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Abstract

:

In recent years, detection of trace amounts of dissolved lipophilic phycotoxins in coastal waters has been possible using solid phase adsorption toxin tracking (SPATT) samplers. To explore the contribution of dissolved diarrhetic shellfish toxins (DST) to the accumulation of toxins by cultivated bivalves, mussels (Mytilus galloprovincialis) were exposed to different concentrations of purified okadaic acid (OA) and dinophysistoxin-1 (DTX1) in filtered (0.45 µm) seawater for 96 h. Accumulation and esterification of DST by mussels under different experimental conditions, including with and without the addition of the food microalga Isochrysis galbana, and with the addition of different size-fractions of suspended particulate matter (SPM) (<75 µm, 75–150 µm, 150–250 µm) were compared. Results showed that mussels accumulated similar amounts of OA and DTX1 from seawater with or without food microalgae present, and slightly lower amounts when SPM particles were added. Mussels preferentially accumulated OA over DTX1 in all treatments. The efficiency of the mussel’s accumulation of OA and DTX1 from seawater spiked with low concentrations of toxins was higher than that in seawater with high toxin levels. A large proportion of OA (86–94%) and DTX1 (65–82%) was esterified to DTX3 by mussels in all treatments. The proportion of I. galbana cells cleared by mussels was markedly inhibited by dissolved OA and DTX1 (OA 9.2 µg L−1, DTX1 13.2 µg L−1) in seawater. Distribution of total OA and DTX1 accumulated in the mussel tissues ranked in all treatments as follows: digestive gland > gills > mantle > residual tissues. However, the percentage of total DST in the digestive gland of mussels in filtered seawater (67%) was higher than with the addition of SPM particles (75–150 µm) (51%), whereas the gills showed the opposite trend in filtered seawater with (27%) and without (14.4%) SPM particles. Results presented here will improve our understanding of the mechanisms of DST accumulation by bivalves in marine aquaculture environments.
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Key Contribution: Our results confirmed that mussels could directly accumulate dissolved diarrhetic shellfish toxins (OA; DTX1) from seawater and rapidly transform them to esterified forms. Addition of suspended particulate matter did not increase but slightly hindered the mussels’ toxin accumulation efficiency.










1. Introduction


Okadaic acid (OA), dinophysistoxin-1 (DTX1) and -2 (DTX2) (Figure 1) are produced by some benthic dinoflagellates of the genus Prorocentrum, such as P. lima [1], P. concavum [2], P. hoffmannianum [3], P. rhathymum [4] and P. foraminosum [5], and by planktonic dinoflagellates of the genus Dinophysis, including D. acuminata, D. acuta, D. caudata, D. fortii, D. miles, D. norvegica, D. ovum, D. sacculus and D. tripos [6]. These phycotoxins are called diarrhetic shellfish toxins (DST) because when transferred to consumers through common seafood vectors, including mussels, clams, scallops and oysters [7,8], they cause severe diarrhea due to strong inhibition of serine/threonine protein phosphatase activity leading to severe mucosal damage of the intestinal tract [9]. Diarrhetic shellfish poisoning (DSP) events are a world-wide phenomenon [10,11,12,13,14,15]. The first confirmed cases of DSP in China occurred in 2011 when more than 200 residents became ill after consuming mussels (Mytilus galloprovincialis) harvested from coastal waters of the East China Sea [11]. DSP has been recognized as one of the five most common illnesses caused by harmful algal bloom toxins, which also include ciguatera fish poisoning, paralytic shellfish poisoning, neurotoxic shellfish poisoning and amnesic shellfish poisoning [16].



