lished toxic equivalency factor (TEF) values of 1 for OA, 1
for DTX1, and 0.6 for DTX2 (EFSA 2008). The FAO/WHO
(2016) reviewed those TEFs and proposed changing the TEF
of DTX2 to 0.5 but leaving that of OA and DTX1 unchanged
(FAO/WHO 2016). For DTX3, the TEF values are equal
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to those of the corresponding unesterified toxins, including
OA, DTX1, and DTX2 (EFSA 2008; FAO/WHO 2016).

To protect consumers from OA-group toxins, the govern-
ments of the European Union, the USA, Canada, and Japan
have established maximum limits of 160 ug OA equivalent
(eq.)/kg in the edible parts of live bivalves; this includes a
combination of free OA, DTX1, and DTX2, and their acyl-
esters (DTX3) (EFSA 2021; FDA 2019a; MHLW 2015).
Regarding the Codex Alimentarius and the Australian gov-
ernment, OA, DTX1, and DTX?2 are managed based on a
maximum allowable limit of <200 pg OA eq./kg (CODEX
2015; Food Standards Australia New Zealand 2021). In New
Zealand, OA, DTX1, DTX2, and pectenotoxins 1 and 2 are
managed based on a maximum allowable limit of <160 ug
OA eq./kg (New Zealand Ministry for Primary Industries
2020). In Korea prior to 2023, only OA and DTX1 were
managed based on a maximum limit of < 160 pg OA eq./kg
(MFDS 2016).

Data on the occurrence of OA toxins including OA,
DTX1, DTX?2, and DTX3 in the seafood consumed in Korea
are currently insufficient, and risk assessment studies based
on these data are needed. Additionally, it is important to
review the current strategies for the regulation of OA-group
toxins by determining the risk level of OA exposure associ-
ated with the consumption of marine products by the Korean
population. Therefore, in the present study, we aimed to
investigate the occurrence of OA, DTX1, DTX2, and DTX3
in seafood (16 bivalves and 7 non-bivalves) commonly con-
sumed in South Korea, after which we conducted a risk
assessment of seafood consumption based on the acquired
data.

Materials and methods
Samples

Two hundred and seventeen seafood samples were col-
lected, encompassing 16 bivalve and seven non-bivalve
species from across South Korea. These seafood samples
were selected to be representative of the Korean popula-
tion’s seafood intake and the previous detection history of
OA-group toxins (Supplementary Table S1). Among non-
bivalves, flatfish was selected to investigate its potential
as toxin vector and threat to public health, considering its
feeding behavior of consuming bivalves (Mafra et al. 2014;
Sipia et al. 2000). The bivalve samples included 13 blood
clams (Anadara broughtonii), 13 blood cockles (Tegillarca
granosa), 21 clams (Ruditapes philippinarum), 18 fan
shells (Atrina pectinata), 26 hard clams (Mercenaria mer-
cenaria), 15 Japanese cockles (Fulvia mutica), 11 Mactra
sp. (9 M. quadrangularis and 2 M. chinensis), 21 mussels
(5 Mytilus coruscus and 16 M. galloprovincialis), 9 oysters
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(Crassostrea gigas), 23 scallops (14 Mizuhopecten yessoen-
sis and 9 Argopecten irradians), 1 soft-shell clam (Mya are-
naria), 1 sunset clam (Megangulus venulosus), and 10 surf
clams (Spisula sachalinensis). The non-bivalve samples
included 9 abalones (Haliotis discus hannai), 6 conches (1
Turbo cornutus and 5 Rapana venosa), 4 crabs (Portunus
trituberculatus), 6 flatfishes (Paralichthys olivaceus), 4 sea
cucumbers (Apostichopus japonicus), and 6 sea urchins
(Heliocidaris crassispina). The collected samples were used
after identifying each species based on morphological char-
acteristics and/or species-specific genetic marker analysis
by Professor Kwang-Sik Choi at Jeju National University.

Sampling was conducted from April to October
2021, with most samples being acquired in the summer
(June—August). Fifty-two samples (24%) were collected in
April, 41 (19%) in May, 38 (18%) in June, 39 (18%) in July,
30 (14%) in August, 11 (5%) in September, and 6 (3%) in
October. The samples were collected from as many sites as
possible to assess the variations in toxin levels according
to the marine species of each harvested area. The samples
obtained from each of the sampling sites were as follows:
15 samples in the East Sea (7%), 73 in the West Sea (34%),
97 in the South Sea (45%), 15 in China (7%), nine in Japan
(4%), and eight in Russia (4%).

More than 200 g of each sample was collected to ensure
representative sampling and more than 1 kg of live shellfish
was purchased online. The shells of the live shellfish, which
were covered with sand, were cleaned under running water
and opened with a knife being careful not to damage the
tissues or internal organs; the flesh was then separated. In
the case of flatfish, only the edible part (i.e., the flesh) was
used after removal of inedible parts such as the head, intes-
tines, and bones. The separated samples were cleaned with
distilled water to remove foreign materials and drained for
5 min in a sieve. The samples were then homogenized in a
blender for 1 min at room temperature. The homogenized
samples were stored at — 18 °C and thawed before use.

Chemicals and reagents

HPLC-grade water, methanol (MeOH), and acetonitrile
(MeCN) were purchased from Burdick & Jackson (Mor-
ris Plains, NJ, USA). Liquid chromatography-mass spec-
trometry (LC-MS)-grade formic acid and ammonium for-
mate (>99.0%) were purchased from Thermo (Waltham,
MA, USA) and Sigma (St. Louis, MO, USA), respectively.
Standard stock solutions of OA-group toxins in MeOH (OA,
8.37 mg/L; DTX1; 8.52 mg/L; and DTX2, 3.78 mg/L) were
purchased from the National Research Council Canada
(NRC) (Halifax, NS, Canada). One of the compounds from
the DTX3 complex, 7-O-palmitoyl OA, is commercially
available as DTX3a and was purchased from CIFGA (Lugo,
Spain). Working standard stock solutions of 1 mg/L were

prepared by dilution in MeOH and were stored at —18 °C.
The working standards were left at room temperature before
use. Working standards at a concentration of 80, 60, 40,
20, 10, and 2 pg/L were obtained by appropriate dilution in
MeOH. The samples were then purified using Waters Sep-
Pak C18 solid-phase extraction (SPE) cartridges (Milford,
MA, USA) on a 12-port vacuum manifold (Supelco, Belle-
fonte, PA, USA).

Toxin extraction and cleanup

Toxin extraction was performed as described by the Euro-
pean Union Reference Laboratory for Marine Biotoxins
with slight modifications (EURLMB 2015). Briefly, a
sub-sample (2.000+0.005 g) of tissue homogenate was
weighed into a 50-mL conical tube. After adding 9 mL of
MeOH, the samples were homogenized for 3 min using an
Ultra-Turrax homogenizer (IKA, Staufen, Germany). The
mixture was centrifuged (2,000 X g, 10 min), and the super-
natant was transferred to a 25-mL graduated cylinder. The
entire extraction procedure was performed twice. The final
volume was adjusted to 20 mL with MeOH. Two millilit-
ers of supernatant were transferred to 5-mL glass vials to
analyze free OA, DTX1, and DTX2 and their acylated ester
DTX3. To determine the total content of OA group toxins
including DTX3, an alkaline hydrolysis is necessary from
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 (EURLMB
2015). The samples were subjected to alkaline hydrolysis by
adding 250 pL of 2.5 N NaOH per vial. The vial lids were
tightly closed, and the samples were hydrolyzed at 76 °C
for 40 min. The samples were then allowed to cool to room
temperature and neutralized by adding 250 pL of 2.5 N HCI.
For free OA, DTX1, and DTX2 analyses, 2 mL of extract
was defatted without prior hydrolysis. For defatting, 2.5 mL.
of hexane was added to both hydrolyzed and unhydrolyzed
solutions and vortexed for 30 s. After removing the hexane
layer, 2.5 mL of water was added to dilute the solution. SPE
cleanup was conducted using a Sep-Pak C18 cartridge (Lee
et al. 2022). The cartridge was conditioned with 5 mL of
MeOH and 5 mL of water. After conditioning, the diluted
extract was loaded. The empty vial was washed with 3 mL
of 40% MeOH, and the wash liquid was also loaded on the
cartridge to maximize recovery. The cartridge was washed
with 3 mL water and 3 mL of 40% MeOH. Next, the material
was eluted with 6 mL of MeOH. The eluted solutions were
dried under a stream of nitrogen gas at 40 °C and redissolved
in 2 mL MeOH. The final redissolved extract was filtered
through a 0.22 um PVDF membrane filter prior to liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analysis.
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LC-MS/MS analysis

