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Abstract

:

In the late autumn of 2018 and 2019, some samples taken by the official monitoring systems of Cantabria and the Basque Country were found to be paralytic shellfish poisoning (PSP)-positive using a mouse bioassay. To confirm the presence of PSP toxins and to obtain their profile, these samples were analyzed using an optimized version of the Official Method AOAC 2005.06 and using LC–MS/MS (HILIC). The presence of some PSP toxins (PSTs) in that geographical area (~600 km of coast) was confirmed for the first time. The estimated toxicities ranged from 170 to 983 µg STXdiHCl eq.·kg−1 for the AOAC 2005.06 method and from 150 to 1094 µg STXdiHCl eq.·kg−1 for the LC–MS/MS method, with a good correlation between both methods (r2 = 0.94). Most samples contained STX, GTX2,3, and GTX1,4, and some also had NEO and dcGTX2. All of the PSP-positive samples also contained gymnodimine A, with the concentrations of the two groups of toxins being significantly correlated. The PSP toxin profiles suggest that a species of the genus Alexandrium was likely the causative agent. The presence of gymnodimine A suggests that A. ostenfeldii could be involved, but the contribution of a mixture of Alexandrium species cannot be ruled out.
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Key Contribution: For the first time, the presence of PSP toxins is reported for an area of ~600 km in the Gulf of Biscay. The toxin profiles and the co-occurrence of gymnodimine A suggest that the species responsible was A. ostenfeldi.










1. Introduction


Paralytic shellfish toxins (PSTs) are a group of natural neurotoxic alkaloids that, in the marine environment, are produced by some bloom-forming dinoflagellate species, particularly several species of the genus Alexandrium, Gymnodinium catenatum, and Pyrodinium bahamense, with most of them distributed worldwide [1]. Up until now, more than 50 analogues of this group of toxins have been described with different toxicities, with saxitoxin (STX) being the most representative compound due to both its potent toxicity and early characterization [2]. The basic chemical structure of these toxins is based on a 3,4,6-trialkyl tetrahydropurine skeleton, and according to their substituents side-chains, they are classified into five main groups: carbamate, N-sulfocarbamoyl, decarbamoyl, 13-deoxycarbamoyl, and hydroxybenzoate toxins [3,4]. Not all of those toxins are equally toxic, and the toxicities relative to that of STX (toxicity equivalency factors, TEF) for the most important ones have been estimated by Oshima [5] and re-evaluated by EFSA [6].



When paralytic shellfish toxins (PSTs)-producing phytoplankton species develop, the toxins are mainly accumulated by filter-feeding organisms, in most cases without noticeable adverse effects on them [7,8,9]. Bivalve mollusks are the predominant accumulative species, although PSTs have also been detected in some gastropods, crustaceans, and less frequently in fish [1,10]. Upon ingestion of contaminated shellfish, these toxins are responsible for the paralytic shellfish poisoning (PSP) syndrome in humans, characterized by symptoms such as tingling sensation around the lips, gums, and tongue; numbness of the extremities; and in extreme cases, fatalities due to respiratory muscle paralysis. The allowable limit of PSP toxicity in live bivalve mollusks has been established within the EU as 800 µg STXdiHCl eq kg−1 (measured in the whole body or any part edible separately) [11,12].



PSTs have been traditionally monitored using a mouse bioassay (MBA). This method has ethical and technical problems, which led the EU to replace it with the “Official method AOAC 2005.06” as the reference method [13] for the analysis of this group of toxins. The method, developed by Lawrence et al. [14,15], is based on pre-column derivatization, followed by HPLC separation and fluorescence detection of derivatives (some of which are shared by several toxins). This method has some drawbacks, with the most important being the production of the same derivatives by different toxins, which makes it impossible to quantify some compounds separately (especially some isomers), and the long time required to complete an analysis.