The free forms of DST (OA, DTX1 and DTX2) produced by microalgae can be esterified in many bivalve species with different fatty acids through the –OH group at the C-7 site [11,17,18]. These 7-O-acyl-OA/DTX1 esters, known as dinophysistoxin-3 (DTX3) (Figure 1), with various molecular weight and fatty acid chain-lengths ranging from 12 to 22 carbons, were stored mainly in the digestive gland of scallops in a previous study [19]. Diverse DTX3 components also play important roles in the intoxication of human consumers [20,21] because they can be hydrolyzed by lipases and other enzymes to release toxins into the gastrointestinal tract [22,23,24]. Some other diol-esters are biosynthesized by esterification of the C-1 acid group with 4-10-carbon side chains in the dinoflagellates P. lima and D. acuta [25]. Alkaline hydrolysis is usually used to release free toxin forms from DTX3 in order to accurately quantify the potential DST levels in seafood products. Currently, a regulatory limit of 160 µg OA eq. kg−1 for OA and its analogues in shellfish meat is implemented by the European Union, but a more rigid control, 45 µg OA eq. kg−1, is recommended by the European Food Safety Authority [26].



A great deal of effort has been devoted to forecasting toxic blooms caused by DST-producing microalgae and protecting human health. Many countries with a well-developed shellfish industry have implemented regular monitoring programs, including monitoring density of microalgae in seawater and toxin contamination of shellfish tissues, as well as detection of toxins in seawater using solid phase adsorption toxin tracking (SPATT) or solid phase extraction (SPE) methods. The SPATT technology was first adopted by MacKenzie et al. [27] to monitor dissolved lipophilic toxins in seawater and is considered an effective complementary tool for monitoring and studying algal toxin dynamics in the field and in laboratory experiments [28,29,30]. In addition, SPATT resins have shown many advantages in the sample preparation process [31]. Nevertheless, some SPATT-based monitoring results have not supported its value as an early warning tool for shellfish contamination with DST [32,33]. In recent years, solid phase extraction (SPE) cartridges have been used to sample dissolved lipophilic toxins in seawater. The adsorbed toxins were analyzed with highly sensitive detection technologies such as liquid chromatography-tandem mass spectrometry (LC-MS/MS), and trace amounts of DST were detected in most samples from coastal waters of Qingdao, China, since October 2012 [34,35]. This dissolved DST fraction may contribute to the accumulation of these toxins by the bivalves exposed to them.



In the present study, accumulation of dissolved DST by mussels was simulated in the laboratory and the effect of suspended particulate matter (SPM) on toxin accumulation was explored. In addition, biotransformation processes and the distribution of DST in various mussel tissues were also examined.




2. Results


2.1. Accumulation of Dissolved OA and DTX1 from Seawater by Mussels


Accumulation of dissolved OA and DTX1 by mussels was observed in all treatments. Concentrations of free and ester forms of the toxins are shown in Figure 2. Trace amounts of OA (~7–8 µg kg−1) and DTX1 (~6 µg kg−1) were detected in the whole soft tissue of mussels exposed to low toxin levels, and about three times more in mussels exposed to the high levels. Different accumulation efficiencies of OA and DTX1 occurred in mussels exposed to various toxin concentrations (Table 1). Similar proportions of esterified toxins were estimated for OA or DTX1 accumulated by mussels exposed to different toxin concentrations, although some slight discrepancies were noted (Table 2).




2.2. Effect of OA and DTX1 on the Feeding Ability of Mussels


Although mussels were able to accumulate dissolved OA and DTX1, the toxins negatively affected their ability to feed on the microalga, Isochrysis galbana. The proportions of microalgae cleared by mussels subject to different treatments are shown in Figure 3.




2.3. Tissue Distribution of Toxins Accumulated by Mussels


Tissue distribution of OA and DTX1 accumulated by mussels with or without the addition of SPM particles were compared. Concentrations of OA and DTX1 in mantle, gills, digestive gland and residual tissues are shown in Figure 4. Relative percentages of total toxin amount distributed in the different tissues are indicated in Figure 5.