LC-MS/MS analysis was conducted with a setup con-
sisting of an Agilent 1290 Infinity II LC systems cou-
pled to Agilent 6470 triple quadrupole LC/MS instru-
ments (Agilent Technologies, Santa Clara, CA, USA).
An Xbridge C18 column (4.6 x 100 mm, 3.5 ym) from
Waters (Milford, MA, USA) was used for separation. The
column oven was maintained at 40 °C, and the autosam-
pler compartment was maintained at 15 °C. The injection
volume was 5 puL and the flow rate was 0.4 mL/min. Both
mobile phase A (water) and mobile phase B (acetonitrile-
water 95:5, v/v) contained 2 mmol/L ammonium formate
and 50 mmol/L formic acid. The elution gradient was
started with 90% solvent A for 1 min. Solvent A was then
decreased to 10% over 9 min and held for 3 min. Then,
solvent A was increased to 90% over 2 min and held for
4 min to re-equilibrate the column. The entire analysis
procedure was completed in 19 min. The analytes were
detected using a triple quadrupole mass spectrometer
(G6470B). Electrospray ionization in negative ion mode
was used to detect the three toxins. Ultrapure nitrogen
(purity 99.999%) was used as a collision gas. The opti-
mized MS parameters were as follows: gas temperature,
305 °C; gas flow, 9 L/min; nebulizer, 30 psi; sheath gas
temperature, 350 °C; sheath gas flow, 12 L/ min; and
capillary voltage, —4500 V. The precursor ion and prod-
uct ion ([M-H]-) were confirmed for OA (803.5 m/z and
255 m/z, respectively), DTX1 (817.5 m/z and 563 m/z,
respectively), and DTX2 (803.5 m/z and 225 m/z, respec-
tively). The ion pair with the highest relative intensity
was selected for quantification, whereas the ion pair with
the second highest relative intensity was used as a quali-
fier ion for identification.

Quantification of OA-group toxins

Individual OA-group toxins were quantified using the
external matrix-matched standard calibration method (Lee
et al. 2022). Individual toxin levels were calculated based
on a calibration curve, and only results above the limit of
detection (LOD) were subjected to further calculations.
After hydrolysis, the content of each toxin was first calcu-
lated as the content of OA-group toxins in seafood sam-
ples. The level of DTX3, as esterified OA group toxins,
was then calculated using the following formula: [amount
of OA, DTX1, and DTX2 (with hydrolysis) — amount
of OA, DTX1, and DTX2 (without hydrolysis)]. After-
ward, the TEFs of OA, DTX1, and DTX2 were multiplied
and summed to obtain the OA level (pg OA eq./kg). Our
analyses were based on the TEFs proposed by FAO/WHO
(2016).
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Method performance

Method performance was assessed based on the Food and
Drug Administration (FDA) guidelines for the analysis of
chemicals in food (FDA 2019b). The analysis method was
validated using three matrices—mussel, clam, and flatfish—
and the following factors were considered: linearity, LOD,
limit of quantification (LOQ), accuracy, and precision. Lin-
earity was confirmed through the calibration curve's coef-
ficient of determination (R?) calculated from at least five
points at a LOD range of 40 ug/kg. The obtained R? value of
>0.99 was considered excellent. LOD and LOQ were calcu-
lated with the following formula using the slope (S) of the
calibration curve and standard deviation (o) of the replicate
analysis (LOD=3.3x06/S, LOQ=10X0/S). Assay accu-
racy and precision were evaluated as the recovery value and
relative standard deviation (RSD), respectively, by intra-day
(n=3) and inter-day (n=3) replicate assays. The recovery
test was performed at 100 pg/kg with three matrices.

Statistical analysis

Student’s ¢-test or one-way analysis of variance followed by
Duncan’s multiple range test were performed to test signifi-
cant differences in OA-group toxin levels between samples,
regions, or seasons (IBM SPSS Statistics 20, IBM Corpo-
ration, Armonk, NY, USA). For all analyses, p <0.05 was
considered statistically significant.

Risk assessment of acute OA-group toxin exposure

Acute dietary exposure to bivalves and non-bivalves was
assessed through a deterministic approach using the occur-
rence data derived from this study coupled with seafood
consumption and body weight trends. Exposure assessment
was performed and compared using two types of occurrence
data: the sum of OA, DTX1, DTX2, and DTX3, and the
sum of OA and DTXI, the latter of which is the previous
Korean regulation for OA-group toxins in food. For occur-
rence level, 0 was used to replace the ND (non-detected)
values in the lower bound (LB), whereas LOD was used
to replace the ND result in the upper bound (UB) (GEMS/
Food-Euro 1995). Consumption and body weight data were
based on the 2016-2018 Korea National Health and Nutri-
tion Examination Survey (KCDC 2020; KHIDI 2020). Acute
dietary exposure assessments were based on the maximum
toxin level in each sample from the monitoring data, as indi-
cated in the “Guidelines for the Study of Dietary Intakes
of Chemical Contaminants” published by the World Health
Organization (WHO 1985). Based on these criteria, the 95th
percentile of food consumption was used (WHO 1985).
Additionally, for a more detailed assessment, our analyses
were conducted according to the age of the population and
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consumer groups. Regarding population consumption, if
the 95th percentile of food consumption was not attained
because the consumption rate was < 5%, the consumption
was calculated by multiplying the average value by 2.5
(WHO 1985). The body weight was defined as the average
value of each group. The following equation was used for
estimating toxin exposure:

Risk assessment was conducted by comparing the dietary
exposure value with the ARfD values of 0.33 pg OA eq./
kg bw/day from the FAO/IOC/WHO and 0.30 pug OA eq./
kg bw/day from the EFSA. %ARfD > 100% is commonly
recognized as a high-risk level. The following equation was
used for estimating the %ARfD:

Acute dietary exposure value (ug OA eq/kg bw/day) =

95th percentile of food consumption (g/day) X Highest residue (ug OA eq/kg) %1073 (1)

bodyweight (kg)

Acute dietary exposure value(ug OA eq/kg bw/day)

%ARfD =
’ ARfD(ug OA eq/kg bw/day)

X 100

(@)

Results

Performance criteria for the determination
of OA-group toxins

To investigate the occurrence of OA-group toxins in seafood dis-
tributed in Korea, we first evaluated whether the utilized analytical
method satisfies the performance criteria. Supplementary Table S2
summarizes the results of the intra- and inter-day precision of the
experiments conducted using clam, flatfish, and mussel samples
spiked with 100 pg/kg of different OA-group toxins. All R values
exceeded 0.997. The LOD and LOQ ranges in the three matrices
were 0.5-2.1 pg/kg and 1.6-6.2 pg/kg for OA, 0.5-2.6 ug/kg and
1.4-7.8 ug/kg for DTX1, and 0.4-2.6 ug/kg and 1.2-7.8 pg/kg for
DTX2, respectively. The intra- and inter-day accuracies expressed
as recovery rates evaluated in the three matrices were 85.7-105.7%
for OA, 82.9-99.2% for DTX1, and 89.8-109.3% for DTX2. The
intra- and inter-day precisions expressed as RSD (%) evaluated in
the three matrices were 3.9-8.6% for OA, 3.8-14.6% for DTX1,
and 2.0-17.0% for DTX2.

Occurrence of OA-group toxins in Korean seafood

Among the 217 samples collected, OA was detected in five
of them (detection rate, 2.3%; positive mean level, 11.3 pg/
kg), DTX1 was detected in nine (detection rate, 4.1%;
positive mean level, 16.4 ng/kg), DTX3 was detected in 20
(detection rate, 9.2%; positive mean level, 40.9 pg/kg), and
DTX2 was not detected (Table 1). According to the TEF of
the OA-group toxins, the positive mean level of total OA-
group toxins was 50.23 ug OA eq./kg. The samples in which
OA-group toxins were most detected were Korean mussels
(M. coruscus, five cases) and clams (R. philippinarum, five
cases). However, OA-group toxins were also detected in bay
scallops (A. irradians, one case), fan shells (A. pectinata,
two cases), blood clams (A. broughtonii, two cases), hard
clams (M. mercenaria, two cases), Yesso scallops (M. yes-
soensis, two cases), and Mediterranean mussels (M. gallo-
provincialis, two cases). In contrast, OA-group toxins were
not detected in non-bivalve samples (flatfish, conch, crab,
sea cucumber, sea urchin, and abalone). The samples with
the highest levels for each toxin were OA (18.1 pg/kg) in M.
coruscus, DTX1 (40.5 pg/kg) in M. coruscus, and DTX3
(113.7 pg/kg) in M. mercenaria (Table 2).

