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Abstract

:

Over the year 2018, we assessed toxin contamination of shellfish collected on a monthly basis in Ingril Lagoon, France, a site known as a hotspot for Vulcanodinium rugosum growth. This short time-series study gave an overview of the presence and seasonal variability of pinnatoxins, pteriatoxins, portimines and kabirimine, all associated with V. rugosum, in shellfish. Suspect screening and targeted analysis approaches were implemented by means of liquid chromatography coupled to both low- and high-resolution mass spectrometry. We detected pinnatoxin-A and pinnatoxin-G throughout the year, with maximum levels for each one observed in June (6.7 µg/kg for pinnatoxin-A; 467.5 µg/kg for pinnatoxin-G), whereas portimine-A was detected between May and September (maximum level = 75.6 µg/kg). One of the main findings was the identification of a series of fatty acid esters of pinnatoxin-G (n = 13) although the levels detected were low. The profile was dominated by the palmitic acid conjugation of pinnatoxin-G. The other 12 fatty acid esters had not been reported in European shellfish to date. In addition, after thorough investigations, two compounds were detected, with one being probably identified as portimine-B, and the other one putatively attributed to pteriatoxins. If available, reference materials would have ensured full identification. Monitoring of these V. rugosum emerging toxins and their biotransformation products will contribute towards filling the data gaps pointed out in risk assessments and in particular the need for more contamination data for shellfish.
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1. Introduction


Vulcanodinium rugosum is a benthic dinoflagellate first identified in 2010 from water samples collected from Ingril Lagoon on France’s Mediterranean coast [1]. This organism produces a series of cyclic imines considered to be emerging marine biotoxins. Among them, pinnatoxins (PnTXs) were the first identified. Their name is related to the bivalve mollusk species Pinna attenuata and Pinna muricata, collected in China and Japan, which allowed for the isolation and structural elucidation of the first analogs: PnTX-A, PnTX-B, PnTX-C and PnTX-D [2,3,4,5,6,7,8,9,10]. Isolation of the pinnatoxin-producing dinoflagellates in 2010 subsequently made it possible to identify four additional analogs: PnTX-E, PnTX-F, PnTX-G and PnTX-H [11,12,13,14,15,16]. PnTX-A was also detected from V. rugosum isolates, unlike PnTX-B, PnTX-C and PnTX-D. These three analogs are thought to result from shellfish metabolism. As with a range of other phycotoxins, PnTX-G has shown its ability to form a range of 28-O-acyl esters after undergoing biotransformation in shellfish. In all, 26 metabolism products have been identified to date [17]. Pteriatoxins (PtTXs), such as pinnatoxins, are polyether macrocycles composed of 6,7-spiro, 5,6-bicyclo and 6,5,6-trispiro ketal rings (Figure 1). Three analogs were isolated from the Japanese bivalve mollusk Pteria penguin (PtTX-A, PtTX-B and PtTX-C). None of them have been identified from V. rugosum isolates so far, and they are thought to result from the shellfish metabolism of pinnatoxins [11]. In 2013, a new polycyclic ether toxin, named portimine (or portimine-A), was isolated from cultures of V. rugosum collected in New Zealand, and its structure was elucidated [18]. The cyclic imine moiety consists of an unprecedented five-membered ring unlike PnTXs and PtTXs, which all contain a six-membered cyclic imine ring. The only structural similarity between these V. rugosum metabolites is the presence of a spiro-link to a cyclohexene ring (Figure 1). The bioaccumulation of portimine-A in mussels was first demonstrated in 2020, from samples collected in Ingril Lagoon [19]. In 2019, portimine-B, a new analog of portimine, in which the five-membered cyclic ether is open, was discovered [20]. The same year, a new compound with a cyclic imine was isolated from V. rugosum extracts. This metabolite was called kabirimine. Its absolute stereochemistry was elucidated by means of spectroscopic analysis and computational study [21].



The toxicity of V. rugosum metabolites has been investigated through different toxicological studies. For PnTXs, depending on different analogs and routes of administration, LD50 values established from mouse bioassays vary. Orally, the toxicity of the different analogs can be ranked as follows: PnTX F > PnTX G ~ PnTX H ≫ PnTX E, whereas by the intraperitoneal route: PnTX F > PnTX G~PnTX E > PnTX H > PnTX A [11,12,22,23,24]. For PtTXs, toxicity data are limited. LD99 values reported in the literature suggest significant acute toxicity against mice [7]. An in vivo study demonstrated the ability of PnTX-G to cross physiological barriers to reach its molecular target, in particular the intestinal, blood–brain and placental barriers [25]. Interestingly, a recent study including a panel of six cancer cell lines demonstrated that PnTX-G can decrease cancer cell viability, with both cytostatic and cytotoxic effects, opening the way for its use in anticancer therapy [26].



Recently the mode of action of the 28-O-palmitoyl ester of PnTX-G was studied by a receptor binding-assay and by two-electrode voltage clamp electrophysiology [19]. An antagonistic behavior of this product of shellfish metabolism towards a nicotinic acetylcholine receptor of the muscle type was demonstrated, with a considerable decrease in antagonistic potency when compared to its precursor neurotoxin. However, the in vivo toxicity of this metabolite cannot be underestimated, as marine biotoxin fatty acid esters can be hydrolyzed by lipases and other enzymes to release free-form toxins into the gastrointestinal tract during human digestion. For instance, the 7-O-acyl derivatives of okadaic acid and dinophysistoxin-1 and -2, called dinophysistoxine-3, can undergo hydrolysis to release okadaic acid, dinophysistoxin-1 and/or dinophysistoxin-2 [27,28,29,30].



The acute toxicity of portimine-A to mice by intraperitoneal administration (LD50 = 1570 µg/kg bw) was much lower compared to many other cyclic imine shellfish toxins. Nevertheless, in vitro assays revealed high cytotoxicity of portimine-A for various cell lines (P388 mammalian cells, Jurkat T-lymphoma cells, mouse embryonic fibroblasts cells and human epidermoid carcinoma cells) and apoptotic activity [18,21,31]. Another in vitro assay using human oral cavity squamous cell carcinoma (OCSCC) cell lines was applied to portimine-A and portimine-B. The latter was less potent than portimine-A but could still induce apoptosis, fragment genomic DNA and reduce cancer cell proliferation in the range of 100−200 nM [20].



It is worth noting that no human cases of poisoning through seafood consumption have been attributed to PnTXs, PtTXs, portimines or kabirimine so far [32]. However, recent studies indicated a close link between V. rugosum blooms and acute dermatitis outbreaks involving 60 swimmers in Cuba and artisanal anglers in Senegal. Among the toxins produced by V. rugosum, portimine-A and PnTXs were predominant [33,34]. The causal link between these poisoning episodes through direct exposure in seawater and algal blooms still has to be demonstrated.



For V. rugosum metabolites, limited occurrence data are available for foodstuffs, and all shellfish focused on. In New Zealand, the toxinic profiles in Pacific oysters (Crassostrea gigas) and gastropods (Cominella glandiformis, Zeacumantus lutulentus, Bursatella leachii) were dominated by PnTX-E and PnTX-F, with PnTX-D detected to a lesser extent [35,36]. In Australia, PnTX-A, PnTX-D, PnTX-E, PnTX-F and PnTX-G were quantified in Pacific oysters (Crassostrea gigas) and razor fish (Pinna bicolor) collected in Franklin Harbour, South Australia [11]. In Japan, PnTX-A, PnTX-B, PnTX-C and PnTX-D were identified from Okinawan bivalve Pinna muricata [3,4,5,8]. In Canada, Chile, Mozambique and several European countries, PnTX-G was predominant, sometimes with low levels of PnTX-A [17,37,38,39,40,41,42,43,44,45,46]. To date, the highest level quantified in the world was reported in mussels collected in 2009 in Ingril Lagoon, France [39]. A value of 1244 μg PnTX-G/kg was measured. Several samples from the Mediterranean Sea and the Atlantic Ocean also revealed the presence of PnTX-G, but at lower levels. PtTXs were only detected in the bivalve mollusk Pteria penguin from Okinawa (Japan) and were never reported elsewhere [7,32]. Portimine-A can be produced in large quantities by Mediterranean strains of V. rugosum (IFREMER). Although this toxin seems to have a lower accumulation capacity in shellfish compared to PnTXs, portimine-A was detected in mussels [19]. Portimine-B and kabirimine have never been reported in shellfish or any other marine organisms.



These metabolites are mainly analyzed by liquid chromatography coupled to tandem mass spectrometry [22,32,47]. For PnTXs and PtTXs, functional assays based on their mechanism of action against nicotinic acetylcholine receptors can also be applied. None of these methods have yet undergone inter-laboratory validation or standardization. The lack of reference material limits and complicates the detection and quantification of these metabolites. To date, only PnTX-A, PnTX-E, PnTX-F, PnTX-G and PnTX-H reference materials are commercially available.



Risk assessments conducted by EFSA and the French Agency for Food, Environmental and Occupational Health and Safety (Anses) pointed out the need for research to obtain more data on shellfish contamination, and to more accurately estimate the exposure of shellfish consumers to PnTXs [22,32]. PtTXs, portimines and kabirimine were not taken into account in these expert appraisals due to the lack of data available in the literature or their recent discovery. For PnTXs, Anses established that a concentration lower than 23 μg PnTX-G/kg shellfish meat is not expected to result in adverse effects in humans [22].