3. Discussion


Mean residual levels of OA ranged from 2.71 to 14.06 ng L−1 in seawater samples collected from Jiaozhou Bay, China, in July, August, and September 2014, but no DTX1 was detected [35]. Residual OA concentrations ranged between 1.41 and 89.52 ng L−1 in Qingdao coastal waters from October 2012 to September 2013 [34]. Trace amounts of OA were detected in coastal areas every month, except for elevated levels observed in August (the highest concentration = 89.52 ng L−1) [34], indicating that OA degradation in seawater can occur slowly. Importantly, no blooms of Dinophysis or Prorocentrum were reported in Qingdao coastal waters during the entire year when seawater samples were collected and analyzed [34]. We hypothesize that the dissolved OA concentrations during blooms of DST-producing microalgae are higher than the residual levels reported previously [34,35]. In order to assess the contribution of dissolved DST to their accumulation by cultured bivalves, OA and DTX1 (molar ratio OA/DTX1 ≈ 0.71) from P. lima cultures were spiked into filtered (0.45 µm membrane) seawater for exposure experiments in this study. No DTX2 or DTX3 were detected in the strain of P. lima used here. The DST concentration used in our experiments was higher than the residual levels found in natural seawater to ensure detection of toxins accumulated by mussels after 4 days of exposure. Low levels of OA and DTX1 were set at 0.92 and 1.32 µg L−1, respectively, and the high levels 10-fold more. The detection of OA and DTX1 confirmed that mussels (M. galloprovincialis) can accumulate dissolved OA and DTX1 from seawater under all treatment conditions. A previous study showed that blue mussels (M. edulis) accumulated dissolved azaspiracids (AZA) to reach concentrations above the regulatory limit [36].



To our knowledge, this is the first report confirming that bivalves are able to accumulate dissolved DST from seawater. The addition of microalgae (I. galbana) did not improve the accumulation of dissolved DST by mussels, and SPM particles, especially the 150–250 µm size fraction, somewhat inhibited the OA and DTX1 accumulation efficiency (Table 1). According to a previous study, the clearance and ingestion rates of scallops (Chlamys farreri) and clams (Ruditapes philippinarum) increased when the SPM particle concentration increased from 20 mg L−1 to 50 mg L−1, and in mussels (M. galloprovincialis) when the concentration increased from 20 mg L−1 to 100 mg L−1 [37]. The concentration of SPM particles used here (30 mg L−1) did not inhibit the clearance or ingestion rates by mussels. The lack of obvious positive effects associated with feeding on I. galbana demonstrated that the energy provided by non-toxic prey did not lead to improved DST accumulation nor did the microalgal cells enhance toxin accumulation via adsorptive mechanisms. In a previous study, the total amount of AZA accumulated by mussels was also virtually identical in dissolved AZA treatments with or without the addition of the non-toxic I. affinis galbana [36]. The accumulation efficiency ratios of OA to DTX1 by mussels ranged from 5.43 to 6.55 and from 3.67 to 5.56 in seawater spiked with low and high toxin levels, respectively (Table 1), which demonstrated that although only one methyl group distinguishes OA from DTX1, dissolved OA was accumulated preferentially by mussels (Figure 1). This discrepancy was also noted in our previous field experiments carried out in the coastal waters of Qingdao, China [33], in which the amount of OA adsorbed by SPATT bags was much higher than that of DTX1, although similar concentrations of OA and DTX1 were obtained by SPE cartridges. The OA content measured in scallops was also higher than for DTX1 [33]. To our knowledge, the difference in OA versus DTX1 accumulation by bivalves was not identified in previous studies due to a focus on DST accumulation by shellfish through feeding on toxic microalgae [19,38]. In the present study, the accumulation efficiencies of OA and DTX1 in mussels decreased sharply in the high toxin level treatment (Table 1). A possible explanation is that OA and DTX1 inhibited the filtration ability of mussels. That was the case in feeding experiments with an AZA-producing microalga (Azadinium spinosum), which had a negative effect on mussel filtration compared to non-toxic microalgal prey (I. aff. galbana) [39]. The proportion of I. galbana cells cleared by mussels in the current study decreased significantly over the 24 h feeding period in seawater containing dissolved DST (Figure 3). Moreover, it was confirmed that dissolved OA and DTX1 inhibited the mussel filtration ability. It can be expected that cultured bivalves exposed to blooms of DST-producing microalgae will be affected in a similar way. Although bivalves can survive DST contamination, their physiological condition and nutritional status will likely be adversely affected.