The OA-group toxins showed different trends in detec-
tion frequencies and levels depending on the sampling site

Table 1 Occurrences of

o Parameter OA DTX1 DTX2 DTX3?
OA-group toxins in 217 seafood
samples collected across South Total number of samples 217 217 217 217
Korea Number of samples with a particular OA 5 9 0 20
toxin (n)
Detection rate (%) 2.3 4.1 0 9.2
Positive mean (ug/kg) 11.3+4.1 16.4+11.0 0 40.9+31.2
Minimum concentration (ug/kg) 7.36 8.41 NDP 12.85
Maximum concentration (ug/kg) 18.05 40.47 ND 113.69

OA, okadaic acid; DTX, dinophysistoxin
#Concentration of OA, DTX1, and DTX2 (with hydrolysis step) — concentration of OA, DTX1, and DTX2

(without hydrolysis step)

PNot detected (< limit of detection)
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(Fig. 1). In samples from the East Sea coastal area (n =13,
Goseong region; 38.41°N, 128.63°E), the detection rate
and level of OA-group toxins were 8% and 85.03 ug OA
eq./kg, respectively. In samples from the West Sea coastal
area (n=75, Taean and Hongseong regions; 36.56°N,
126.25°E), a detection rate of 16% and detection range
of 16.17-121.73 pug OA eq./kg were observed. The sam-
ples from the South Sea coastal area (n =97, Tongyeong
region; 34.82°N, 128.34°E) exhibited a detection rate of
5% and detection range of 11.35-13.90 pg OA eq./kg.
Among the imported samples (n=32), OA-group toxins
were detected in two cases of mussels (M. galloprovincia-
lis) from China (detection range, 11.35-13.90 ug OA eq./
kg) and in one case in scallops (M. yessoensis) from Japan
(13.48 ug OA eq./kg). However, there was no statistical
significance for OA group toxins depending on the collec-
tion location (three coastal areas) (p > 0.05).

The detection rate of OA group toxins differed depending
on the month. The monthly detection rate was 16% in April,
5% in May, 3% in June, 10% in July, 13% in August, 18% in

September, and 17% in October. Excluding May and June, the
monthly detection rates were all similar. However, although
not statistically significant (p >0.05), the levels detected in
the summer months of June, July, and August tended to be
higher than those observed in the other months. In July, the
positive mean was 64.72 pg/kg, and the detection range was
7.27-121.73 pg/kg. In August, the positive mean was 55.99 pg/
kg, and the detection range was 17.95-97.88 ug/kg (Fig. 2).

Acute risk assessment of OA-group toxins

Figure 3 shows the acute dietary exposure values using LB
and UB occurrence data for the sum of OA, DTX1, DTX2,
and DTX3, and the sum of OA and DTX1 in the popula-
tion groups (A and C) and consumer groups (B and D).
The acute dietary exposure values in the population and
consumer groups based on the sum of the occurrence of
OA, DTX1, DTX2, and DTX3 are illustrated in Fig. 3A
and B. The highest exposure values for the population were
observed in clams, with LB and UB values of 0.0039 and

Table 2 Levels of OA-group toxins in bivalve and non-bivalve seafood samples collected across South Korea

Sample name Species N Positive mean (ug/kg) Range (ug/kg)
OA DTX1 DTX2 DTX3 OA DTX1 DTX2 DTX3
Bivalve
Blood clam Anadara broughtonii 13 104 (2?* 8.7(2) ND® 145(2) 9.0-11.7 8490 ND 13.3-15.8
Cockle Tegillarca granosa 13 ND ND ND ND ND ND ND ND
Clam Ruditapes philippinarum 21 ND ND ND 32.9(5) ND ND ND 16.2-52.6
Fan shell Atrina pectinata 18 ND ND ND 54.1(2) ND ND ND 41.5-66.6
Hard clam Mercenaria mercenaria 26 ND ND ND 105.8 (2) ND ND ND 97.9-113.7
Japanese cockle Fulvia mutica 15 ND ND ND ND ND ND ND ND
Mactra Mactra quadrangularis 9  ND ND ND ND ND ND ND ND
Mactra chinensis 2 ND ND ND ND ND ND ND ND
Mussel Mytilus coruscus 5 119@3) 21.2(5) ND 46.0 (5) 7.5-18.1 8.5-40.5 ND 12.9-73.8
Mytilus galloprovincialis 16 ND 11.8(2) ND 1.6 (1) ND 9.8-13.9 ND 1.6
Oyster Crassostrea gigas 9 ND ND ND ND ND ND ND ND
Scallop Mizuhopecten yessoensis 14 ND ND ND 49.3 (2) ND ND ND 13.5-85.0
Argopecten irradians 9 ND ND ND 7.3 (1) ND ND ND 7.3
Soft-shell clam Mya arenaria 1 ND ND ND ND ND ND ND ND
Sunset clam Megangulus venulosus 1 ND ND ND ND ND ND ND ND
Surf clam Spisula sachalinensis 10 ND ND ND ND ND ND ND ND
Non-bivalve abalone Haliotis discus hannai 9 ND ND ND ND ND ND ND ND
Conch Turbo cornutus 1 ND ND ND ND ND ND ND ND
Rapana venosa 5 ND ND ND ND ND ND ND ND
Crab Portunus trituberculatus 4 ND ND ND ND ND ND ND ND
Flatfish Paralichthys olivaceus 6 ND ND ND ND ND ND ND ND
Sea cucumber Apostichopus japonicus 4 ND ND ND ND ND ND ND ND
Sea urchin Heliocidaris crassispina 6  ND ND ND ND ND ND ND ND

OA, okadaic acid; DTX, dinophysistoxin
*Number of positive samples is in parentheses
"Not detected (< limit of detection)
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Fig. 1 Detection of OA-group toxin distribution according to sam-
pling sites and marine species. a Taean, Hongseong (36.56°N,
126.25°E, West Sea). b Goseong (38.41°N, 128.63°E, East Sea).
¢ Tongyeong (34.82°N, 128.34°E, South Sea). Each colored circle

0.0040 pg OA eq./kg bw/day, respectively (Fig. 3A). These
values corresponded to 1.18% (LB) and 1.21% (UB) of the
ARTD (0.33 pg OA eq./kg bw/day) established by the FAO/
IOC/WHO. In contrast, the highest exposure for the con-
sumer group was observed in scallops, with LB and UB val-
ues of 0.1212 and 0.1250 pg OA eq./kg bw/day, respectively
(Fig. 3B), which corresponded to 36.73% (LB) and 37.87%
(UB) of the ARfD proposed by the FAO/IOC/WHO.
Figure 3C and D illustrate the acute dietary exposure
values in the population and consumer groups based on
the sum of the OA and DTX1 occurrence data. Overall, the
exposure values based on the sum of the OA and DTX1
occurrence data were lower than those based on the sum of

represents a marine species, and its size represents the OA equiva-
lent toxin concentration. OA, okadaic acid. The three letters around
each colored circle indicate sampling time (Apr, April; Jul, July; Aug,
August; Sep, September; Oct, October)

the OA, DTX1, DTX2, and DTX3 occurrence data. Mus-
sels contributed to the highest exposure values among the
population, with LB and UB values of 0.0016 pg OA eq./
kg bw/day (Fig. 3C), which corresponded to 0.48% (LB and
UB) of the ARfD (0.33 pg OA eq./kg bw/day). The highest
exposure levels in the consumer groups were also observed
among mussel consumers at 0.0431 pg OA eq./kg bw/day
(LB and UB; Fig. 3D), which corresponded to 13.1% (LB
and UB) of the AR{D.