The aim of this study was to explore the contamination of shellfish collected in Ingril Lagoon, France, in 2018, by V. rugosum metabolites and their biotransformation products reported in the literature so far. This well-known hotspot for V. rugosum growth is a pertinent place to try to identify its metabolites, and in particular those never reported in Europe, and rarely sought due to the lack of reference materials. Pinnatoxins, pteriatoxins, portimines and kabirimine were screened. We took advantage of the complementarity of liquid chromatography coupled to both low- and high-resolution mass analyzers to monitor shellfish contamination throughout 2018. Liquid chromatography coupled to tandem low- and high-resolution mass spectrometry (LC-MS/HRMS) allowed for qualitative screening, with a high selectivity level, of all the toxins produced by V. rugosum and their metabolites, whereas liquid chromatography coupled to tandem low-resolution mass spectrometry (LC-MS/MS) analysis enabled sensitive detection and quantification of toxins in shellfish. When reference materials were lacking, and MS2 information was piecemeal or unavailable, thorough investigations enabled obtaining the maximum information about the contamination of shellfish by V. rugosum emerging toxins and their metabolism products. This study aimed to address the need for contamination data for V. rugosum toxins and their metabolism products, highlighted by risk assessors.




2. Results


2.1. Pinnatoxins


2.1.1. LC-HRMS Screening of Pinnatoxin Analogs (Instrumental Method A.1)


PnTX-G was identified in all samples collected from Ingril Lagoon at a retention time of 7.1 min. The mass error of the [M + H]+ protonated molecule was systematically ≤±5 ppm, and the isotopic pattern of, at least, the M, M+1, M+2 and M+3 isotopes matched with the theoretical profile. In addition to the protonated molecule at m/z 694.46674, the following characteristic product ions of PnTX-G were observed in all the MS2 spectra: 164.14322, 440.31573, 458.32574, 658.44629 [M + H − 2H2O]+ and 676.45648 [M + H − H2O]+. No fatty acid esters of PnTX-G were detected by HRMS in any sample.



For PnTX-A, a peak at a retention time similar to the standard (6.4 min) was detected in all samples, with a mass error ≤ ± 5 ppm. For samples 18 BM 012, 18 BM 026, 18 BM 122, 18 BM 150, 18 BM 161, 18 BM 194, 18 BM 257, 18 BM 271 and 18 BM 286, the isotopic pattern of, at least, the M, M+1 and M+2 isotopes matched with the theoretical profile. However, no MS2 spectrum was triggered though dd-MS2 acquisition in any sample, due to the low levels detected.



PnTX-B, PnTX-C, PnTX-D, PnTX-E, PnTX-E methyl ester, PnTX-F and PnTX-H were not detected in any mussel sample.




2.1.2. LC-MS/MS Detection and Quantification of Pinnatoxins (Instrument Method B.1)


PnTXs analogs reported to date were detected and quantified through LC-MS/MS analysis with instrumental method B.1. Only fatty acid esters of PnTX-G were screened with another method (instrumental method B.2) due to the numerous analogs to detect. Results are presented in the following section. Analysis with instrumental method B.1 revealed the presence of free PnTX-A and PnTX-G in all samples (Table 1). In addition to the raw extraction, hydrolysis treatment was performed to indirectly assess the potential presence of PnTX-G ester forms in the shellfish (Total PnTX-G = Free PnTX-G + Hydrolyzed fatty acid ester of PnTX-G). Of note, PnTX-G resists base hydrolysis unlike PnTX-G fatty acid esters, which in turn form PnTX-G [11]. Therefore, the approach implemented was based on the paired difference between the free and total toxin content of shellfish as a first step to assess the potential presence of acetylated forms of PnTX-G, and to select the most useful samples for more in-depth investigations. At the same time, we also processed the data for the other toxins quantified from the same hydrolyzed extracts, even though these conjugated forms have not been reported so far.



PnTX-G was quantified in all collected samples, with an increase in summer and a decrease in autumn. Maximum values were observed in July, with 467.5 µg/kg free toxin, and 475.2 µg/kg total toxin. The levels measured for free toxins were very close to the levels obtained for total PnTX-G. Considering expanded uncertainty (k = 2), estimated from the expected reproducibility assessed by the Horwitz function revised by Thompson [48], uncertainties systematically overlapped, making it impossible to state whether or not PnTX-G esters are present. Uncertainties ranged between 36 and 44%, depending on the PnTX-G level. Nevertheless, if samples contained esters, they would be at trace levels.



Low levels of PnTX-A were quantified throughout 2018, with a maximum level of 6.7 µg/kg observed in July, such as for PnTX-G. No peaks were observed for the MS traces corresponding to PnTX-B/C, PnTX-D, PnTX-E or PnTX-F. Consequently, in the absence of standards, these toxins were considered not detected.




2.1.3. LC-MS/MS Identification of Fatty Acid Esters of PnTX-G (Instrumental Method B.2)


LC-MS/HRMS analysis did not enable us to identify any fatty acid esters of PnTX-G. Moreover, levels of free PnTX-G, obtained by LC-MS/MS with instrumental method B.1, were very close to levels measured for total toxin. Considering method uncertainty, it was not possible to conclude whether PnTX-G esters were present in the samples. Therefore, we decided to specifically seek the individual esters of PnTX-G with a sensitive LC-MS/MS method dedicated to the direct detection of fatty acid esters of PnTX-G (instrumental method B.2).



The analysis of non-hydrolyzed extracts revealed the presence of a series of fatty acid esters of PnTX-G, with saturated and unsaturated fatty acid chains ranging from C14 to C22 (Figure 2). These 13 conjugated forms were not observed after hydrolysis treatment of the paired extracts. The retention time of PnTX-G (5.2 min) was lower than that of the acylated compounds (10.0 to 13.7 min), which is consistent with the more lipophilic nature of fatty acid conjugates. For each ester, peaks were observed at the same retention time for the two specific transitions selected, with a signal-to-noise ratio higher than or equal to three. Furthermore, 28-O-palmitoyl PnTX-G (C16:0 PnTX-G), the ester with the highest peak intensity, was detected throughout 2018. However, the intensity of the peak was very low compared to PnTX-G. As an example, the peak intensity of C16:0-PnTX-G in the June sample for selected reaction monitoring (SRM) giving the product ion m/z 164 only represented 0.7% of the intensity of PnTX-G. The other esters were detected, with low peak intensities in January and between May and October with different profiles depending on the ester. It is worth noting that the sample collected in June (18 BM 122) contained all the PnTX-G fatty acid esters identified in 2018, and the peak intensities were the highest over 2018 for each of the esters (Figure S1). Although the highest total PnTX-G levels were not observed in June, the period between May and July corresponded to the main upward phase of PnTX-G levels in mussels (Table 1). In contrast with PnTX-G, and similar to the results reported in mussels from eastern Canada by McCarron et al. [17], no fatty acid esters of PnTX-A were detected.



In a previous study, the discovery of PnTX-G esters was confirmed thanks to the successful production of a C16:0-PnTX-G standard from palmitic anhydride [17]. Based on these results, we decided to also semi-synthesize an ester of PnTX-G to confirm the identification of esters in our mussel samples. Furthermore, 28-O-myristoyl PnTX-G (C14:0-PnTX-G) was retained because, to our knowledge, this ester has never been semi-synthesized and because it was the one with the second highest intensity observed in the samples (after C16:0-PnTX-G). We decided to implement the same acylation route as McCarron et al. [17]. The ester was analyzed with instrumental method B.2. The results obtained with this standard and the mussel sample extracts were compared. The retention times of the C14:0-PnTX-G standard and the mussel samples matched perfectly. For sample 18 BM 122, the retention time of the compound suspected to be C14:0-PnTX-G and the standard were the same (10.78 min) (Figure 3). Their respective m/z 458/164 ion ratios were also in agreement. For sample 18 BM 122, this ion ratio was 49.8%, and for the standard it was 52.7%. The relative deviation of both ion ratios (5.5%) leaves no doubt about the identity of the compound detected in mussel samples: C14:0-PnTX-G.





2.2. Pteriatoxins


PtTX-A, PtTX-B and PtTX-C were also screened in mussels even though no reference materials were available for PtTXs. A peak at a retention time of 5.8 ± 0.1 min was detected through full scan acquisitions in all the samples, except for the mussels collected in December (18 BM 286). The m/z ratio of the precursor ion acquired in full scan was systematically in agreement with the elemental composition of protonated PtTXs [M + H]+ (C45H71O10N2S; m/z 831.482945) since mass errors were systematically ≤±5 ppm. Additionally, the isotopic pattern of the M, M+1 and M+2 isotopes matched with the theoretical profile in terms of intensity (<25%) and mass error (≤10 ppm). As for PnTX-A and PnTX-G, no [M + NH4]+, [M + Na]+ or [M + K]+ adducts were detected. The higher peak intensity was observed in the sample collected in August (18 BM 161). Unfortunately, due to the low levels observed, no spectra were triggered in full MS with data-dependent MS2 acquisition mode (full MS/ddMS2). Therefore, we decided to concentrate the extract of August twenty times by solid phase extraction (SPE) cleanup to overcome this sensitivity issue, and acquisitions through targeted-selected ion monitoring with data-dependent MS2 scans (t-SIM/dd-MS2), and parallel reaction monitoring (PRM) were carried out (instrumental method A.2 and A.3). These additional experiments were successful since a rich high-resolution MS2 spectrum was obtained (Figure 4). In addition to the precursor ion, we observed product ions at m/z 813.4700 [M + H − H2O]+, 795.4603 [M + H − 2H2O]+, 777.4467 [M + H − 3H2O]+ corresponding to m/z ratios of the three protonated PtTXs which lose one to three water molecules. Takada et al. proposed fragmentation patterns for PtTX-A, PtTX-B and PtTX-C [7]. Three of the product ions indicated by the authors were observed in the present study at m/z 572.3937, 458.3258 and 164.1432. Since pteriatoxins are thought to result from the shellfish metabolism of pinnatoxins, it is also interesting to compare the MS2 spectra of the compound identified with the one of pinnatoxins-G detected in the same sample, to be sure. The profile presented strong similarities. In addition to the three specific product ions of the PtTXs, we observed product ions shared with PnTX-G at m/z 554.3837, 440.3151, with a profile distribution comparable in terms of relative abundance. Since the three PtTXs are isomers, it is complex to distinguish them. According to the fragmentation patterns proposed by Takada et al. [7], most of the product ions at m/z 164, 177, 204, 220, 230, 258, 320, 342, 432, 458, 542, 572, 586, 744 and 787 are shared between the three toxins. The product ions at m/z 668 and 694 were only reported for PtTX-A, whereas the product ions at m/z 710 and 712 seem to be specific to the PtTX-B and PtTX-C stereoisomers. Based on this study, the LC-MS/HRMS data obtained did not allow us to identify an individual analog.