Recently, a method that uses LC tandem mass spectrometry (MS/MS) has been implemented as an alternative to LC–FLD for the determination of PSTs in shellfish. This methodology allows for the full separation and quantification of epimeric pairs and reduces the uncertainty of the quantification, which are the main weaknesses of the current EU reference method [16].



PSP toxicity has been detected in many places along the Atlantic coast of Europe [17], with two main causative organisms, Gymnodinium catenatum and Alexandrium spp. The first species sporadically affects the western coast of Spain and Portugal [18,19,20,21,22]. The organisms of the genus Alexandrium, nevertheless, affect many countries, including France, Ireland, the United Kingdom, Denmark, Iceland, Portugal, and Norway [23,24,25,26,27,28,29,30]. Notwithstanding, in two areas, comprising Belgium, The Netherlands, and Germany in the North, and most of Cantabrian coast and the southern part of the French Bay of Biscay (~600 km) in the South, PSP-producing Alexandrium had not previously been detected. In 2018 and 2019, PSP toxicity was detected in a few samples using the monitoring system of the Basque Country (and, in 2019, in one sample from Cantabria) and using the MBA [31]. Some organisms of the genus Alexandrium have been shown to produce lipophilic toxins [32,33,34,35,36,37] but, in most cases, not concurrently with PSP ones. Alexandrium ostenfeldii has been shown to produce PSTs together with cyclic imines (spirolides and/or gymnodimines) [33,38,39,40].



This study confirms the presence (in 2018 and 2019) of PSTs in bivalves from the Spanish Cantabrian Coast (the Basque Country and Cantabria) (Figure 1) and focuses on the determination of their toxin profile, their estimated toxicity (from an optimized variation of the official method AOAC 2005.06 (liquid chromatography-fluorescence detection, LC–FLD; and by a liquid chromatography-triple quadrupole mass spectrometry, LC–MS/MS, method), and the possible co-occurrence with cyclic imines.




2. Results


Mussel samples were routinely collected by the monitoring systems of Cantabria and the Basque Country, in several geographic locations, with weekly or fortnightly frequency, and were immediately tested via the MBA. Since 2002, the PSP toxicity was determined in 2118 mussel samples from the area (distribution by month is shown in the Supplementary Materials Figure S1), resulting in only 12 positive results (>380 µg STXdiHCl eq.·kg−1) and 3 samples above the regulatory limit (800 µg STXdiHCl eq.·kg−1). All samples but one came from Mendexa and Mutriku, in the Basque Country. The other was from San Vicente de la Barquera, in Cantabria. The presence of PSTs was detected in the subset of samples kept for confirmation (six samples collected in 2018 and 2019).



Only two of the three samples that surpassed the regulatory limit set by MBA, both from Mendexa, were analyzed. The toxicity estimates made by the two analytical methods (LC–FLD and LC–MS/MS), coincided well with the MBA toxicities (Figure 2 and Table S1).



All of the samples collected from Mendexa and San Vicente de la Barquera showed similar toxin profiles, which only included STX and the groups GTX1,4, and GTX2,3 when analyzed by LC–FLD (Figure 3 and Figure 4). Using LC–MS/MS, in addition to the toxins belonging to the groups detected by LC–FLD, dcGTX2 has been found in three samples (two below LOQ). NEO has been detected below LOQ by LC–FLD, and it was confirmed and quantified by LC–MS/MS in three samples. It was also observed that the two toxins of each group of epimers detected by LC–FLD were present in the samples, with the only exception being one sample (V-Oct19) in which GTX4 was not detected.