Fatty acid esters of OA and DTX1, collectively known as DTX3 and frequently found in bivalve field samples [11,13,17,18,21,40] were the predominant toxins accumulated by mussels in all treatments (Figure 2). Blue mussels (M. edulis) feeding on the toxic dinoflagellate Dinophysis acuta [38] and scallops (P. yessoensis) feeding on D. fortii [19] were also found to metabolize large proportions of OA, DTX1 and DTX1b to DTX3 under laboratory conditions. Esterification of OA and DTX1 was also observed in the present study in mussels after direct accumulation of these toxins dissolved in seawater. The DTX3 levels accumulated in mussels in the presence of SPM particles were lower than those observed for any of the other treatments (Figure 2). This discrepancy may reflect a possible negative effect of ingested SPM particles on the esterification process. SPM particles are usually retained by the gills and eliminated by the labial palps, which could affect the respiratory efficiency of filter-feeding mussels. Higher proportions of esterified OA as compared to those of DTX1 were also found in mussels (Table 2), which may explain the preferential accumulation of OA versus DTX1 during the exposure period. However, a similar pattern of DST tissue distribution occurred in mussels with or without SPM particles (75–150 µm) added (Figure 4). Total OA and DTX1 content in these mussels ranked as follows: digestive gland > gills > mantle > residual tissues. The proportion (%) of DST in the digestive gland was higher in the control group (67%) than in the seawater plus SPM treatment (51%), but the gills exhibited the opposite trend (Figure 5). This difference suggests that SPM particles do not facilitate enhanced accumulation of dissolved OA and DTX1 due to possible adsorption and transporter actions, but instead contribute to toxin retention in the gills. In a previous study of AZA uptake by mussels, the percentage of AZA accumulated in the digestive gland was highest in mussels fed with live A. spinosum cells, followed (in decreasing order) by those provided with lysed cells, dissolved AZA plus non-toxic cells, and dissolved toxins; however, a large proportion of toxins (42% or 46%) were stored in the gills when mussels accumulated dissolved AZA from seawater [36]. A dissolved AZA accumulation route through the gills during respiratory and filtration activities was hypothesized in the same study [36]. In the present study, it was expected that toxins adsorbed by SPM particles retained in the gills during the filtration process would contribute to the total amount of toxins retained in this tissue compartment. Yet, no enhancement in dissolved DST accumulation by mussels in the SPM treatments (regardless of size fraction) was observed.



DST-producing dinoflagellates, such as Prorocentrum spp. and Dinophysis spp., release cellular DST into the culture medium as part of their metabolism [41,42], and large amounts of DST have also been detected in the water column during Dinophysis blooms [27]. A range of trace amounts of OA have been measured in coastal waters of the Yellow Sea of China, although no blooms of Dinophysis or Prorocentrum were observed in the area during the study period [33,34,35]. Based on the new findings reported here, the persistence of trace OA concentrations in seawater will contribute to DST accumulation by bivalves. OA and DTX1 toxins accumulated by mussels and scallops feeding on toxic microalgae, except for the DTX3 stored in intracellular bodies, may be excreted into the surrounding seawater with minimal metabolic transformation [19,38]. The free forms of dissolved OA and DTX1 possibly circulated through mussels and seawater in this study. We hypothesize that DTX1 was degraded to other derivatives in the 96-h exposure period. Field investigations on lipophilic shellfish toxins in our previous study also hinted that OA in seawater was more stable than DTX1 [33]. This is consistent with the fact that OA was detected in marine sediments ranging from 0.78 to 3.34 ng g−1 dry weight [35]. In addition to the heterogeneous vertical distribution of Dinophysis cells in the water column, the accumulation of dissolved DST by mussels documented herein represents another important argument against the early warning of lipophilic shellfish toxin events based solely on dinoflagellate cell numbers [43]. Moreover, the risk of DSP outbreaks would increase if blooms of toxic Prorocentrum spp. occurred in marine benthic environments. We suggest that dissolved toxins should be monitored routinely and their dynamics investigated further to improve forecasting bivalve contamination with DST.