Furthermore, PtTX-A, PtTX-B and PtTX-C, were also screened by LC-MS/MS through selected reaction monitoring (SRM) scans. As a first step, the precursor ion at m/z 831.5, corresponding to the m/z ratio of the three protonated PtTXs [M + H]+, was selected, and the product ions at m/z 164.2 and 458.3 were monitored. Chromatographic peaks were observed in all samples at a retention time of 4.0 min for both transitions. The compound eluted before PnTX-E, -F, -G and -H. Indirect quantification with the PnTX-G calibration curve was carried out. For the samples collected in December, levels were comprised between the estimated limit of detection (LOD; 0.1 µg/kg) and the limit of quantification (LOQ; 0.3 µg/kg). For the other months, trace levels ranged between 0.3 and 0.5 µg/kg, with the maximum value observed in August. The ion ratio m/z 458.3/164.2 calculated from this sample was 56.8%.



To try to identify additional product ions compared to LC-MS/HRMS data, SRM scans targeting the precursor ion at m/z 831.5, and the 19 PtTXs’ product ions reported by Takada et al. [7] were monitored from the August sample with instrumental method B.3 (Figure 5) [7]. Interestingly, a peak was observed at the same retention time for all the products ions shared between the three analogs (3.97 ± 0.01 min). No peaks were detected for the chromatographic traces corresponding to the product ions at m/z 710 and 712, which seems characteristic of PtTX-B and PtTX-C stereoisomers. For PtTX-A, the product ions at m/z ratio of 694 were detected; however, no peak was observed for the specific product ion at m/z 668. As this compound was detected at a trace level, it is possible that the signal for several product ions which cannot be detected are below the detection limit.



Considering all the information collected, this compound was attributed putatively to PtTXs, without ensuring the identify of a specific analog. Molecular mass matching with PtTXs was clearly observed, and we noted strong similarities with PtTX-A (16/17 product ions observed). If this compound is not a known PtTX, it could be a new analog of PtTXs/PnTXs.




2.3. Portimines and Kabirimine


Portimine-A was detected by LC-HRMS through full MS/dd-MS2 acquisition mode in samples 18 BM 122, 18 BM 150 and 18 BM 161. All the identification criteria described in the materials and methods section were fulfilled. The retention time was 5.31 min and the following product ions were systematically observed through the dd-MS2 acquisitions: 134.05998, 148.07550, 246.14851, 356.22186 [M + H − H2O − CO]+, 366.20587 [M + H − 2H2O]+ and 384.21634 [M + H − H2O]+. A peak was also observed at the correct retention time for sample 18 BM 107, which had a satisfactory isotopic pattern with a mass error ≤±5 ppm. Nevertheless, the signal was not sufficiently high to trigger an MS2 acquisition. LC-MS/MS analysis with instrumental method B.1 allowed for the detection of portimine-A throughout 2018, due to higher sensitivity (Table 1). The maximum level was observed in June (75.6 µg/kg). For each sample analyzed, the total toxin level measured was higher than the free toxin level. Considering expanded uncertainty (k = 2) of 44% estimated from the expected reproducibility assessed by the Horwitz function revised by Thompson [48], no uncertainty overlap was observed for samples 18 BM 012, 18 BM 026, 18 BM 065, 18 BM 150, 18 BM 194 and 18 BM 257, suggesting the potential presence of unknown portimine-A esters. Of note, the biggest difference between the total and free toxin was observed for the July sample (18 BM 150), with a difference of 27 µg/kg.



A small peak at 4.78 min corresponding to the [M + H]+ protonated molecule of portimine-B (C23H32NO6) was observed in the extracts of samples 18 BM 122 and 18 BM 150. As for portimine-A, no [M + NH4]+, [M + Na]+ or [M + K]+ adducts were detected. These samples were collected in June and July. Since the levels measured were low, both samples were concentrated twenty times through SPE cleanup to obtain an enriched spectrum, and tSIM/dd-MS2 acquisitions were carried out, as for PtTXs (instrumental method A.2). Thanks to this strategy, more comprehensive high-resolution MS2 spectra were obtained, in particular for the July sample (Figure 6). The elemental compositions of the principal product ions are presented in Table 2. In addition to the precursor ion at m/z 418.2217, we observed product ions at m/z 400.2115 [M + H − H2O]+, 382.2009 [M + H − 2H2O]+, 372.2169 [M + H − H2O − CO]+, 364.1907 [M + H − 3H2O]+, 354.2063 [M + H − 2H2O − CO]+, 346.1802 [M + H − 4H2O]+ and 336.1949 [M + H − 3H2O − CO]+. All these product ions are also observed in the MS2 spectrum of portimine-B reported by Fribley et al. [20], for m/z acquired between 270 and 420. In the literature, no MS2 information was available for m/z ratios lower than m/z 270, nevertheless we observed strong similarities with the MS2 spectrum of portimine-A (Figure 6). In the m/z range of 79 to 248, the compound identified shared no less than 136 product ions with portimine-A, with m/z differences systematically ≤2 ppm.



In parallel, LC-MS/MS analysis through product ion scan acquisition mode were also carried out to make use of the higher sensitivity of the instrument used. A peak was observed at 2.9 min, and its intensity was two times higher in sample 18 BM 150 compared to sample 18 BM 122. The MS2 spectra obtained after selecting the precursor ion at m/z 418.2 also presented numerous similarities with the MS2 spectrum reported by Fribley et al. for m/z ranging between 270 and 420 [20]. As with the HRMS acquisition, the principal product ions were all observed at m/z 400.2 [M + H − H2O]+, 382.2 [M + H − 2H2O]+, 372.2 [M + H − H2O − CO]+, 364.2 [M + H − 3H2O]+, 354.2 [M + H − 2H2O − CO]+, 346.1 [M + H − 4H2O]+ and 336.1 [M + H − 3H2O − CO]+ (Figure S2). In addition, the product ion observed at m/z 284.1255 in the original spectrum of portimine-B, was also observed at m/z 284.0, but with lower intensity. As for the spectrum obtained through HRMS, we observed a series of product ions shared with portimine-A for m/z below 270: m/z 95.1, 110.0, 121.1, 134.0, 148.0, 202.1, 218.1, 228.1 and 246.1.



Considering all the information gathered, this compound is clearly correlated to portimines, and was attributed to portimine-B with an identification confidence level of 2a, according to the classification proposed by Schymanski et al. [52]. If a reference material had been available, knowledge of the retention time of portimine-B could have enabled us to confirm the identification of this toxin, and rule out the possibility of the discovery of an unknown isomer of portimine-B.



For kabirimine, no features matched in any mussel samples.





3. Discussion


The present work first studied the occurrence of V. rugosum toxins and their metabolism products in shellfish from Ingril Lagoon, France. The high sensitivity of triple-quadripole LC-MS/MS instruments and the high-resolution power of LC-MS/HRMS demonstrated their utility to investigate the toxinic profile of the mussel samples in-depth. The pinnatoxin profile observed in mussels was similar to those already observed at this locality between 2013 and 2017 [22,38,39,53]. PnTX-G is the main analog produced, followed to a lesser extent by PnTX-A. Except for December, PnTX-G levels consistently exceeded the limit concentration of 23 µg/kg, which is expected to result in adverse effects in humans. It is worth noting that in 2020, competent authorities decided to ban the production and collection of shellfish in this lagoon due to the regular non-compliance of PnTX-G levels measured with this limit. The maximum value observed in the present work was 467.5 µg/kg in July. This value is relatively low compared to the maximum value observed previously in this lagoon, a well-known hotspot for V. rugosum growth. Between 2010 and 2017, the maximum values ranged between 568 and 1244 µg/kg with high levels mostly observed between June and September [22,39,53]. This seasonal variability is similar to that observed in the present work since an increase in PnTX-G levels was observed between June and October 2018. Within the national observation and monitoring program for phytoplankton and hydrology in coastal waters, measurements of water temperatures indicated a range between 10 and 13 °C from January to May on this site [54]. The increase in PnTX-G levels in mussels corresponded to the moment when the temperature of the lagoon increased quickly from 11.9 (May) to 21.4 °C (June). The temperature then stayed at >21 °C until September, with values comprised between 21.4 and 24.5 °C (August) and then started to decrease constantly from October (18.3 °C) to December (11.5 °C). V. rugosum has been described as euryhaline and thermophile, which could explain why this dinoflagellate develops in situ only from June to September [55]. Laboratory experiments have shown that V. rugosum can grow at temperatures ranging from 20 to 30 °C, with an optimal temperature of 25 °C. For salinity, the optimal conditions are comprised between 20 and 40 g/L. Throughout 2018, salinity remained within this window, with values ranging between 20.8 and 39.3 g/L [54].



PnTX-B, PnTX-C, PnTX-E, PnTX-F and PnTX-H were not detected. To date, none of these analogs have been identified in Europe, but they have been reported in Australia, Japan and New-Zealand.