Figure 4 shows the acute dietary exposure values by
age in the Korean population using LB and UB occurrence
data for the sum of OA, DTX1, DTX2, and DTX3 (A and
B), and the sum of OA and DTX1 (C and D). According to
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Fig.3 Acute dietary exposure estimates for the Korean population
and consumer groups based on LB and UB occurrence data. a Acute
dietary exposure estimate for the Korean population using occurrence
data of the sum of OA, DTX1, DTX2, and DTX3. b Acute dietary
exposure estimate for the consumer group using occurrence data of
the sum of OA, DTX1, DTX2, and DTX3. ¢ Acute dietary exposure

the results by age using the sum of OA, DTX1, DTX2, and
DTX3 (Fig. 4A and B), the exposure values of 3—6-year-
old children who consumed clams in the Korean popula-
tion were the highest among all bivalve and non-bivalve
samples, with LB and UB values of 0.0103 and 0.0106 pg
OA eq./kg bw/day, respectively. According to the results
by age using the sum of OA and DTX1 (Fig. 4C and D),

@ Springer

estimate for the Korean population using occurrence data of the sum
of OA and DTXI. d Acute dietary exposure estimate for the con-
sumer group using occurrence data of the sum of OA and DTX1. OA,
okadaic acid; DTX, dinophysistoxin; LB, lower bound; UB, upper
bound

the exposure value of 0—2-year-old children who consumed
mussels was the highest among all bivalve and non-bivalve
samples at 0.0043 pg OA eq./kg bw/day (LB and UB).
These exposure values did not exceed the ARfDs.

Figure 5 shows the acute dietary exposure values in the
consumer groups by age using LB and UB occurrence data
for the sum of OA, DTX1, DTX2, and DTX3 (A and C), and



Environmental Science and Pollution Research (2024) 31:6243-6257

6251

(©)

02 years
3G years

__T-t2years

/ T a9yeas |
- T
/ Z}&fyears
[/ “>65years |
/ / // / / .

/ \ \ \ O\

/ / N X \ \ \
[ N % X A \ \
[ [/ [/ [/ / \ o\
[ [ \ R
[ / { [ [ Vol ]|
] N |
\ o\

00095
02 years
i %iomos ~

(b)
36
oyears |
_—T-12 years NG
b pisut =)
139 years ||
/ .
/ / 2,0464yearsJ' \\
/o / — 1 \
VA YA
[ [/ )

/ 565/');32“‘5 J” \‘\ . \\ ‘\\ \\.\
: /// SRR R

(d)

_sGyears I
_7-2years T
A B3aeveas |
/ e |

/ / " 20-64ears
/) / _—
YA //>65§ears

c'( [/

[

\

\

S ~ R
N = :\\‘\‘
@ Abalone @ Blood clam Clam
@ Cockle @ Conch (Rapana venosa) @ Conch (Turbo cornutus)
@ Crabs Fan shell @ Flat fish
Hard clam [ J Japanese cockle Mactra (Mactra chinensis)
® Mactra (Mactra quadrangularis) @ Mussel o Oyster
Scallop @ Ssea cucumber @ sea urchin
@ Soft-shell clam @ Sunset clam Surf clam

Fig.4 Acute dietary exposure values (g OA eq/kg bw/day) in popu-
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DTX2, and DTX3. ¢ Occurrence (LB) for the sum of OA and DTX1.

the sum of OA and DTX1 (B and D). Among the consumer
groups using occurrence data for the sum of OA, DTX1,
DTX2, and DTX3 (Fig. 5A and C), the highest exposure
occurred in individuals 7-12 years of age who consumed

d Occurrence (UB) for the sum of OA and DTX1. OA, okadaic acid;
DTX, dinophysistoxin; LB, lower bound; UB, upper bound; eq,
equivalent; bw, body weight

scallops, with LB and UB values of 1.0550 and 1.0877 pg
OA eq./kg bw/day, respectively. These values exceeded the
ARIfDs established by the FAO/IOC/WHO. According to the
results by age using the sum of OA and DTX1 (Fig. 5C and

@ Springer



6252

Environmental Science and Pollution Research (2024) 31:6243-6257

() _02yeas |/ 0:4260

(d)

P 02 };ars

_— ‘3:6/5';38;5

/
/
//
|
[

[

@ Abalone @ Blood clam Clam
@ cCockle @ Conch (Rapana venosa) @ Conch (Turbo cornutus)
@ Crabs Fan shell @ Flat fish

Hard clam @] Japanese cockle Mactra (Mactra chinensis)
@ Mactra (Mactra quadrangularis) @ Mussel o Oyster
) Scallop @ sea cucumber @ sea urchin
@ soft-shell clam @ Sunset clam Surf clam

Fig.5 Acute dietary exposure values (pg OA eq/kg bw/day) in con-
sumer groups by age. a Occurrence (LB) for the sum of OA, DTX1,
DTX2, and DTX3. b Occurrence (UB) for the sum of OA, DTX1,
DTX2, and DTX3. ¢ Occurrence (LB) for the sum of OA and DTX1.

D), the acute exposure value in the consumer groups was the
highest among individuals 0-2 years of age who consumed
mussels, with exposure values of 0.0855 pg OA eq./kg bw/
day (LB and UB). Unlike the exposure values using occur-
rence data for the sum of OA, DTX1, DTX2, and DTX3, the
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d Occurrence (UB) for the sum of OA and DTX1. OA, okadaic acid;
DTX, dinophysistoxin; LB, lower bound; UB, upper bound; eq,
equivalent; bw, body weight

exposure values based on the occurrence data for the sum of
OA and DTX1 did not exceed the ARfDs.

Overall, we observed clear differences in the estimates
of acute OA-group toxin exposure by age depending on
whether the calculations were based on the sum of the OA
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and DTX1 occurrence data or the sum of the OA, DTX1,
DTX2, and DTX3 occurrence data. The acute exposure val-
ues estimated using the latter data resulted in higher values.

Discussion

In the present study, the occurrence of OA-group toxins,
including OA, DTX1, DTX2, and DTX3, in seafood samples
obtained from South Korea was analyzed using LC-MS/MS,
and risk assessment was conducted based on the seafood
consumption trends in the Korean population. This study
explored the occurrence of OA, DTX1, and DTX2 and their
acylated form, DTX3, among bivalves and non-bivalves
distributed across Korea. Additionally, based on the occur-
rence data used to conduct the risk assessment analyses, we
identified a potential health risk due to acute exposure to
OA-group toxins for scallop consumers aged 7 to 12 years.
These results demonstrated that the inclusion of DTX3 in
the new regulatory limits is appropriate to protect Korean
seafood consumers from exposure to OA-group toxins.

Most recent OA-group toxin studies have focused on
major bivalves such as mussels and oysters (Bazzoni et al.
2018; Huang et al. 2014; Kilcoyne and Fux 2010; Rossignoli
et al. 2021; Schirone et al. 2018). However, OA-group toxins
can be detected in other bivalves such as clams, cockles, and
scallops (Blanco 2018). Additionally, OA-group toxins have
been detected in fish that consume bivalves such as halibut
and anchoveta (Corriere et al. 2021; Costa et al. 2017). In the
present study, however, OA-group toxins were only detected
in bivalve samples. Among these, M. coruscus was highly
contaminated with OA, DTX1, and DTX3 levels. In contrast,
no OA-group toxins were detected in non-bivalve samples
(flatfish, conch, crab, sea cucumber, sea urchin, and aba-
lone). These results confirm that toxin accumulation occurs
more frequently in filter-feeding bivalves (Blanco 2018).
Relatively higher concentrations of OA group toxins were
detected from the samples collected in summer (June, July,
and August), although the differences among months were
not statistically significant (p > 0.05). This appears to be
at least partially related to the high sea temperature of the
Korean Peninsula in June, July, and August (Korea Meteoro-
logical Administration 2021). However, because the occur-
rence of OA group toxins is complexly influenced by various
marine geo-ecological factors, an additional study is needed
to determine the exact reason.

This study demonstrated that DTX3 contributed sig-
nificantly to the level and incidence of OA-group toxins in
seafood distributed across Korea. This is consistent with
previous studies in which DTX3 was reported to contribute
considerably to the total content of OA-group toxins (EFSA
2008; Hossen et al. 2011). Among OA, DTX1, DTX2, and
DTX3, DTX3 was the most prevalent toxin, with a positive

mean level of 113.7 pg/kg, followed by DTX1 and OA.
DTX3 represents a group of fatty acid ester derivatives
produced by the acylation of OA, DTX1, and DTX2 in the
digestive gland of shellfish (Lee et al. 2016; Yasumoto et al.
1985). In particular, DTX3 was also detected in bivalves
collected from the coastal area of the East Sea, where OA-
group toxins had not previously been detected (Lee et al.
2011) because the seawater temperature was relatively low
and located relatively north (38.41°N, 128.63°E). DTX3 is
known to be less toxic than its parent toxins because of con-
formational changes that disrupt binding to PPs (McNabb
2008). However, DTX3 has the same toxic potential as the
parent toxins because it is metabolically deacylated into
the parent toxin in the human stomach after consumption
of contaminated seafood (Garcia et al. 2005). Kameneva
et al. (2015) found that OA, DTX1, and DTX?2 were mostly
concentrated in the digestive gland of Crenomytilus gray-
anus (60-70%), whereas DTX3 was more abundant in the
edible soft tissues (> 80%). These results indicate that DTX3
should be monitored and included in the current regulatory
limits to minimize dietary exposure to OA-group toxins in
seafood distributed across Korea.