In terms of their toxicity, estimated by LC–FLD, the dominant toxins in the sample from San Vicente de la Barquera were GTX1,4 (56%) followed by GTX2,3 (29%) and STX (15%) (Figure 4) (the estimate of GTX1,4 could have a large uncertainty because it was lower than the nominal LOQ for the LC–FLD method) (Table S2). In the samples from Mendexa, the proportions of the toxicities due to the detected toxins were different in 2018 and 2019. In 2018, GTX2,3 constituted 73–83% of the toxicity, STX constituted 5–27%, and GTX1,4 constituted less than 12%. In 2019, GTX1,4 and STX were more important, representing 36–56% and 12–38% of the total toxicity, respectively; and GTX2,3 was less important, representing 15–37% of the total toxin; and very small contributions of NEO (<LOQ) were detected. By LC–MS/MS, the toxicity profiles were similar, but some differences can be observed. dcGTX2 was detected, and the contribution of NEO to the total toxicity was noticeably larger (due to a greater sensitivity). LC–MS/MS showed that the α-epimers (GTX1 and 2) were more abundant than the β epimers (GTX4 and 3) (with the exception of M-Nov18). The estimated toxicities of the toxins or groups of epimeric toxins estimated by LC–FLD coincided well with the estimations made by LC–MS/MS, the slopes were near 1, and good correlation coefficients were obtained by model II linear regression: 0.96 for GTX1,4 (when the values below LOQ are excluded); 0.99 for GTX2,3; and 0.99 for STX.



The proportions between toxin concentrations (Figure 4A,B) are similar to those between their estimated toxicities (Figure 4C,D), with the most important differences being the increase in the contributions of GTX2 and GTX3, and the decrease in the contributions of GTX1, GTX4, and STX.



All samples that contained PSTs also contained gymnodimine A, and all but one also contained 13-desmethyl spirolide C. The relationship of PSP with gymnodimine A seems to be stronger than with 13-desmethyl spirolide C (Figure 5).




3. Discussion


This is the first report on PSP toxins from an area comprising ~600 km of the Cantabrian coasts, from the Ría of Foz, in Galicia (NW Spain) to Arcachon (SW France) [17,41].



The toxicity levels observed and the very low prevalence of this type of toxicity suggest a low risk for mollusk fisheries or aquaculture in the area. However, in a few samples, the PSP toxicity exceeded the regulatory limit, consequently becoming a risk for human consumers and demonstrating the importance of an efficient monitoring system.



The relationship observed between concentrations of gymnodimine A and PSTs in the mussel samples points to A. ostenfeldii as the species responsible for the two toxins. This species was found in Mendexa during the first detection of PSP toxicity [31] but in such a low concentration (80 cells L−1) that it cannot explain the relatively high PST levels detected in the mussels from the area. In the Northern Baltic Sea, a similar toxin composition has been found in water samples collected and in A. ostenfeldii cultures isolated from the Åland archipelago, between Finland and Sweden [38,42,43,44]. A. ostenfeldii can also produce spirolides (reviewed in [38]), but the relatively high levels of 13-desmethyl spirolide C, frequently found in the studied area of the Cantabrian Sea without the concurrent presence of PSTs, suggests that the production of the three groups of toxins by the same species is unlikely. Furthermore, it was suggested in a study of cyclic imines that included, among others, the samples used in this work that several species could be involved in the production of gymnodimine A and 13-desmethyl spirolide C given the existence of two groups of samples with different gymnodimine A/13-desmethyl spirolide C ratios [45]. Nevertheless, the possibility that PSTs and gymnodimine were produced (each of them) by different dinoflagellate species and accumulated by mussels cannot be ruled out. In such a case, A. minutum could be responsible for the PST production. The PSP toxin profile of the samples in this study is similar to that reported for the A. minutum strains from Galicia (Northwest coast of Spain), the closest location in which PSTs were detected in Spain [46]. The Galician profile is characterized by the presence of GTX1,4 as the major toxin and by GTX1,2, and STX, although in Galician studied strains of A. minutum, STX was not detected. This non-STX producing strain has also been observed in the A. minutum isolated from the central coast of Portugal [47] and in different locations of the Mediterranean sea, such as Mallorca, Sardinia, and Sicily [48]. In the coastal waters of Greece, only GTX1,4 has been associated with A. minutum blooms [49] while clones from the Gulf of Trieste (Italy) showed the same profile reported in this study (GTX1,4, GTX2,3, and STX) [50]. These differences might be explained, for example, by the partial conversion of the GTX into STX by biotransformation mechanisms produced by toxin-transforming enzymes or certain marine bacteria [51,52,53]. The predominance of GTX2,3 and STX in the samples analyzed in 2018 is unusual in the Iberian Peninsula; however, this toxin profile has been described in mussel samples from Arcachon [54], the closest location in which PSTs were detected in France (the causative species has not been identified [41]), and in A. minutum strains isolated from the southern coast of England [28]. The other species known to produce PSTs in the Iberian Peninsula, Gymnodinium catenatum, has a much more complex toxin profile [20,55], which includes sulfocarbamoyl toxins and has never been detected in the Cantabrian Sea or in any other point of the Atlantic Ocean north of Cape Finisterre.