A total of 13 fatty acid esters of PnTX-G were identified among the 26 analogs discovered by Mc Carron et al. [17]. In the present work, we did not observe a significant increase in PnTX-G concentrations after hydrolysis treatment. This is certainly due to the trace levels of PnTX-G esters observed in the mussel samples. These results are consistent with those in the study carried out by Araoz et al. [19], which enabled the detection of trace levels of 28-O-palmitoyl ester of PnTX-G in digestive glands of mussels from the same lagoon. The other 12 esters of PnTX-G identified in the present work were not previously detected elsewhere, other than in Canada. Interestingly, four of the fatty acids involved in PnTX-G conjugation correspond to the dominant fatty acids observed in a mussel composition study of the species Mytilus galloprovincialis from the Black Sea [56]. In fact, C16:0, C22:6, C20:5 and C16:1 were the most commonly observed among the 27 fatty acids screened. All the fatty acids conjugated to PnTX-G are reported in the composition of mussels. The knowledge of esterification metabolism of marine biotoxins in shellfish is still limited. For okadaic acid, dinophysistoxin-1, dinophysistoxin-2 and gymnodimine-A, the binding capacity of fatty acids is species-specific, which supports the hypothesis that esterification is catalyzed by certain enzymes, in particular acetyl-coenzyme A carboxylase, fatty acid synthase, lipoprotein lipase and hepatic lipase [57,58]. For okadaic acid, most of the toxins conjugated with fatty acids were found in the feces of bivalves, suggesting that the metabolic transformation of okadaic acid and dinophysistoxin-1 to acyl esters was a key step in the depuration process of mussels via egestion of feces [59].



Portimine-A was also detected throughout 2018, with maximum values observed between June and July. As for PnTX-G, this period seems to be favorable for the production and accumulation of portimine-A in mussels. The lower levels of portimine-A in mussels compared to PnTX-G levels were also observed previously, after contamination/decontamination experiments with mussels exposed to V. rugosum cells [24]. According to the authors, a lower capacity for accumulation or biotransformation processes could explain these results.



High-resolution mass spectrometry enabled the identification of two additional compounds suspected to be toxins. The first one was considered to be an analog of PtTXs, but in the absence of any reference material, and with no additional structural information it was not possible to identify the specific PtTX analog, since the three analogs are isomers. Therefore, this compound was putatively attributed to PtTXs with an identification confidence level of 3 according to the confidence levels proposed by Schymanski et al. [52]. It was detected throughout 2018, at low levels (≤0.5 µg/kg; indirectly quantified from PnTX-G calibration curve), with a maximum observed in August. It should be noted that since their isolation and identification in 2001, PtTXs have only been detected in Okinawan bivalve Pteria penguin [7,10]. The second compound had the same elemental composition as portimine-B (C23H32NO6), and was identified in July sample. The MS2 spectrum obtained presented numerous similarities with the spectra of both portimine-B published by Fribley et al. [20], and portimine-A detected in the same sample. The availability of a reference material would have allowed us to confirm its identity, in particular by checking retention time matching, to be certain that this is not an unknown analog of portimine, constitutional isomer of portimine-B. Therefore, this compound was attributed to portimine-B with an identification confidence level of 2a (probable structure). To date, the accumulation of this recently discovered toxin in shellfish has never been reported in the world. Finally, we checked for the presence of other compounds with a molecular mass similar to portimine-B and PtTXs in the Comprehensive Marine Natural Products Database (CMNPD) [60]. No matches were found.




4. Materials and Methods


4.1. Chemicals and Reagents


All solutions were prepared with liquid chromatography-mass spectrometry (LC-MS) grade chemicals and ultrapure water (18.2 MΩ/cm) obtained by purifying distilled water with a Milli-Q system. A PnTX-A reference material, with a concentration of 5.0 µg/mL, was purchased from Abraxis LLC (Warminster, PA, USA). A PnTX-G certified reference material of 1.92 ± 0.09 µg/mL was purchased from NRCC (Halifax, NS, Canada). PnTX-E, PnTX-F, PnTX-H and portimine-A reference material from the Cawthron Institute (Nelson, New Zealand) were also used. For the last three PnTX analogs, three individual stock solutions at 10.0 µg/mL were prepared in methanol from the 10 µg of each toxin. For portimine-A, a stock solution at 11.9 µg/mL was prepared in methanol from the 11.9 µg of toxin. Working solutions were prepared from the stock solutions to spike the blank samples used as quality control, but also to prepare calibration curves composed of at least five levels ranging from the LOQ to 50 ng/mL. Acetonitrile, methanol, acetic acid and formic acid were purchased from Fisher Scientific (Loughborough, UK). Ultra-pure-grade carrier argon (Ar, 99.9999% pure) was purchased from Linde Gas (Montereau-Fault-Yonne, France). Nitrogen was also purchased from Linde Gas (N2, 99.999% pure).



The protocol implemented for the synthesis of 28-O-myristoyl PnTX-G (C14:0-PnTX-G) requires the use of myristic anhydride (purity ≥95.0%) obtained from Sigma-Aldrich (Saint-Louis, MO, USA). Basic reagents were also used as catalysts. In addition, 4-(Dimethylamino)pyridine (ReagentPlus, purity ≥99%) and pyridine anhydrous (purity ≥99.75%) were purchased from Sigma-Aldrich.




4.2. Sampling Design


Throughout 2018, mussels (Mytilus galloprovincialis), which is the predominant bivalve in this geographical area, were sampled from Ingril Lagoon, situated on the Mediterranean coast of France. These samples were collected in parallel to the French program for monitoring emerging toxins (EMERGTOX network). A total of 1 kg of bivalve mollusks was sampled monthly (n = 12).




4.3. Sample Preparation


4.3.1. Extraction of Toxins


Mussels were prepared according to the standard operating procedure of the European Union Reference Laboratory for Marine Biotoxins (EURL-MB) for determination of the okadaic acid, pectenotoxin, azaspiracid, and yessotoxin group toxins using LC-MS/MS [61]. In 2010, this protocol was validated in-house at our laboratory and has since been ISO 17025 accredited. A 2.00 ± 0.05 g portion of tissue was homogenized for 2 min with 9 mL of MeOH using a Polytron (Kinematica AG; Luzern, Switzerland) at 10,000 ± 500 rpm. After extraction, the extract was centrifuged at 6000× g for 10 min, and the supernatant was collected into a 20 mL volumetric flask. A second extraction with 9 mL of MeOH was carried out for 1 min. Finally, this raw extract volume was adjusted to 20 mL with MeOH, and filtered through a 0.45 µm centrifuge filter (Thermo Fisher Scientific; San Jose, CA, USA) at 2000× g for 2 min, prior to direct analysis or hydrolysis of the fatty acid ester forms of PnTX-G.




4.3.2. Hydrolysis of Fatty Acid Esters of PnTX-G


Fatty acid esters of PnTX-G were hydrolyzed to transform them into PnTX-G (additionally to the free PnTX-G already present). The comparison between the results obtained with and without the hydrolysis step allowed us to estimate the level of fatty acid ester derivatives of PnTX-G. Then, 500 μL of aqueous NaOH 2.5 M was added to 4 mL of methanolic extract in a glass tube. After vortex mixing, the tube was heated to 76 ± 4 °C for 40 min. Once cooled to room temperature, the extract was neutralized with 500 μL of aqueous 2.5M HCl. Finally, the extract was filtered on a 0.20 µm polytetrafluoroethylene (PTFE) syringe filter (Chromafil, Macherey-Nagel GmbH & Co. KG; Düren, Germany) prior to analysis.




4.3.3. Solid Phase Extraction Clean-Up and Concentration


A solid phase extraction clean-up was implemented to investigate the presence of PtTXs and portimine-B by concentrating the raw extracts of samples 18 BM 122, 18 BM 150 and 18 BM 161. A 60 mg/3 mL Strata-X cartridge (Phenomenex; Torrance, CA, USA) was conditioned with 3 mL MeOH followed by 3 mL 30% MeOH. Seven milliliters of water was added to 3 mL of raw extract to be deposited. The cartridge was washed with 3 mL of a solution containing water/MeOH/NH4OH at a ratio of 89:10:1 (v/v/v). The cartridge was dried for 3 min. Toxins were eluted with 3 mL MeOH and collected in a clean glass tube. Before and after elution, the cartridge was dried for 3 min under reduced pressure of 10 kPa. Afterwards, the extract was evaporated to dryness under a gentle stream of N2 at 40 °C, and 150 µL MeOH was added.





4.4. Analysis by Liquid Chromatography Coupled to Mass Spectrometry


4.4.1. LC-MS/HRMS Analysis


LC-HRMS analyses were performed for the suspect screening of V. rugosum toxins and their metabolites in shellfish, but also for in-depth investigation when reference materials were not available. The LC system was an Ultimate 3000 (Thermo Fisher Scientific). The separation of toxins was performed using a Hypersil Gold (50 × 2.1 mm, 1.9 μm particle sizes, 130 Å) from Thermo Fisher Scientific. The column temperature was set to 40 °C. Eluent A was composed of water and eluent B of acetonitrile/water at a ratio of 95:5 (v:v), with both eluents containing 50 mM formic acid and 2 mM ammonium formate. The LC flow rate was 0.400 mL/min and the separation gradient was programmed as follows: 5% B hold 1.0 min, 5–100% B in 9 min, 100% B hold 9.5 min, 100–5% B in 0.5 min, and 5% B hold 3.0 min. Furthermore, 2 μL was injected into the system.