DTX2 is an isomer of OA with a methyl group on carbon
35 but not on carbon 31 (Hu et al. 1992). D. acuta and D.
caudata, both of which are representative DTX2-producing
microalgae, were detected recently in the Korean South Sea
(Park et al. 2019). However, DTX2 was not detected in the
217 bivalve and non-bivalve samples collected in the cur-
rent study. In contrast, DTX2 has been detected in shellfish
from Ireland, Spain, Portugal, and Norway (Carmody et al.
1996; Gago-Martinez et al. 1996; Hu et al. 1992; Vale et al.
1998). High amounts of DTX2 have also been detected in
shellfish from the Galician region of Spain (Blanco et al.
1995) and in Portuguese mussels (Vale and Sampayo 1996;
Vale et al. 2008). Moreover, DTX1, also known as 35-methyl
OA, is the dominant toxin in Japan and neighboring Korea
(Lee et al. 1989; Kim et al. 2008; Yasumoto et al. 1985).
Consistent with these findings, DTX1 was detected in 4%
of seafood samples in our study. OA occurs worldwide but
is reported to be the dominant OA-group toxin in Europe
(FAO/WHO 2016). Although OA did not represent a large
proportion of the OA-group toxins examined in this study,
2.3% of the samples still exhibited a positive mean level of
11.3 pg/kg. Presumably, this difference in the occurrence
of OA-group toxins is at least partially related to marine
geo-ecological factors such as salinity, sunlight, temperature,
oxygen, pH, wind or water currents, soil type, and nutrient
availability (Borges et al. 2022; Griffith and Gobler 2020;
Hallegraeft 2010). However, other factors such as insuffi-
cient sample size or the brevity of our study period cannot be
excluded. Therefore, additional research is needed to clarify
the degree to which the sample size and study duration influ-
enced our results. Since toxic Dinophysis species including
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D. acuminata, D. acuta, and D. caudata were found in the
Korean coast (Kang and Lee 2018; Park et al. 2019), sys-
tematic and continuous monitoring of OA group toxins is
necessary.

Our risk assessment analysis using the occurrence level
data (sum of OA, DTX1, DTX2, and DTX3) revealed that
the intoxication risk in the Korean population and consumer
groups was generally low. Among the OA-group toxins, the
relative exposure contributions of individual OA, DTXI,
and DTX3 to total dietary exposure were 8.3%, 16.9%, and
74.8%, respectively (data not shown). By age, the acute die-
tary exposure values of children were not low. Particularly,
the dietary exposure to OA-group toxins among 7—12-year-
old consumers of scallops was 1.0877 ug OA eq./kg bw/day.
This may be attributed to the high food consumption rates
in this age group coupled with a substantially lower body
mass. This observed value exceeded the ARfD, indicating
that scallop consumption among 7—12-year-olds may cause
diarrhea symptoms. However, only 12 survey respondents in
the 7-12 age group consumed scallops, and therefore, these
results should be interpreted cautiously.

Upon comparing the occurrence data for the sum of OA,
DTX1, DTX2, and DTX3 with those for the sum of OA
and DTX1, the exposure values in the former dataset were
1.0550 (LB) and 1.0877 (UB) pug OA eq./kg bw/day in the
7-12 age group that consumed scallops, which exceeded
the ARfD by 3.2- to 3.6-fold. However, in the latter dataset,
the exposure values were 0.0000 (LB) and 0.0003 (UB) pg
OA eq./kg bw/day, which did not exceed the ARfD. This
occurred because, unlike DTX3, OA and DTX1 were not
detected. Therefore, to protect consumers from exposure to
OA-group toxins, the regulation that uses the sum of OA
and DTX1 should be changed to one that accounts for all
OA-group toxins, including OA, DTX1, DTX2, and DTX3.

The EFSA has also conducted DSP risk assessments in
the context of acute OA-group toxin exposure. In that risk
assessment, the acute dietary exposure value was derived
from 96 pg of toxin (equivalent to 1.6 ug/kg bw in a 60 kg
adult) (EFSA 2008), which was approximately 20 X higher
than the maximum value of 0.0801 OA eq. pg/kg bw/day
(the scallop value for the 20—64-year-old consumer group
based on UB data) in the > 20-year-old adult group in our
study. In another study conducted by New Zealand Food
Safety, the exposure value was 1.07 ug OA eq./kg bw/
day at the maximum level in adults when samples exceed-
ing the regulatory limit for DSP were excluded. However,
when these samples were included, the exposure value was
9.43 ug OA eq./kg bw/day (New Zealand Ministry for Pri-
mary Industries 2020). Moreover, these values were higher
than the results for the adult group in our study.

It is important to note that the risk assessment con-
ducted herein has some limitations, including the size of
the sample occurrence dataset, the effect of cooking and
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processing, and the accuracy of the consumption data. A
more realistic risk assessment could be achieved using a
probabilistic approach (considering the distribution of all
data, both contamination and consumption). However, this
approach requires more data on the occurrence of OA-
group toxins in shellfish (Anses 2019). Additionally, acute
risk assessment is performed based on an average shell-
fish portion size in most countries and agencies, including
the EFSA. Given that such portion sizes have not been
established for the Korean population, the risk assessment
results of other countries cannot be easily compared with
those determined herein. Therefore, calculating a shellfish
portion size is crucial for future risk assessments to ensure
the safety of Korean consumers.

Conclusion

The occurrence of OA-group toxins was examined in 217
samples of South Korean seafood, encompassing 16 bivalve
and seven non-bivalve species collected from three repre-
sentative coastal areas. Among the examined OA-group
toxins, OA, DTX1, and DTX3 were detected in the sea-
food samples, and DTX3 was the most prevalent toxin in
South Korean bivalve samples. In particular, DTX3 was
also detected in bivalves collected from the coastal area of
the East Sea, where OA-group toxins had not previously
been detected. The bivalve samples in which at least one
OA-group toxin was detected were blood clam, pan shell,
hard clam, mussel, and scallop; no toxins were detected in
non-bivalves.

Our risk assessment results suggested that scallops and
mussels are the major contributors to OA-group toxin expo-
sure in the Korean population and consumer groups. Regard-
ing scallops and mussels, monitoring at the production stage
should be strengthened to prevent seafood with OA-group
toxin levels exceeding the regulatory limit from entering
the distribution stage. Regarding age, relatively high dietary
exposure values were found in children. Therefore, seafood
consumption by children should be monitored more closely.
Until 2023, South Korea had set a regulatory limit for free
OA and DTX1, which was <160 pg OA eq./kg (MFDS
2016). To protect consumers from exposure to OA-group
toxins, regulatory strategies must account for all OA-group
toxins, including OA, DTX1, DTX2, and DTX3, instead of
only considering the sum of OA and DTX1.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-023-31568-4.

Author contribution JBP: writing—original draft, methodology, inves-
tigation, formal analysis. SC: writing—original draft, methodology,
investigation, formal analysis. SYL: investigation, formal analysis,


https://doi.org/10.1007/s11356-023-31568-4

Environmental Science and Pollution Research (2024) 31:6243-6257

6255

conceptualization. SMP: formal analysis. HSC: project administration,
writing—review and editing, conceptualization, funding acquisition.

Funding This research was supported by a 2021 grant
(20163MFDS641 and 21153MFDS605) from the Ministry of Food
and Drug Safety, Republic of Korea.

Data Availability The data sets used and analyzed during the current
study are available from the corresponding author upon reasonable
request and after obtaining permission from the funding agency.