The season in which the studied PSP episodes appeared, late autumn, is atypical for A. minutum episodes on most of the Atlantic coast of Europe, with blooms usually in spring or summer [56], as well as in Galicia (typically in June and late August–early September). In Arcachon, however, the risk of PSP is considered high not only in summer but also in December [57], suggesting that the causative organisms could be the same or closely related.



Alexandrium cells have been detected in the area in spring and summer but also, rarely, in September and January [58,59]. Unfortunately, they have not been identified at the species level.




4. Materials and Methods


4.1. Standards, Solvents, and Reagents


The certified reference materials saxitoxin (STX), neosaxitoxin (NEO), decarbamoylsaxitoxin (dcSTX), decarbamoylneosaxitoxin (dcNEO), gonyautoxin 5 (GTX5), gonyautoxin 6 (GTX6), gonyautoxins 1 and 4 (GTX1,4), gonyautoxins 2 and 3 (GTX2,3), decarbamoylgonyautoxins 2 and 3 (dcGTX2,3), N-sulfocarbamoyl-gonyautoxins 2 and 3 (C1,2), and gymnodimine A were obtained from the Institute of Biotoxin Metrology, National Research Council Canada (NRCC, Halifax, NS, Canada). All of these toxins, gonyautoxin 6 (GTX6), and 13-desmethyl spirolide C were also acquired from Cifga S.A. (Lugo, Spain).



LC–MS grade methanol was purchased from Honeywell (Charlotte, NC, USA). Acetonitrile; LC–MS grade, glacial acetic acid; ammonium acetate (96%); sodium chloride (99.5%); di-sodium hydrogen phosphate (99%); and hydrogen peroxide solution (30%) were obtained from Merck (Darmstadt, Germany). Periodic acid (99.5%) and ammonium formate (98.1%) were from VWR (Radnor, PA, USA), and sodium hydroxide (98%) was from Panreac (Castellar del Vallès, Barcelona, Spain). Ammonium hydroxide (NH4OH, 25%) and formic acid were obtained from Merck (Barcelona, Spain). Ultrapure water was obtained from a Milli-Q Gradient A-10 system (Millipore, Burlington, MA, USA).



The reversed-phase Supelclean LC-18 (500 mg/3 mL) and graphitized carbon Supelclean ENVICarb (250 mg/3 mL) cartridges were acquired from Supelco (Bellefonte, PA, USA). Mixed-mode Strata-X-CW (60 mg/3 mL) were supplied by Phenomenex (Torrance, CA, USA). Hydrophilic PES 0.22 µm Millex-GP syringe filters were purchased from Millipore (Burlington, MA, USA), and Nylon membrane filters, 0.22 µm, were from Filter-Lab (Sant Pere de Riudebitlles, Barcelona, Spain).