The detection of toxins was performed with a Q Exactive hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific), equipped with an electrospray ionization (ESI) source (HESI-II probe). The spray voltage was 3500 V in positive ionization mode. The source temperature was set at 425 °C and the capillary temperature at 263 °C. Nitrogen was used as the nebulizing gas with a sheath gas flow of 50 (arbitrary units), an auxiliary gas flow of 13 (arbitrary units) and a sweep gas flow of 3 (arbitrary units). The S-lens RF level voltage was set to 55 V. The collision gas was nitrogen. For suspect screening analysis with instrumental method A.1, acquisitions were performed using full MS data-dependent MS2 mode (full MS/dd-MS2). For the full MS acquisition, a resolution of 70,000 full width at half maximum (FWHM), an AGC target of 3 × 106, a max IT of 100 ms and a scan range of 100–1100 were defined. For dd-MS2 acquisition, the following parameter values were selected: resolution 17,500 FWHM, isolation window 1.5 m/z, AGC target 5 × 104 (min AGC target of 8 × 102) and max IT 50 ms. A top N of 5 was retained with an intensity threshold of 1.6 × 104, and a dynamic exclusion of 10 s. Two normalized collision energies were selected: 37 and 47. Several minimum criteria were defined for toxin identification. A mass error ≤±5 ppm for precursor ion was required and the isotopic pattern of, at least, the M, M+1 and M+2 isotopes should match with the theoretical profile in terms of intensity (<25%) and mass error (≤±10 ppm). An MS2 spectrum should be acquired with the data-dependent mode carried out with at least three product ions with a mass error <±10 ppm. When a standard was available, the retention time (RT) should be within ±0.1 min. LOD was defined as the lowest level of the calibration curve fulfilling the identification criteria. Based on this approach, the LODs of PnTX-A, PnTX-G and portimine-A were estimated at 10 µg/kg, 2 µg/kg and 4 µg/kg, respectively.



Investigations of the compounds suspected to be PtTXs and portimine B were carried out through targeted-selected ion monitoring with data-dependent MS2 scans (t-SIM/dd-MS2), and parallel reaction monitoring (PRM). For t-SIM/dd-MS2 acquisitions (instrumental method A.2), the following SIM parameter values were selected: resolution of 70,000 FWHM, AGC target of 5 × 104, max IT of 100 ms and a scan range of 150–2000; and for dd-MS2: resolution 35,000 FWHM, isolation window 2.0 m/z, AGC target 2 × 105 (min AGC target of 8 × 103) and max IT 100 ms. A top N of 10 was retained with an intensity threshold of 8 × 104. For PRM acquisitions (instrumental method A.3), an MS2 resolution of 70,000 FWHM, an AGC target of 2 × 105, a max IT of 240 ms, an isolation window of 2.0 m/z and max IT of 240 ms were defined. For both methods, normalized collisions of 35 and 42 were selected for PtTXs and portimine-B, respectively.



Instrument control was handled by a computer equipped with Thermo Q Exactive version 2.9 Build 2926, Xcalibur version 4.1.50 and TraceFinder version 4.1—EFS (Thermo Fisher Scientific). Acquired data were processed with Freestyle version 1.8.51.0 and Compound Discoverer 3.30.550 (Thermo Fisher Scientific).




4.4.2. LC-MS/MS Analysis


LC-MS/MS analyses were implemented for qualitative and quantitative analyses of V. rugosum toxins and their metabolites in shellfish with several instrumental methods. The LC system was a Vanquish Horizon (Thermo Fisher Scientific). The separation of toxins was performed using the same LC column, column temperature, eluents and LC flow rate as for LC-HRMS analysis. The detection of toxins was performed with a TSQ Altis triple quadrupole mass spectrometer (Thermo Fisher Scientific), equipped with an electrospray ionization (ESI) source (Opta-Max NG). The mass spectrometer was operated in selected reaction monitoring (SRM) mode. The spray voltage was 500 V in positive ionization mode. The source temperature was set at 350 °C and capillary temperature at 325 °C. Nitrogen was used as the nebulizing gas with a sheath gas pressure of 37 (arbitrary units), an auxiliary gas pressure of 6 (arbitrary units) and a sweep gas pressure of 2.9. The collision gas was argon, with a gas pressure of 1.5 mTorr. Instrumental method B.1 was implemented for the quantitative analysis of V. rugosum toxins and their metabolites in shellfish, except the esters of PnTX-G that were screened qualitatively with a specific method (instrumental method B.2). Even though no reference material was available for portimine-B, this recently discovered toxin was included in the method based on the MS2 spectra provided by Fribley et al. [20], but also after implementation of product ion scans from the samples studied in the present work. Kabirimine could not be included since we had neither a standard for method optimization (commercially unavailable), nor an MS2 spectrum for this metabolite. One transition was used for quantification (Q) and another as a qualifier transition (q). The optimized compound-dependent parameters are listed in Table 3. For portimines, the RF lens voltage was set to 70 V, whereas for PnTXs and PtTXs a value of 105 V was retained. A mass resolution of 0.7 Da (full width at half maximum) was set for the first and the third quadrupoles (Q1 and Q3). When reference materials were available, recoveries were assessed at a level of 100 µg/kg. For PnTX-A, PnTX-E, PnTX-F, PnTX-G and PnTX-H, the values ranged between 82 and 102% for the non-hydrolyzed extracts, whereas for portimine-A, recovery was 84%. After hydrolysis treatment, recoveries of PnTX-A, PnTX-G and portimine-A were 82%, 83% and 84%, respectively. LOQ was defined as the lowest level of the calibration curve with a signal-to-noise ratio higher than 10 for the quantitative and qualifier transition. LOQ was divided by three to establish the LOD. Based on this approach, the LOD of PnTX-A, PnTX-G, PnTX-H and portimine-A was estimated to be 0.13 µg/kg, and the LOQ 0.4 µg/kg. For PnTX-E and PnTX-F, 0.67 and 2.0 µg/kg were achieved, respectively.



Instrumental method B.2 was implemented for LC-MS/MS targeted analysis of the fatty acid esters of PnTX-G. In addition to PnTX-G, the 26 fatty acid conjugates of PnTX-G reported by McCarron et al. [17] were monitored through SRM acquisitions (Table S1). Two specific product ions were chosen for each analog with m/z ratios of 164.21 and 458.38, and a respective CE of 54 and 44 V.



Instrumental method B.3 was implemented for the identification of PtTXs through SRM scans. The protonated molecules at m/z 831.5 [M + H]+, and the 19 PtTXs products ions reported by Takada et al. [7] were selected. Depending on the product ions, CE were comprised between 40 and 65 V.



For the entire LC-MS/MS method, instrument control and acquired data were handled by a computer equipped with TSQ Altis Tune Application version 3.2.2625.33, Xcalibur version 4.2.47, TraceFinder version 4.1—EFS and Freestyle version 1.8.51.0 (Thermo Fisher Scientific).





4.5. Synthesis of Fatty Acid Esters of Pinnatoxin-G


The fatty acid anhydride reaction route was chosen for the acylation of PnTX-G, and the formation of 28-O-myristoyl PnTX-G. Pyridine and DMAP were used for the activation of the fatty acid anhydride. The molar ratio toxin/reagents was ≥1:10,000. Before use, all the glassware used was kept at 150 °C in a laboratory oven for at least 2 h to remove any remaining moisture. Afterwards, glassware was cooled, and kept in a desiccator. An aliquot of 0.25 µg of toxin was taken from the standard and evaporated to dryness under an N2 stream. Then, the tube was placed in a desiccator for at least 2 h. The dry residue was dissolved with 1.0 mL of 100 mM myristic anhydride, and 100 mM DMAP in anhydrous pyridine. After vortex-mixing, solutions were reacted either by using a Reacti-Therm (Thermo Fisher Scientific) at a controlled temperature of 75 °C for 30 min, or at room temperature. Once the reaction time was completed, the solutions were cooled and evaporated to dryness under an N2 stream at 50 °C by the combined use of a Reacti-Therm system and a Reacti-Vap module (Thermo Fisher Scientific). Finally, the dry residues were dissolved in 4 mL MeOH, vortex mixed and filtered on a 0.20 µm PTFE syringe filter (Chromafil, Macherey-Nagel GmbH & Co. KG) for LC-MS/MS analysis. Based on peak intensity, and assuming equal instrumental responses, both temperature conditions enabled preparation of semi-synthesized products with a conversion of PnTX-G into 28-O-myristoyl PnTX-G > 99.9%.





5. Conclusions


Pinnatoxins, pteriatoxins, portimines and kabirimine were monitored monthly in mussels from Ingril Lagoon, France, a well-known hotspot for V. rugosum growth. This short time-series study gave an overview of the presence and seasonal variability of these toxins throughout 2018. Among the algal toxins screened, PnTX-A, PnTX-G and portimine-A were identified and quantified with maximum values observed in June and July, when water temperature increased. Except for the December sample, PnTX-G levels consistently exceeded the concentration limit of 23 µg/kg, which is expected to result in adverse effects in humans. In addition, two other compounds were detected. The first one was putatively attributed to an analog of PtTXs: PtTX-A, PtTX-B or PtTX–C. These three products of shellfish metabolism have so far only been reported in Japan. More information was gathered for the second one, considered to be portimine-B after in-depth mass spectrometry investigations. The accumulation of this recently discovered toxin has never been reported in the world. In both cases, the lack of standards did not enable definitive identification but there is nevertheless sufficient evidence indicating that these compounds are analogs of PnTXs/PtTXs and portimines, sharing the same molecular formula as PtTXs and portimine-B. This study also demonstrated, for the first time, the presence of a series of PnTX-G fatty acid esters at low levels in European shellfish. As with other marine biotoxin fatty acid conjugates, these products of shellfish metabolism are probably hydrolyzed by lipases and other enzymes into the gastrointestinal tract during human digestion to release PnTX-G whose acute toxicity has been demonstrated. Therefore, in addition to the obtention of more toxicity data, supplementary contamination data for V. rugosum toxins and their biotransformation products are required. Our results contribute to a better hazard characterization to establish whether exposure to these metabolites presents a risk for humans, and highlight the need for further studies targeting larger geographical areas and different shellfish species.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/md21080429/s1, Figure S1. Detection of PnTX-G and 13 of its fatty acid esters by LC-MS/MS in mussels collected in June (sample 18 BM 122). Chomatogram created with R version 4.0.3, and with the Plotly package version 4.10.0 [51,53]; Figure S2. Product ion scan obtained from the precursor ion at m/z 418.0 (same as the protonated portimine-B [M + H]+) for the compound eluted at 2.9 min in sample 18 BM 150; Table S1: Molecular formula and monoisotopic mass of the protonated PnTX-G esters [M + H]+ reported by McCarron et al.