Declarations

Ethics approval Not applicable.
Consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anses Agence nationale de sécurité sanitaire de I’alimentation, de
I’environnement et du travail (2019) Risques liés aux pinnatoxines
dans les coquillages. Avis de I’Anses et Rapport d’expertise col-
lective, p. 136. - edn scientifique. https://www.anses.fr/fr/system/
filess ERCA2016SA0013Ra.pdf. Assessed 24 Oct 2023

Bazzoni AM, Mudadu AG, Lorenzoni G, Soro B, Bardino N, Arras I,
Sanna G, Vodret B, Bazzardi R, Marongiu E, Virgilio S (2018)
Detection of Dinophysis species and associated okadaic acid in
farmed shellfish: a two-year study from the western Mediterra-
nean area. J Vet Res 62:137-144. https://doi.org/10.2478/jvetr
es-2018-0022

Blanco J (2018) Accumulation of Dinophysis toxins in bivalve mol-
luscs. Toxins 10:453. https://doi.org/10.3390/toxins 10110453

Blanco J, Ferniandez M, Marino J, Reguera B, Miguez A, Maneiro J,
Cacho E, Martinez A (1995) From Dinophysis spp. toxicity to
DSP outbreaks: a preliminary model of toxin accumulation in
mussels. In: Lassus P, Arzul G, Erard E, Gentien P, Marcaillou C
(eds) Harmful marine algal blooms. Lavoisier Science Publishers,
Paris, pp 777-782

Borges FO, Lopes VM, Santos CF, Costa PR, Rosa R (2022) Impacts
of climate change on the biogeography of three amnesic shellfish
toxin producing diatom species. Toxins 15:9. https://doi.org/10.
3390/toxins 15010009

Carmody EP, James KJ, Kelly SS (1996) Dinophysistoxin-2: the pre-
dominant diarrhetic shellfish toxin in Ireland. Toxicon 34(3):351—
359. https://doi.org/10.1016/0041-0101(95)00141-7

Codex Alimentarius International Food Standards (2015) Standard for
live and raw bivalve molluscs. CXS 292-2008. Accessed 10 Dec
2022

Corriere M, Solifio L, Costa PR (2021) Effects of the marine biotoxins
okadaic acid and dinophysistoxins on fish. J Mar Sci Eng 9:293.
https://doi.org/10.3390/jmse9030293

Costa PR, Costa ST, Braga AC, Rodrigues SM, Vale P (2017) Rel-
evance and challenges in monitoring marine biotoxins in non-
bivalve vectors. Food Control 76:24-33. https://doi.org/10.1016/].
foodcont.2016.12.038

Dominguez HJ, Paz B, Daranas AH, Norte M, Franco JM, Fernan-
dez JJ (2010) Dinoflagellate polyether within the yessotoxin,
pectenotoxin, and okadaic acid toxin groups: Characterization,
analysis and human health implications. Toxicon 56:191-217.
https://doi.org/10.1016/j.toxicon.2009.11.005

EFSA Panel on Contaminants in the Food Chain (2008) Marine
biotoxins in shellfish - okadaic acid and analogues. EFSA J
589:1-62. https://doi.org/10.2903/j.efsa.2008.589

European Food Safety Authority (EFSA) (2021) Evaluation of the
shucking of certain species of scallops contaminated with lipo-
philic toxins with a view to the production of edible parts meet-
ing the safety requirements foreseen in the Union legislation.
EFSA J 19(3):6422. https://doi.org/10.2903/j.efsa.2021.6422

European Union Reference Laboratory for Marine Biotoxins
(EURLMB) (2015) EU-harmonised standard operating pro-
cedure for determination of lipophilic marine biotoxins in
molluscs by LC-MS/MS. version 5. https://www.aesan.gob.
es/CRLMB/docs/docs/metodos_analiticos_de_desarrollo/EU-
Harmonised-SOP-LIPO-LCMSMS_Version5.pdf. Accessed 15
June 2022

Food and Agriculture Organization of the United Nations/ Intergovern-
mental Oceanographic Commission of UNESCO/ World Health
Organization (FAO/IOC/WHO) (2004) Report of the Joint FAO/
IOC/WHO ad hoc Expert Consultation on Biotoxins in Bivalve
Molluscs, Oslo, Norway, September 26-30, Advance Pre-Publi-
cation Copy. Available at URL: ftp://ftp.fao.org/es/esn/food/bioto
xin_report_en.pdf. Accessed 10 March 2022

Food and Agriculture Organization of the United Nations/World Health
Organization (FAO/WHO) (2016) Technical paper on toxicity
equivalency factors for marine biotoxins associated with bivalve
molluscs. Rome, 108. http://www.apps.who.int/iris/bitstream/han-
dle/10665/250663/9789241511483-eng.pdf;jsessionid=221922E
CFAB7257B6 F207CAF6A3826CE?sequence=1. Accessed 10
March 2022

Food and Drug Administration (FDA) (2019a) National shellfish sani-
tation program (NSSP): Guide for the control of molluscan shell-
fish 2019 revision. https://www.fda.gov/food/federalstate-food-
programs/national-shellfish-sanitation-program-nssp.Assessed
25 Feb 2023

Food and Drug Administration (FDA) (2019b) Guidelines for the
validation of chemical methods for the FDA foods program, 3rd
edn. https://www.fda.gov/media/81810/download. Accessed 25
Feb 2023

Food Standards Australia New Zealand (FSANZ) (2021) Imported
food risk statement. Bivalve molluscs and okadaic acid-group
toxins. https://www.foodstandards.gov.au/consumer/importedfo
ods/Documents/Bivalve %20Molluscs%20and %20Brevetoxin.pdf.
Accessed 15 June 2022

Gago-Martinez A, Rodriguez-Vazquez JA, Thibault P, Quilliam MA
(1996) Simultaneous occurrence of diarrhetic and paralytic shell-
fish poisoning toxins in Spanish mussels in 1993. Nat Toxins
4(2):72-79. https://doi.org/10.1002/19960402nt3

Garcia C, Truan D, Lagos M, Santelices JP, Diaz JC, Lagos N (2005)
Metabolic transformation of dinophysistoxin-3 into dino-
physistoxin-1 causes human intoxication by consumption of

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://www.anses.fr/fr/system/files/ERCA2016SA0013Ra.pdf
https://www.anses.fr/fr/system/files/ERCA2016SA0013Ra.pdf
https://doi.org/10.2478/jvetres-2018-0022
https://doi.org/10.2478/jvetres-2018-0022
https://doi.org/10.3390/toxins10110453
https://doi.org/10.3390/toxins15010009
https://doi.org/10.3390/toxins15010009
https://doi.org/10.1016/0041-0101(95)00141-7
https://doi.org/10.3390/jmse9030293
https://doi.org/10.1016/j.foodcont.2016.12.038
https://doi.org/10.1016/j.foodcont.2016.12.038
https://doi.org/10.1016/j.toxicon.2009.11.005
https://doi.org/10.2903/j.efsa.2008.589
https://doi.org/10.2903/j.efsa.2021.6422
https://www.aesan.gob.es/CRLMB/docs/docs/metodos_analiticos_de_desarrollo/EU-Harmonised-SOP-LIPO-LCMSMS_Version5.pdf
https://www.aesan.gob.es/CRLMB/docs/docs/metodos_analiticos_de_desarrollo/EU-Harmonised-SOP-LIPO-LCMSMS_Version5.pdf
https://www.aesan.gob.es/CRLMB/docs/docs/metodos_analiticos_de_desarrollo/EU-Harmonised-SOP-LIPO-LCMSMS_Version5.pdf
ftp://ftp.fao.org/es/esn/food/biotoxin_report_en.pdf
ftp://ftp.fao.org/es/esn/food/biotoxin_report_en.pdf
http://www.apps.who.int/iris/bitstream/handle/10665/250663/9789241511483-eng.pdf
http://www.apps.who.int/iris/bitstream/handle/10665/250663/9789241511483-eng.pdf
https://www.fda.gov/food/federalstate-food-programs/national-shellfish-sanitation-program-nssp
https://www.fda.gov/food/federalstate-food-programs/national-shellfish-sanitation-program-nssp
https://www.fda.gov/media/81810/download
https://www.foodstandards.gov.au/consumer/importedfoods/Documents/Bivalve%20Molluscs%20and%20Brevetoxin.pdf
https://www.foodstandards.gov.au/consumer/importedfoods/Documents/Bivalve%20Molluscs%20and%20Brevetoxin.pdf
https://doi.org/10.1002/19960402nt3

6256

Environmental Science and Pollution Research (2024) 31:6243-6257

O-acyl-derivatives dinophysistoxins contaminated shellfish. J
Toxicol Sci 30(4):287-96. https://doi.org/10.2131/jts.30.287
GEMS/Food-EURO (1995) Second workshop on reliable evaluation
of low-level contamination of food: Report on a workshop in the
frame of GEMS/Food-EURO, Kumblach, Federal Republic of
Germany, World Health Organization Regional Office for Europe,
Geneva. http://toolbox.foodcomp.info/References/LOD/GEMS-
Food-EURO%20%20-%20%20Reliable%20Evaluation%200f%
20Low-Level %20Contamination%200f%20Food.pdf. Assessed
20 Feb 2023