4.2. Shellfish Sampling and Tissue Preparation


Previous to this work and in the framework of the monitoring systems of Cantabria and the Basque Country, the mussel samples (Mytilus galloprovincialis) were collected by AZTI in Mendexa, Mutriku (Basque Country), one or two times per month and by the Servicio de Actividades Pesqueras de la Dirección General de Pesca y Alimentación of the Cantabria Government in San Vicente de la Barquera (Cantabria) with a weekly frequency between March and September, and fortnightly during autumn and winter months. Approximately 100 g of mussel meat was rinsed with tap and ultrapure water to reduce the salt concentration and then homogenized using a blender.



Aliquots of the obtained homogenates were extracted for PSP MBA and the analysis of lipophilic toxins by LC–MS/MS. Six of the MBA-positive samples were distributed into plastic containers and kept at −20 °C until their analysis.




4.3. Sample Extraction and Preparation


4.3.1. LC–FLD


The AOAC 2005.06 [34] procedure for the extraction of PSTs was applied as follows: (1) double-extraction with 1% acetic acid (first extraction at 100 °C), shaking for a few seconds and centrifugation; (2) extract clean-up by SPE C18; and (3) pH adjustment to 6.5 using an automated pH-meter (Metrohm Hispania, Madrid, Spain). A filtered step using syringe filters was added to remove possible interfering particles in the oxidation reaction. The matrix modifier for periodate oxidation was prepared following the same extraction and clean-up protocol.



C18 extracts were then subjected to oxidation with peroxide, and the oxidation products of the N-hydroxylated toxins (dcGTX2,3; C1,2; dcSTX; GTX2,3; GTX5; and STX) were subsequently analyzed. Non-N-hydroxylated toxins (GTX1,4; NEO; dcNEO; GTX6) were quantified in the fractions obtained by mixed-mode SPE cartridge fractionation [35], and oxidized using a periodate solution in the presence of matrix modifier.




4.3.2. LC–MS/MS


The procedure proposed by Turner et al. [16] was used. As for LC–FLD, a double-extraction with 1% acetic acid (first extraction at 100 °C), shaking for few seconds and centrifugation was carried out. An aliquot (1 mL) of the supernatant was mixed with 5 µL of ammonium hydroxide (25% NH4OH), and 400 µL of the mixture was loaded onto a graphitized carbon cartridge Supelclean ENVICarb (250 mg/3 mL) conditioned with 3 mL of 20% MeCN in 1% AcOH, followed by 3 mL of 0.025% NH4OH. The cartridges were washed with 700 µL of Milli-Q water and eluted with 2 mL of 20%MeCN in 1% AcOH. Finally, 100 µL of the obtained eluate was diluted with 300 µL of MeCN placed into a propylene vial and analyzed by LC–MS/MS.




4.3.3. Cyclic Imines


The cyclic imines were extracted from 2 g aliquots of the homogenate following the procedure of Lamas et al. [45] and the guidelines of the EU-RL [60]. In brief, the aliquot was vortexed with 9 mL of MeOH for 1 min and centrifuged at 2000× g (4 °C) for 10 min, and the pellet was re-extracted. Finally, the supernatants of the two extractions were combined, and the volume was made up to 20 mL with MeOH. An aliquot of the final extract was filtered through a PVDF 0.22 µm syringe filter (Agilent Technologies, Santa Clara, CA, USA) and diluted with MeOH (1:1 v:v) prior to injection into the LC/MS system.