Author Contributions


Conceptualization, V.H.; methodology, V.H.; software, V.H.; validation, V.H.; formal analysis, V.H.; investigation, I.B.-F. and V.H.; data curation, V.H.; writing—original draft preparation, V.H.; writing—review and editing, V.H. and M.N.; visualization, V.H.; supervision, V.H.; project administration, V.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


The original data presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.




Acknowledgments


The authors sincerely acknowledge the Directorate General for Food (DGAl—French Ministry of Agriculture and Food), as the pilot of the French program for monitoring emerging toxins (EMERGTOX network), and IFREMER, as coordinator of this program, for sample collection.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Nézan, E.; Siano, R.; Boulben, S.; Six, C.; Bilien, G.; Chèze, K.; Duval, A.; Le Panse, S.; Quéré, J.; Chomérat, N.; et al. Genetic Diversity of the Harmful Family Kareniaceae (Gymnodiniales, Dinophyceae) in France, with the Description of Karlodinium Gentienii Sp. Nov.: A New Potentially Toxic Dinoflagellate. Harmful Algae 2014, 40, 75–91. [Google Scholar] [CrossRef][Green Version]

	



Zheng, S.; Huang, F.; Chen, S.; Tan, X.; Zuo, J.; Peng, J.; Xie, R. The Isolation and Bioactivities of Pinnatoxin. Chin. J. Mar. Drugs 1990, 9, 33–35. [Google Scholar]

	



Uemura, D.; Chou, T.; Haino, T.; Nagatsu, A.; Fukuzawa, S.; Zheng, S.; Chen, H. Pinnatoxin A: A Toxic Amphoteric Macrocycle from the Okinawan Bivalve Pinna Muricata. J. Am. Chem. Soc. 1995, 117, 1155–1156. [Google Scholar] [CrossRef]

	



Chou, T.; Osamu, K.; Uemura, D. Relative Stereochemistry of Pinnatoxin A, a Potent Shellfish Poison from Pinna Muricata. Tetrahedron Lett. 1996, 37, 4023–4026. [Google Scholar] [CrossRef]

	



Chou, T.; Haino, T.; Kuramoto, M.; Uemura, D. Isolation and Structure of Pinnatoxin D, a New Shellfish Poison from the Okinawan Bivalve Pinna Muricata. Tetrahedron Lett. 1996, 37, 4027–4030. [Google Scholar] [CrossRef]

	



McCauley, J.A.; Nagasawa, K.; Lander, P.A.; Mischke, S.G.; Semones, M.A.; Kishi, Y. Total Synthesis of Pinnatoxin A. J. Am. Chem. Soc. 1998, 120, 7647–7648. [Google Scholar] [CrossRef]

	



Takada, N.; Umemura, N.; Suenaga, K.; Uemura, D. Structural Determination of Pteriatoxins A, B and C, Extremely Potent Toxins from the Bivalve Pteria Penguin. Tetrahedron Lett. 2001, 42, 3495–3497. [Google Scholar] [CrossRef]

	



Takada, N.; Umemura, N.; Suenaga, K.; Chou, T.; Nagatsu, A.; Haino, T.; Yamada, K.; Uemura, D. Pinnatoxins B and C, the Most Toxic Components in the Pinnatoxin Series from the Okinawan Bivalve Pinna Muricata. Tetrahedron Lett. 2001, 42, 3491–3494. [Google Scholar] [CrossRef]

	



Matsuura, F.; Hao, J.; Reents, R.; Kishi, Y. Total Synthesis and Stereochemistry of Pinnatoxins B and C. Org. Lett. 2006, 8, 3327–3330. [Google Scholar] [CrossRef][Green Version]

	



Hao, J.; Matsuura, F.; Kishi, Y.; Kita, M.; Uemura, D.; Asai, N.; Iwashita, T. Stereochemistry of Pteriatoxins A, B, and C. J. Am. Chem. Soc. 2006, 128, 7742–7743. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Selwood, A.I.; Miles, C.O.; Wilkins, A.L.; van Ginkel, R.; Munday, R.; Rise, F.; McNabb, P. Isolation, Structural Determination and Acute Toxicity of Pinnatoxins E, F and G. J. Agric. Food Chem. 2010, 58, 6532–6542. [Google Scholar] [CrossRef] [PubMed]

	



Selwood, A.I.; Wilkins, A.L.; Munday, R.; Gu, H.; Smith, K.F.; Rhodes, L.L.; Rise, F. Pinnatoxin H: A New Pinnatoxin Analogue from a South China Sea Vulcanodinium Rugosum Isolate. Tetrahedron Lett. 2014, 55, 5508–5510. [Google Scholar] [CrossRef]

	



Smith, K.F.; Rhodes, L.L.; Suda, S.; Selwood, A.I. A Dinoflagellate Producer of Pinnatoxin G, Isolated from Sub-Tropical Japanese Waters. Harmful Algae 2011, 10, 702–705. [Google Scholar] [CrossRef]

	



Rhodes, L.; Smith, K.; Selwood, A.; McNabb, P.; Munday, R.; Suda, S.; Molenaar, S.; Hallegraeff, G. Dinoflagellate Vulcanodinium Rugosum Identified as the Causative Organism of Pinnatoxins in Australia, New Zealand and Japan. Phycologia 2011, 50, 624–628. [Google Scholar] [CrossRef]

	



Rhodes, L.; Smith, K.; Selwood, A.; McNabb, P.; Molenaar, S.; Munday, R.; Wilkinson, C.; Hallegraeff, G. Production of Pinnatoxins E, F and G by Scrippsielloid Dinoflagellates Isolated from Franklin Harbour, South Australia. N.Z. J. Mar. Freshw. Res. 2011, 45, 703–709. [Google Scholar] [CrossRef][Green Version]

	



Rhodes, L.; Smith, K.; Selwood, A.; McNabb, P.; van Ginkel, R.; Holland, P.; Munday, R. Production of Pinnatoxins by a Peridinoid Dinoflagellate Isolated from Northland, New Zealand. Harmful Algae 2010, 9, 384–389. [Google Scholar] [CrossRef]

	



McCarron, P.; Rourke, W.A.; Hardstaff, W.; Pooley, B.; Quilliam, M.A. Identification of Pinnatoxins and Discovery of Their Fatty Acid Ester Metabolites in Mussels (Mytilus Edulis) from Eastern Canada. J. Agric. Food Chem. 2012, 60, 1437–1446. [Google Scholar] [CrossRef]

	



Selwood, A.I. Portimine: A Bioactive Metabolite from the Benthic Dinoflagellate Vulcanodinium Rugosum. Tetrahedron Lett. 2013, 54, 4705–4707. [Google Scholar] [CrossRef]

	



Aráoz, R.; Barnes, P.; Séchet, V.; Delepierre, M.; Zinn-Justin, S.; Molgó, J.; Zakarian, A.; Hess, P.; Servent, D. Cyclic Imine Toxins Survey in Coastal European Shellfish Samples: Bioaccumulation and Mode of Action of 28-O-Palmitoyl Ester of Pinnatoxin-G. First Report of Portimine-A Bioaccumulation. Harmful Algae 2020, 98, 101887. [Google Scholar] [CrossRef]

	



Fribley, A.M.; Xi, Y.; Makris, C.; Alves-de-Souza, C.; York, R.; Tomas, C.; Wright, J.L.C.; Strangman, W.K. Identification of Portimine B, a New Cell Permeable Spiroimine That Induces Apoptosis in Oral Squamous Cell Carcinoma. ACS Med. Chem. Lett. 2019, 10, 175–179. [Google Scholar] [CrossRef]

	



Hermawan, I.; Higa, M.; Hutabarat, P.U.B.; Fujiwara, T.; Akiyama, K.; Kanamoto, A.; Haruyama, T.; Kobayashi, N.; Higashi, M.; Suda, S.; et al. Kabirimine, a New Cyclic Imine from an Okinawan Dinoflagellate. Mar. Drugs 2019, 17, 353. [Google Scholar] [CrossRef][Green Version]

	



Arnich, N.; Abadie, E.; Delcourt, N.; Fessard, V.; Fremy, J.-M.; Hort, V.; Lagrange, E.; Maignien, T.; Molgó, J.; Peyrat, M.-B.; et al. Health Risk Assessment Related to Pinnatoxins in French Shellfish. Toxicon 2020, 180, 1–10. [Google Scholar] [CrossRef]

	



Munday, R.; Selwood, A.I.; Rhodes, L. Acute Toxicity of Pinnatoxins E, F and G to Mice. Toxicon 2012, 60, 995–999. [Google Scholar] [CrossRef] [PubMed]

	