Griffith AW, Gobler CJ (2020) Harmful algal blooms: a climate change
co-stressor in marine and freshwater ecosystems. Harmful Algae
91:101590. https://doi.org/10.1016/j.hal.2019.03.008

Hallegraeff GM (2010) Ocean climate change, phytoplankton commu-
nity responses, and harmful algal blooms: a formidable predictive
challenge. J Phycol 46:220-235. https://doi.org/10.1111/j.1529-
8817.2010.00815.x

Hossen V, Jourdan-da Silva N, Guillois-Bécel Y, Marchal J, Krys S
(2011) Food poisoning outbreaks linked to mussels contaminated
with okadaic acid and ester dinophysistoxin-3 in France, June
2009. Euro Surveill 16(46):20020. https://doi.org/10.2807/ese.
16.46.20020-en

Hu T, Doyle J, Jackson D, Marr J, Nixon E, Pleasance S, Quilliam
MA, Walter JA, Wright JLC (1992) Isolation of a new diarrhetic
shellfish poison from Irish mussels. J Chem Soc Chem Commun
1:39-41. https://doi.org/10.1039/C39920000039

Huang H, Lin H, Li X, Zhang Z (2014) Determination of okadaic
acid and dinophysistoxin-1 in mussels by high-performance liquid
chromatography—tandem mass spectrometry. Anal Lett 47:1987—
1994. https://doi.org/10.1080/00032719.2014.898153

Kameneva PA, Imbs AB, Orlova TY (2015) Distribution of DTX-3 in
edible and non-edible parts of Crenomytilus grayanus from the
Sea of Japan. Toxicon 98:1-3. https://doi.org/10.1016/j.toxicon.
2015.02.011

Kamiyama T, Nagai S, Suzuki T, Miyamura K (2010) Effect of tem-
perature on production of okadaic acid, dinophysistoxin-1, and
pectenotoxin-2 by Dinophysis acuminata in culture experiments.
Aquat Microb Ecol 60:193-202. https://doi.org/10.3354/ame01
419

Kang SM, Lee JB (2018) New records of genus dinophysis, gonyaulax,
amphidinium, heterocapsa (dinophyceae) from Korean waters.
Korean J Environ Biol 36:260-270. https://doi.org/10.11626/
KJEB.2018.36.3.260

Kilcoyne J, Fux E (2010) Strategies for the elimination of matrix effects
in the liquid chromatography tandem mass spectrometry analysis
of the lipophilic toxins okadaic acid and azaspiracid-1 in mollus-
can shellfish. J Chromatogr A 1217:7123-7130. https://doi.org/
10.1016/j.chroma.2010.09.020

Kim JH, Suzuki T, Lee KJ, Kim PH, Kamiyama T, Lee TS (2008)
The first detection of okadaic acid and its derivatives in Korean
bivalves by liquid chromatography-mass spectrometry. Fish Sci
74:433-438. https://doi.org/10.1111/j.1444-2906.2008.01541.x

Korea Centers for Disease Control and Prevention (KCDC) (2020)
Korea National Health and Nutrition Examination Survey
(2016-2018). Korea Centers for Disease Control and Prevention,
Cheongju. Accessed 10 Dec 2022

Korea Health Industry Development Institute (KHIDI) (2020) Intake
by food group, National Nutrition Statistics (2016-2018). Korea
Health Industry Development Institute, Cheongju. https://www.
khidi.or.kr/kps/dhraStat/result1 ?year=7%EA%B8 %B0&menuld=
MENUO01649. Accessed 10 Dec 2022

Korea Meteorological Administration (2021) An analysis report for
climate change over the Republic of Korea during 109 years
(1912~2020 years). Korea Meteorological Administration, 68
pp. http://www.climate.go.kr/home/bbs/view.php?code=71&

@ Springer

bname=scenario&vcode=6511&cpage=1&vNum=Notice&
skind=&sword=&category | =&category2=. Assessed 2 Feb 2023

Ministry of Health, Labour, and Welfare (MHLW) (2015) Food safety
issue 0306 No. 1: handling of shellfish poisoned by paralytic shell-
fish poisoning, etc. https://www.mhlw.go.jp/file/06-Seisakujou
hou-11130500-Shokuhinanzenbu/0000078334.pdf. Assessed 20
Feb 2023

Larsen K, Petersen D, Wilkins AL, Samdal IA, Sandvik M, Rundberget
T, Goldstone D, Arcus V, Hovgaard P, Rise F, Rehmann N, Hess
P, Miles CO (2007) Clarification of the C-35 stereochemistries of
dinophysistoxin-1 and dinophysistoxin-2 and its consequences for
binding to protein phosphatase. Chem Res Toxicol 20:868—875.
https://doi.org/10.1021/tx700016m

Lee JS, Igarashi T, Fraga S, Dahl E, Hovgaard P, Yasumoto T (1989)
Determination of diarrhetic shellfish toxins in various dinoflagel-
late species. J Appl Phycol 1:147-152. https://doi.org/10.1007/
BF00003877

Lee KJ, Mok JS, Song KC, Yu H, Jung JH, Kim JH (2011) Geographi-
cal and annual variation in lipophilic shellfish toxins from oysters
and mussels along the south coast of Korea. J Food Prot 74:2127—
32133. https://doi.org/10.4315/0362-028X.JFP-11-148

Lee T, Fong F, Ho K-C, Lee F (2016) The mechanism of diarrhetic
shellfish poisoning toxin production in Prorocentrum spp.: physi-
ological and molecular perspectives. Toxins 8:272. https://doi.org/
10.3390/toxins8100272

Lee SY, Woo SY, Tian F, Park JB, Choi KS, Chun HS (2022) Simul-
taneous determination of okadaic acid, dinophysistoxin-1, dino-
physistoxin-2, and dinophysistoxin-3 using liquid chromatogra-
phy-tandem mass spectrometry in raw and cooked food matrices.
Food Control 139:109068. https://doi.org/10.1016/j.foodcont.
2022.109068

Mafra LL, dos Santos Tavares CP, Schramm MA (2014) Diarrheic
toxins in field-sampled and cultivated Dinophysis spp. cells from
southern Brazil. J Appl Phycol 26:1727-1739. https://doi.org/10.
1007/s10811-013-0219-9

McCarron P, Kilcoyne J, Hess P (2008) Effects of cooking and heat
treatment on concentration and tissue distribution of okadaic
acid and dinophysistoxin-2 in mussels (Mytilus edulis). Toxicon
51:1081-1089. https://doi.org/10.1016/j.toxicon.2008.01.009

McNabb P (2008) Chemistry, metabolism and chemical analysis of
okadaic acid group toxins. In: Botana LM (ed) Seafood and fresh-
water toxins: pharmacology, physiology and detection, 2nd edn.
CRC Press, Boca Raton, pp 209-228

Ministry of Food and Drug Safety (MFDS) (2016) Ministry of food and
drug safety notice No. 2016-294. https://foodsafetykorea.go.kr/
foodcode/01_03.jsp?idx=12. Assessed 2 Feb 2023

Munday R (2013) Is protein phosphatase inhibition responsible for
the toxic effects of okadaic acid in animals? Toxins 5:267-285.
https://doi.org/10.3390/toxins5020267

New Zealand Ministry for Primary Industries (2020) Pectenotoxins and
okadaic acid group in New Zealand bivalve molluscan shellfish,
2009-2019: risk assessment. New Zealand Food Safety Techni-
cal Paper No: 2020/12. https://www.mpi.govt.nz/resources-and-
forms/publications/. Assessed 25 Feb 2023

Park JH, Kim M, Jeong HJ, Park MJ (2019) Revisiting the taxonomy
of the “Dinophysis acuminata complex” (Dinophyta)’. Harmful
Algae 88:101657. https://doi.org/10.1016/j.hal.2019.101657

Rossignoli AE, Marino C, Martin H, Blanco J (2021) Development
of a fast liquid chromatography coupled to mass spectrometry
method (LC-MS/MS) to determine fourteen lipophilic shellfish
toxins based on fused—core technology: In-house validation. Mar
Drugs 19:603. https://doi.org/10.3390/md19110603