4.4. LC–FLD Conditions


The PSP toxins were determined using an Agilent Technologies (Wilmington, DE, USA) UHPLC–FLD system. The instrument consisted of an Agilent 1290 Series LC system with a high-pressure binary pump, a multi-sampler set at 4 °C, and an oven for the LC column set at 35 °C. The fluorescence detector was an Agilent 1260 Infinity II using excitation and emission wavelengths of 340 nm and 395 nm, respectively. For the chromatographic separation, an Atlantis T3 column (75 mm × 2.1 mm, 3 µm) was used, connected to an Atlantis T3 Vanguard cartridge (5 mm × 2.1 mm, 3 µm) (Waters, Milford, MA, USA). The mobile phase consisted of 0.1 M ammonium formate (A) and 0.1 M ammonium formate with 10% acetonitrile (B), both adjusted to pH 6 ± 0.1 with 0.1 M acetic acid, filtered by a Nylon filter membrane, and sonicated for 15 min. A gradient program with a flow of 0.7 mL min−1 was run, starting with a 0.6 min isocratic at 5% B, followed by a linear increment to 45% B at 1.8 min. After an isocratic hold time of 2.2 min, in order to equilibrate the column, isocratic conditions at 0% B were held for 1.1 min, making the total run time 3.3 min. The injection volume was 15 µL. The version 2.4 of the OpenLab software (Agilent Technologies Spain, Madrid, Spain) was used to control the LC–FLD system and to acquire and process the data.



The LOQs of the method are given in Table S2 (Supplementary Materials).




4.5. LC–MS Conditions


4.5.1. PSP Toxins


A sample analysis was performed on an Exion LC system (AB Sciex Spain, Madrid, Spain), which consisted of a quaternary pump, a vacuum degasser, an autosampler (AD multiplate sampler), and a temperature-controlled compartment for column (AD column oven) coupled with a triple quadrupole mass spectrometer, SCIEX TripleQuad™ 6500+ (AB Sciex Spain, Madrid, Spain), and equipped with an electrospray ion source (ESI). The analytes were separated using an Acquity UPLC Glycan BEH Amide (2.1 mm × 150 mm, 1.7 µm) column maintained at 60 °C. The autosampler temperature was set at 6 °C. The mobile phases were those proposed by Boundy et al. [61], which are A: water/formic acid/NH4OH (500/0.075/0.3 v/v/v); B: acetonitrile/water/formic acid (700/300/0.1 v/v/v). The gradient started at 0.4 mL min−1 with 4:96 A:B and was maintained for 3.5 min, followed by a linear change to reach 50:50 A:B at 6 min and by maintaining this composition until 7.5 min but increasing the flow rate to 0.5 mL min−1. The composition was then returned linearly to the initial conditions (96% B) in 0.5 min at 0.5 mL min−1; maintained for 1.5 min at the same conditions, the flow rate was increased again to 0.8 mL min−1 at 9.8 min and maintained for 0.6 min. Finally, the flow was returned to 0.4 mL min−1 for 0.5 min and maintained for 0.1 min. The total run time was 11 min, and the injection volume was 1 µL.



Quantitation was performed using multiple reaction monitoring (MRM) with a dwell time of 20 ms per transition. The MRM parameters for the PSP toxins are listed in Table S3. The optimized source parameters were as follows: 30 psi for curtain gas, medium for collision activation dissociation (CAD), 650 °C for turbo heater temperature, −4500 V (ESI−) or 5000 V (ESI+) for ion spray voltage, 80 psi for Gas 1, and 80 psi for Gas 2. Quadrupole 1 and quadrupole 3 were maintained at unit resolution. Data processing was performed using SCIEX OS software.



The transitions used for each toxin are given in Table S3 (Supplementary Materials).




4.5.2. Cyclic Imines


The analyses were carried out with an Acquity UPLC H-Class system (Waters, Barcelona, Spain) coupled with a Waters Xevo TQ-S triple quadrupole mass spectrometer (Barcelona, Spain) and equipped with an electrospray ionization source (ESI) interface, which was operated in positive mode.



For the chromatographic separation, an Acquity UPLC BEH C18 (2.1 mm × 100 mm, 1.7 µm) (Waters, Barcelona, Spain) column was selected. The chromatographic conditions were as follows: 45 °C of column temperature; 400 µL∙min−1 of flow rate; and a binary gradient of mobile phase composed by phase A (water) and B (MeCN 90%), both with 6.7 mM NH4OH (approx. pH = 11). The chromatographic separation gradient started at 25% of phase B (held 1.66 min), followed by a linear increment to 95% B at 4.3 min and maintaining this composition for 6.28 min. Finally, the gradient was returned linearly to the initial conditions in 2 min and maintained for 9 min to equilibrate the column for the next injection. The injection volume was 5 µL.