Mondeguer, F.; Abadie, E.; Herve, F.; Bardouil, M.; Sechet, V.; Raimbault, V.; Berteaux, T.; Zendong, S.Z.; Palvadeau, H.; Amzil, Z.; et al. Pinnatoxines En Lien Avec L’espèce Vulcanodinium Rugosum (II); Ifremer: Brest, France, 2015. [Google Scholar]

	



Servent, D.; Malgorn, C.; Bernes, M.; Gil, S.; Simasotchi, C.; Hérard, A.-S.; Delzescaux, T.; Thai, R.; Barbe, P.; Keck, M.; et al. First Evidence That Emerging Pinnatoxin-G, a Contaminant of Shellfish, Reaches the Brain and Crosses the Placental Barrier. Sci. Total Environ. 2021, 790, 148125. [Google Scholar] [CrossRef]

	



Clarke, M.R.; Jones, B.; Squires, C.L.M.; Imhoff, F.M.; Harwood, D.T.; Rhodes, L.; Selwood, A.I.; McNabb, P.S.; Baird, S.K. Cyclic Imine Pinnatoxin G Is Cytotoxic to Cancer Cell Lines via Nicotinic Acetylcholine Receptor-Driven Classical Apoptosis. J. Nat. Prod. 2021, 84, 2035–2042. [Google Scholar] [CrossRef] [PubMed]

	



Johansson, N.; Alexander, J.; Benford, D.; Cockburn, A.; Dogliotti, E.; Di Domenico, A.; Fernández-Cruz, M.L.; Galli, C.; Grandjean, P.; Gzyl, J.; et al. EFSA Panel on Contaminants in the Food Chain (CONTAM) Opinion of the Scientific Panel on Contaminants in the Food Chain on a Request from the European Commission on Marine Biotoxins in Shellfish—Okadaic Acid and Analogues. EFSA J. 2008, 589, 1–62. [Google Scholar] [CrossRef]

	



Braga, A.C.; Alves, R.N.; Maulvault, A.L.; Barbosa, V.; Marques, A.; Costa, P.R. In Vitro Bioaccessibility of the Marine Biotoxin Okadaic Acid in Shellfish. Food Chem. Toxicol. 2016, 89, 54–59. [Google Scholar] [CrossRef] [PubMed]

	



Doucet, E.; Ross, N.N.; Quilliam, M.A. Enzymatic Hydrolysis of Esterified Diarrhetic Shellfish Poisoning Toxins and Pectenotoxins. Anal. Bioanal. Chem. 2007, 389, 335–342. [Google Scholar] [CrossRef]

	



García, C.; Truan, D.; Lagos, M.; Santelices, J.P.; Díaz, J.C.; Lagos, N. Metabolic Transformation of Dinophysistoxin-3 into Dinophysistoxin-1 Causes Human Intoxication by Consumption of O-Acyl-Derivatives Dinophysistoxins Contaminated Shellfish. J. Toxicol. Sci. 2005, 30, 287–296. [Google Scholar] [CrossRef][Green Version]

	



Cuddihy, S.L.; Drake, S.; Harwood, D.T.; Selwood, A.I.; McNabb, P.S.; Hampton, M.B. The Marine Cytotoxin Portimine Is a Potent and Selective Inducer of Apoptosis. Apoptosis 2016, 21, 1447–1452. [Google Scholar] [CrossRef]

	



EFSA Panel on Contaminants in the Food Chain (CONTAM). Scientific Opinion on Marine Biotoxins in Shellfish—Cyclic Imines (Spirolides, Gymnodimines, Pinnatoxins and Pteriatoxins). EFSA J. 2010, 8, 1628. [Google Scholar] [CrossRef]

	



Moreira-González, A.R.; Comas-González, A.; Valle-Pombrol, A.; Seisdedo-Losa, M.; Hernández-Leyva, O.; Fernandes, L.F.; Chomérat, N.; Bilien, G.; Hervé, F.; Rovillon, G.A.; et al. Summer Bloom of Vulcanodinium Rugosum in Cienfuegos Bay (Cuba) Associated to Dermatitis in Swimmers. Sci. Total Environ. 2020, 757, 143782. [Google Scholar] [CrossRef]

	



Hess, P.; Mertens, K.; Chomerat, N.; Sechet, V.; Herve, F.; Plessis, L.; Reveillon, D.; Brehmer, P. Vulcanodinium Rugosum—A Potent and Ubiquitous Genus Affecting Mice and Man; Université Louis-et-Maximilien: München, Germany, 2022; Available online: https://hal.science/hal-03955437 (accessed on 27 July 2023).

	



MacKenzie, L.A.; Selwood, A.I.; McNabb, P.; Rhodes, L. Benthic Dinoflagellate Toxins in Two Warm-Temperate Estuaries: Rangaunu and Parengarenga Harbours, Northland, New Zealand. Harmful Algae 2011, 10, 559–566. [Google Scholar] [CrossRef]

	



McNabb, P.S. New Perspectives on Biotoxin Detection in Rangaunu Harbour, New Zealand Arising from the Discovery of Pinnatoxins. Harmful Algae 2012, 13, 34–39. [Google Scholar] [CrossRef]

	



Rundberget, T.; Aasen, J.A.B.; Selwood, A.I.; Miles, C.O. Pinnatoxins and Spirolides in Norwegian Blue Mussels and Seawater. Toxicon 2011, 58, 700–711. [Google Scholar] [CrossRef] [PubMed]

	



Hess, P.; Herve, F.; Abadie, E.; Sechet, V.; Molgo, J.; Amzil, Z.; Fessard, V. Pinnatoxines En Lien Avec L’espèce Vulcanodinium Rugosum; Ifreme: Brest, France, 2012. [Google Scholar]

	



Hess, P.; Abadie, E.; Hervé, F.; Berteaux, T.; Séchet, V.; Aráoz, R.; Molgó, J.; Zakarian, A.; Sibat, M.; Rundberget, T.; et al. Pinnatoxin G Is Responsible for Atypical Toxicity in Mussels (Mytilus galloprovincialis) and Clams (Venerupis decussata) from Ingril, a French Mediterranean Lagoon. Toxicon 2013, 75, 16–26. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Rambla-Alegre, M. Occurrence of Cyclic Imines in European Commercial Seafood and Consumers Risk Assessment. Environ. Res. 2018, 7, 392–398. [Google Scholar] [CrossRef][Green Version]

	



Lamas, J.P.; Arévalo, F.; Moroño, Á.; Correa, J.; Muñíz, S.; Blanco, J. Detection and Spatio-Temporal Distribution of Pinnatoxins in Shellfish from the Atlantic and Cantabrian Coasts of Spain. Toxins 2019, 11, 340. [Google Scholar] [CrossRef][Green Version]

	



Otero, P.; Miguéns, N.; Rodríguez, I.; Botana, L.M. LC–MS/MS Analysis of the Emerging Toxin Pinnatoxin-G and High Levels of Esterified OA Group Toxins in Galician Commercial Mussels. Toxins 2019, 11, 394. [Google Scholar] [CrossRef][Green Version]

	



Otero, P.; Vale, C.; Boente-Juncal, A.; Costas, C.; Louzao, M.C.; Botana, L.M. Detection of Cyclic Imine Toxins in Dietary Supplements of Green Lipped Mussels (Perna canaliculus) and in Shellfish Mytilus chilensis. Toxins 2020, 12, 613. [Google Scholar] [CrossRef]

	



Norambuena, L.; Mardones, J.I. Emerging Phycotoxins in the Chilean Coast: First Localized Detection of the Neurotoxic Cyclic Imine Pinnatoxin-G in Shellfish Banks. Mar. Pollut. Bull. 2023, 190, 114878. [Google Scholar] [CrossRef]

	



García-Altares, M.; Casanova, A.; Bane, V.; Diogène, J.; Furey, A.; de la Iglesia, P. Confirmation of Pinnatoxins and Spirolides in Shellfish and Passive Samplers from Catalonia (Spain) by Liquid Chromatography Coupled with Triple Quadrupole and High-Resolution Hybrid Tandem Mass Spectrometry. Mar. Drugs 2014, 12, 3706–3732. [Google Scholar] [CrossRef]

	



Tamele, I.J.; Timba, I.; Vasconcelos, V.; Costa, P.R. First Report of Pinnatoxins in Bivalve Molluscs from Inhaca Island (South of Mozambique)—South of the Indian Ocean. J. Mar. Sci. Eng. 2022, 10, 1215. [Google Scholar] [CrossRef]

	



Otero, P.; Silva, M. Emerging Marine Biotoxins in European Waters: Potential Risks and Analytical Challenges. Mar. Drugs 2022, 20, 199. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, M. Recent Trends in Inter-Laboratory Precision at Ppb and Sub-Ppb Concentrations in Relation to Fitness for Purpose Criteria in Proficiency Testing. Analyst 2000, 125, 385–386. [Google Scholar] [CrossRef]

	



R Core Team R. A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing; Scientific Research: Wuhan, China, 2016; Available online: https://www.R-project.org/ (accessed on 27 July 2023).