Schirone M, Berti M, Visciano P, Chiumiento F, Migliorati G, Tofalo
R (2018) Determination of lipophilic marine biotoxins in mussels
harvested from the Adriatic Sea by LC-MS/MS. Front Microbiol
9:152. https://doi.org/10.3389/fmicb.2018.00152


https://doi.org/10.2131/jts.30.287
http://toolbox.foodcomp.info/References/LOD/GEMS-Food-EURO%20%20-%20%20Reliable%20Evaluation%20of%20Low-Level%20Contamination%20of%20Food.pdf
http://toolbox.foodcomp.info/References/LOD/GEMS-Food-EURO%20%20-%20%20Reliable%20Evaluation%20of%20Low-Level%20Contamination%20of%20Food.pdf
http://toolbox.foodcomp.info/References/LOD/GEMS-Food-EURO%20%20-%20%20Reliable%20Evaluation%20of%20Low-Level%20Contamination%20of%20Food.pdf
https://doi.org/10.1016/j.hal.2019.03.008
https://doi.org/10.1111/j.1529-8817.2010.00815.x
https://doi.org/10.1111/j.1529-8817.2010.00815.x
https://doi.org/10.2807/ese.16.46.20020-en
https://doi.org/10.2807/ese.16.46.20020-en
https://doi.org/10.1039/C39920000039
https://doi.org/10.1080/00032719.2014.898153
https://doi.org/10.1016/j.toxicon.2015.02.011
https://doi.org/10.1016/j.toxicon.2015.02.011
https://doi.org/10.3354/ame01419
https://doi.org/10.3354/ame01419
https://doi.org/10.11626/KJEB.2018.36.3.260
https://doi.org/10.11626/KJEB.2018.36.3.260
https://doi.org/10.1016/j.chroma.2010.09.020
https://doi.org/10.1016/j.chroma.2010.09.020
https://doi.org/10.1111/j.1444-2906.2008.01541.x
https://www.khidi.or.kr/kps/dhraStat/result1?year=7%EA%B8%B0&menuId=MENU01649
https://www.khidi.or.kr/kps/dhraStat/result1?year=7%EA%B8%B0&menuId=MENU01649
https://www.khidi.or.kr/kps/dhraStat/result1?year=7%EA%B8%B0&menuId=MENU01649
http://www.climate.go.kr/home/bbs/view.php?code=71&bname=scenario&vcode=6511&cpage=1&vNum=Notice&skind=&sword=&category1=&category
http://www.climate.go.kr/home/bbs/view.php?code=71&bname=scenario&vcode=6511&cpage=1&vNum=Notice&skind=&sword=&category1=&category
http://www.climate.go.kr/home/bbs/view.php?code=71&bname=scenario&vcode=6511&cpage=1&vNum=Notice&skind=&sword=&category1=&category
https://www.mhlw.go.jp/file/06-Seisakujouhou-11130500-Shokuhinanzenbu/0000078334.pdf
https://www.mhlw.go.jp/file/06-Seisakujouhou-11130500-Shokuhinanzenbu/0000078334.pdf
https://doi.org/10.1021/tx700016m
https://doi.org/10.1007/BF00003877
https://doi.org/10.1007/BF00003877
https://doi.org/10.4315/0362-028X.JFP-11-148
https://doi.org/10.3390/toxins8100272
https://doi.org/10.3390/toxins8100272
https://doi.org/10.1016/j.foodcont.2022.109068
https://doi.org/10.1016/j.foodcont.2022.109068
https://doi.org/10.1007/s10811-013-0219-9
https://doi.org/10.1007/s10811-013-0219-9
https://doi.org/10.1016/j.toxicon.2008.01.009
https://foodsafetykorea.go.kr/foodcode/01_03.jsp?idx=12
https://foodsafetykorea.go.kr/foodcode/01_03.jsp?idx=12
https://doi.org/10.3390/toxins5020267
https://www.mpi.govt.nz/resources-and-forms/publications/
https://www.mpi.govt.nz/resources-and-forms/publications/
https://doi.org/10.1016/j.hal.2019.101657
https://doi.org/10.3390/md19110603
https://doi.org/10.3389/fmicb.2018.00152

Environmental Science and Pollution Research (2024) 31:6243-6257

6257

Sipia V, Kankaanpaa H, Meriluoto J, Hgiseter T (2000) The first
observation of okadaic acid in flounder in the Baltic Sea. Sar-
sia 85:471-475. https://doi.org/10.1080/00364827.2000.10414
597

Takai A, Murata M, Torigoe K, Isobe M, Mieskes G, Yasumoto T
(1992) Inhibitory effect of okadaic acid derivatives on protein
phosphatases. A study on structure-affinity relationship. Biochem
J 284:539-544. https://doi.org/10.1042/bj2840539

Tripuraneni J, Koutsouris A, Pestic L, De Lanerolle P, Hecht G (1997)
The toxin of diarrheic shellfish poisoning, okadaic acid, increases
intestinal epithelial paracellular permeability. Gastroenterology
112:100-108. https://doi.org/10.1016/S0016-5085(97)70224-5

Valdiglesias V, Prego-Faraldo MV, Péasaro E, Méndez J, Laffon B
(2013) Okadaic acid: more than a diarrheic toxin. Mar Drugs
11(11):4328-4349. https://doi.org/10.3390/md 11114328

Vale P, Sampayo MAM (1996) DTX-2 in Portuguese bivalves. In:
Yasumoto T, Oshima Y, Fukuyo Y (eds) Harmful and toxic algal
blooms. Intergovernmental Oceanographic Commission of UNE-
SCO, Paris, pp 539-542

Vale P, Sampayo MAM, Quilliam MA (1998) DSP complex toxin pro-
files relation with Dinophysis spp. occurrence and domoic acid
confirmation by LC-MS in Portuguese bivalves. In: Reguera B,
Blanco J, Fernandez ML, Wyatt T (eds) Harmful Algae. Xunta
de Galicia and Intergovernmental Oceanographic Commission of
UNESCO, Spain, pp 503-506

Vale P, Botelho MJ, Rodrigues SM, Gomes SS, Sampayo MAM (2008)
Two decades of marine biotoxin monitoring in bivalves from Por-
tugal (1986-2006): A review of exposure assessment. Harmful
Algae 7:11-25. https://doi.org/10.1016/j.hal.2007.05.002

World Health Organization (WHO) (1985) Guidelines for the study of
dietary intakes of chemical contaminants. World Health Organiza-
tion, Geneva. WHO Offset Publication, No. 87. https://apps.who.
int/iris/handle/10665/39255. Assessed 20 Feb 2023

Yanagi T, Murata M, Torigoe K, Yasumoto T (1989) Biological activi-
ties of semisynthetic analogs of dinophysistoxin-3, the major diar-
rhetic shellfish toxin. Agric Biol Chem 53:525-529. https://doi.
org/10.1080/00021369.1989.10869308

Yasumoto T, Murata M (1993) Marine toxins. Chem Rev 93(5):1897—
1909. https://doi.org/10.1021/cr00021a011

Yasumoto T, Murata M, Oshima Y, Sano M, Matsumoto GK, Clardy J
(1985) Diarrhetic shellfish toxins. Tetrahedron 41(6):1019-1025.
https://doi.org/10.1016/S0040-4020(01)96469-5

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1080/00364827.2000.10414597
https://doi.org/10.1080/00364827.2000.10414597
https://doi.org/10.1042/bj2840539
https://doi.org/10.1016/S0016-5085(97)70224-5
https://doi.org/10.3390/md11114328
https://doi.org/10.1016/j.hal.2007.05.002
https://apps.who.int/iris/handle/10665/39255
https://apps.who.int/iris/handle/10665/39255
https://doi.org/10.1080/00021369.1989.10869308
https://doi.org/10.1080/00021369.1989.10869308
https://doi.org/10.1021/cr00021a011
https://doi.org/10.1016/S0040-4020(01)96469-5

	Occurrence and risk assessment of okadaic acid, dinophysistoxin-1, dinophysistoxin-2, and dinophysistoxin-3 in seafood from South Korea
	Abstract
	Introduction
	Materials and methods
	Samples
	Chemicals and reagents
	Toxin extraction and cleanup
	LC–MSMS analysis
	Quantification of OA-group toxins
	Method performance
	Statistical analysis
	Risk assessment of acute OA-group toxin exposure

	Results
	Performance criteria for the determination of OA-group toxins
	Occurrence of OA-group toxins in Korean seafood
	Acute risk assessment of OA-group toxins

	Discussion
	Conclusion
	References