The determination was carried out in MRM mode [M + H]+ by selecting two transitions. For gymnodimine A, 508.3 > 490.2 (collision energy, 22 eV) and 508.3 > 162.2 (collision energy, 42 eV) were selected as the quantifier and qualifier, respectively, both with 50 V of cone voltage. For 13-desmethyl spirolide C, the selected transitions were as follows: 692.5 > 164.3 (collision energy, 42 eV) and 692.5 > 444.3 (collision energy, 36 eV) as the quantifier and qualifier transitions, respectively, both with 60 V of cone voltage.



The electrospray interface parameters were as follows: capillary voltage = 1 V, solvation temperature = 450 °C, N2 flow = 850 L∙h−1, and cone gas flow = 150 L∙h−1.



Gymnodimine A was identified by comparison with a reference certified solution of this toxin. The quantification was carried out using different working standard solutions obtained by dilution in MeOH–water (1:1 v:v) of the reference certified solution.



The linearity of the method is good (R2 > 0.99), as was the gymnodimine A recoveries, which were between 93 and 97%, depending on the species. The limits of quantification (LOQ) and detection (LOD) were 0.25 and 0.075 µg∙kg−1, respectively.





4.6. Toxicity Computation


Three estimates of the total PSP toxicity were obtained. The first was provided by the monitoring system and directly determined by the MBA. The second was computed from the concentrations estimated by LC–MS/MS. The concentration of each toxin was multiplied by its Toxicity Equivalent Factor (TEF) [6], and finally, the toxicities of all toxins were added to give the total toxicity. The third estimate was made using the toxin concentrations estimated by LC–FLD. The procedure was the same as for LC–MS/MS but, for the toxins that cannot be individually analyzed (GTX 1, and GTX 2 and 3), the TEF corresponding to the most abundant component of each pair was used.




4.7. Statistical Analysis


The regression analyses were carried out using R [62] and the R package smart 3 [63]. Plots were generated with the R package GGPLOT2 [64].
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Figure 1. Locations from which PSTs had been reported in this study (red dots) and the closest ones previously cited (blue dots) from the Gulf of Biscay. 
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Figure 2. Toxicity (µg STXdiHCl eq.·kg−1) of the collected samples estimated by liquid chromatography-fluorescence detection (LC–FLD) and by liquid chromatography-triple quadrupole mass spectrometry (LC–MS/MS). 
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Figure 3. Toxin concentrations (A,B) and PSP toxicities (C,D) estimated for each toxin or group of epimers from the analyses of naturally contaminated mussels from Mendexa (M) and San Vicente de la Barquera (V) using LC–FLD (A,C) and LC–MS/MS (B,D). The LOQ for GTX1,4 found using LC–FLD is high (144 µg STXdiHCl eq.·kg−1), so we report the values higher than LOD for this pair of toxins even when they were below the LOQ. 
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Figure 4. Comparison of PSP toxin profiles, in molar basis, (A,B) and toxicity, in STXdiHCl eq, (C,D), of the mussel samples collected from the Cantabrian and Basque coasts, quantified by LC–FLD (A,C) and LC–MS/MS (B,D). For LC–FLD, groups of toxins are shown instead of individual toxins when the toxins in the group cannot be individually analyzed. Similar colors were used for toxins that were quantified jointly by LC–FLD. 
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Figure 5. Relationship between the PSP toxicity with gymnodimine A (A) and 13-desmethyl spirolide C (B) concentrations in the mussel samples obtained from the Cantabrian Coast. The blue line is the regression line, and the shadowed area represents the limits of confidence for the regression. 
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