	



Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4. [Google Scholar]

	



Sievert, C. Interactive Web-Based Data Visualization with R, Plotly, and Shiny; Chapman and Hall/CRC: London, UK, 2020; ISBN 978-1-138-33145-7. [Google Scholar]

	



Schymanski, E.L.; Jeon, J.; Gulde, R.; Fenner, K.; Ruff, M.; Singer, H.P.; Hollender, J. Identifying Small Molecules via High Resolution Mass Spectrometry: Communicating Confidence. Environ. Sci. Technol. 2014, 48, 2097–2098. [Google Scholar] [CrossRef]

	



Mattei, C.; Abadie, E.; Delcourt, N.; Fessard, V.; Fremy, J.-M.; Hess, P.; Hort, V.; Lagrange-Guillon, E.; Vernoux, J.P. Rapport d’expertise collective. In Risques Liés Aux Pinnatoxines Dans Les Coquillages; Avis de l’Anses: Paris, France, 2019; pp. 1–136. [Google Scholar]

	



Catherine, B.; Nadine, N.-M.; Maud, L.; Anne, D.; Patrick, L.; Jean-Paul, B.; Hubert, G.; Eric, A.; Jean-Pierre, A.; Bruno, A.; et al. REPHY dataset—French observation and monitoring program for phytoplankton and hydrology in coastal waters REPHY Dataset—French Observation and Monitoring Program for Phytoplankton and Hydrology in Coastal Waters. 1987-2018 Metropolitan Data. SEANOE 2019. [Google Scholar] [CrossRef]

	



Abadie, E.; Muguet, A.; Berteaux, T.; Chomérat, N.; Hess, P.; Roque D’OrbCastel, E.; Masseret, E.; Laabir, M. Toxin and Growth Responses of the Neurotoxic Dinoflagellate Vulcanodinium Rugosum to Varying Temperature and Salinity. Toxins 2016, 8, 136. [Google Scholar] [CrossRef][Green Version]

	



Dernekbasi, S.; Oksuz, A.; Celik, M.Y.; Karay, I.; Karay, S. The Fatty Acid Composition of Cultured Mussels (Mytilus galloprovincialis Lamarck 1819) in Offshore Longline System in the Black Sea. J. Aquac. Mar. Biol. 2015, 2, 00049. [Google Scholar] [CrossRef][Green Version]

	



Pan, W.; Ji, Y.; Qiu, J.; Wang, G.; Tang, Z.; Li, A. Comparative Study on the Esterification of Gymnodimine in Different Shellfish Exposed to the Dissolved Toxin in Seawater. Harmful Algae 2022, 115, 102233. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, J.; Ji, Y.; Fang, Y.; Zhao, M.; Wang, S.; Ai, Q.; Li, A. Response of Fatty Acids and Lipid Metabolism Enzymes during Accumulation, Depuration and Esterification of Diarrhetic Shellfish Toxins in Mussels (Mytilus galloprovincialis). Ecotoxicol. Environ. Saf. 2020, 206, 111223. [Google Scholar] [CrossRef] [PubMed]

	



Rossignoli, A.E.; Fernández, D.; Regueiro, J.; Mariño, C.; Blanco, J. Esterification of Okadaic Acid in the Mussel Mytilus galloprovincialis. Toxicon 2011, 57, 712–720. [Google Scholar] [CrossRef] [PubMed]

	



Lyu, C.; Chen, T.; Qiang, B.; Liu, N.; Wang, H.; Zhang, L.; Liu, Z. CMNPD: A Comprehensive Marine Natural Products Database towards Facilitating Drug Discovery from the Ocean. Nucleic Acids Res. 2021, 49, D509–D515. [Google Scholar] [CrossRef] [PubMed]

	



European Union Reference Laboratory for Marine Biotoxins (EURL MB). EU-Harmonised Standard Operating Procedure for Determination of Lipophilic Marine Biotoxins in Molluscs by LC-MS/MS—Version 5; European Union Reference Laboratory for Marine Biotoxines: Vigo, Spain, 2015; pp. 1–33. [Google Scholar]








[image: Marinedrugs 21 00429 g001 550] 





Figure 1. Structure of V. rugosum toxins and their metabolites reported in shellfish. 
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Figure 2. Identification of PnTX-G fatty acid esters by LC-MS/MS in the mussel samples collected from Ingril Lagoon, France, throughout 2018. Graph created with R version 4.0.3, and with the ggplot2 package version 3.3.5 [49,50]. 
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Figure 3. LC-MS/MS identification of PnTX-G, and the C14:0 PnTX-G ester from non-hydrolyzed and hydrolyzed extracts of sample 18 BM 122 (b, c, d, e), and confirmation of its identity after comparison with the standard of PnTX-G (a) and the semi-synthesized products of C14:0 PnTX-G ester (f). SRM #1 and #2 correspond, respectively, to the qualifier and the quantitative transitions of PnTX-G and the C14:0 PnTX-G ester. Graph created with R version 4.0.3, and with the Plotly package version 4.10.0 [49,51]. 
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Figure 4. (a) Isotopic pattern obtained through tSIM/dd-MS2 acquisition, for the peak observed at 5.8 ± 0.1 min in the SPE concentrated extract of the sample collected in August (18 BM 161). (b) MS2 spectra obtained through PRM acquisition for this compound (top spectrum), and for pinnatoxin-G (bottom spectrum) in this same sample. 
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Figure 5. MRM acquisition obtained from the extract of the June sample (18 BM 161) with all the product ions reported by Takada et al. [7]. 
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Figure 6. LC-MS/HRMS spectra obtained from the July sample (18 BM 150). (a) High-resolution mass spectrum obtained after fragmentation of the precursor ion at m/z 418.2220 corresponding to an elemental composition C23H31NO6, similar to portimine-B. (b) High-resolution mass spectrum of portimine-A. 
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Table 1. Quantification of PnTX-A, PnTX-G and portimine-A in mussels collected from Ingril Lagoon in 2018.
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Sample

	
Sampling Month

	
Levels (µg/kg)




	
PnTX-A

	
PnTX-G

	
Portimine-A




	
Free

	
Total

	
Free

	
Total

	
Free

	
Total






	
18 BM 012

	
January

	
4.2

	
5.9

	
56.7

	
55.4

	
0.7

	
1.9




	
18 BM 026

	
February

	
4.6

	
6.3

	
68.8

	
68.2

	
0.6

	
1.0




	
18 BM 042

	
March

	
2.0

	
2.8

	
38.4

	
37.6

	
<LOQ *

	
0.7




	
18 BM 065

	
April

	
2.1

	
2.8

	
59.3

	
59.3

	
0.4

	
0.7




	
18 BM 107

	
May

	
1.1

	
2.1

	
48.1

	
52.0

	
2.4

	
3.0




	
18 BM 122

	
June

	
4.0

	
4.5

	
230.0

	
235.5

	
75.6

	
78.7




	
18 BM 150

	
July

	
6.7

	
6.2

	
467.5

	
475.2

	
32.4

	
59.4




	
18 BM 161

	
August

	
6.3

	
10.1

	
367.3

	
390.5

	
8.9

	
10.2




	
18 BM 194

	
September

	
3.1

	
3.9

	
319.4

	
314.4

	
0.9

	
1.7




	
18 BM 257

	
October

	
4.6

	
4.6

	
321.6

	
316.9

	
0.5

	
0.8




	
18 BM 271

	
November

	
1.2

	
2.1

	
27.4

	
25.5

	
<LOQ *

	
0.6




	
18 BM 286

	
December

	
2.3

	
3.1

	
12.7

	
14.3

	
0.5

	
0.6








* < LOQ: comprised between the limit of detection (0.13 µg/kg) and the limit of quantification (0.4 µg/kg).
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Table 2. Fragmentation of the precursor ion at m/z 418.2217 for the July sample (18 BM 150), and elemental composition of the products ions.
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	m/z
	Elemental Composition
	Δ ppm





	79.0548
	No proposal
	/



	91.0547
	No proposal
	/



	93.0704
	No proposal
	/



	95.0495
	C6H7O
	3.8



	108.0811
	C7H10N
	3.0



	110.0604
	C6H8NO
	3.2



	121.0648
	C8H9O
	0.4



	134.0755
	C8H8NO
	−1.2



	148.0755
	C9H10NO
	−1.3



	164.1067
	C10H14NO
	−1.6



	202.1224
	C13H16NO
	0.4



	218.1539
	C14H20NO
	−0.4



	228.1381
	C15H18NO
	−0.9



	246.1486
	C15H20NO2
	−1.0



	336.1949
	C22H26NO2; [M + H − 3H2O − CO]+
	−2.6



	346.1802
	C23H24NO2; [M + H − 4H2O]+
	0.1



	354.2063
	C22H28NO3; [M + H − 2H2O − CO]+
	−0.1



	364.1907
	C23H26NO3; [M + H − 3H2O]+
	−0.1



	372.2169
	C22H30NO4; [M + H − H2O − CO]+
	0.0



	382.2009
	C23H28NO4; [M + H − 2H2O]+
	−0.9



	400.2115
	C23H30NO5; [M + H − H2O]+
	−0.8



	418.2217
	C23H32NO6; [M + H]+
	−1.6
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Table 3. Compound-dependent tandem mass spectrometry parameters for instrumental method B.1.
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	Compound
	Precursor Ion (m/z)
	Product Ion *

(m/z)
	Collision Energy (V)





	PnTX-A
	712.5
	164.2 (Q)
	77



	
	
	458.3 (q)
	61



	PnTX-B/C
	741.4
	164.2 (Q)
	77



	
	
	458.3 (q)
	61



	PnTX-D
	782.4
	164.2 (Q)
	77



	
	
	488.3 (q)
	61



	PnTX-E
	784.4
	164.2 (Q)
	77



	
	
	488.3 (q)
	61



	PnTX-F
	766.4
	164.2 (Q)
	77



	
	
	488.3 (q)
	61



	PnTX-G
	694.5
	164.2 (Q)
	77



	
	
	458.3 (q)
	61



	PnTX-H
	708.5
	164.2 (Q)
	77



	
	
	488.3 (q)
	61



	PtTXs
	831.5
	164.2 (Q)
	77



	
	
	458.3 (q)
	61



	Portimine-A
	402.2
	384.2 (Q)
	22



	
	
	246.2 (q)
	28



	Portimine-B
	418.2
	400.2 (Q)
	22



	
	
	246.2 (q)
	28







* Q: Quantitative transition; q: qualifier transition.
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