4. Conclusions


Accumulation of dissolved OA and DTX1 by mussels (M. galloprovincialis) was confirmed in laboratory experiments in filtered seawater with and without microalgal prey (I. galbana) and in the presence of different size-fractions of SPM. No positive effect of the food microalgae on DST accumulation efficiency was observed, but a slight negative effect of the SPM particles was noted. Higher accumulation efficiencies of OA as compared to DTX1 were recorded in all treatments, and the same was observed for both toxins in seawater spiked with low concentrations of the two toxins. Most of the accumulated OA and DTX1 was esterified to DTX3 in mussels in all treatments. The proportion of microalgal cells (I. galbana) cleared by mussels was inhibited by dissolved OA and DTX1 or by other compounds still present in the purified extract of P. lima. Total amount of OA and DTX1 accumulated in mussel tissues ranked as follows: digestive gland > gills > mantle > residual tissues, in all treatments. However, the proportion of total DST in the digestive gland in filtered seawater exceeded that in the presence of SPM particles (75–150 µm), but the opposite trend occurred in gills for the same conditions. The findings reported here will help us to improve the understanding of DST accumulation mechanisms by bivalves in the field.




5. Materials and Methods


5.1. Chemicals


Acetonitrile, methanol, monopotassium phosphate (KH2PO4) and disodium hydrogen phosphate (Na2HPO4) were obtained from Merck Ltd. (White-house Station, NJ, USA); formic acid, ammonium formate, sodium hydroxide, ammonium hydroxide, and hydrochloric acid (HCl) from Fisher Scientific (Fair Lawn, NJ, USA) and OA and DTX1 reference materials from the National Research Council of Canada (Halifax, NS, Canada), and Wako Pure Chemical Industries, Ltd. (Osaka, Japan), respectively. Milli-Q water (18.2 MΩ cm or better) was supplied by a Milli-Q water purification system (Millipore Ltd., Bedford, MA, USA).




5.2. Microalgae


Prorocentrum lima strain IP797 (Bigelow laboratory, National Center for Marine Algae and Microbiota, USA) was grown with filtered (0.45-µm mixed fiber membrane) and autoclaved (121 °C for 20 min) seawater (pH 8.0 ± 0.1, salinity 30 ± 1) enriched with f/2-Si medium [44] in conical 5000 mL flasks. Larger volumes of P. lima were grown in a photo-bioreactor (120 L) at 16 °C under the same light intensity of 111 µmol m−2 s−1 with a 12-h light: 12-h dark cycle. All the cultures were gently shaken or stirred twice per day at morning and night, respectively.



An axenic culture of Isochrysis galbana strain 3011 (Ocean University of China collection) was used as a non-toxic prey for mussels. Culture conditions were the same as those described above for P. lima cultures except for the temperature, which was set at 20 °C.




5.3. Toxin Extraction and Purification


Cells of P. lima were collected with a silk mesh (25 µm), transferred into 50 mL centrifuge tubes, centrifuged at 8000× g for 5 min, the supernatant was discarded and the pellet was stored at −20 °C. One g (wet weight) of cells was weighed and transferred into a 10 mL centrifuge tube, 3 mL of methanol was added and the tube was sealed before being submerged in liquid nitrogen for 15 min. Then, the cells were sonicated for 30 min at 10 °C, followed by a three-fold freeze-thaw cycle, centrifugation at 8000× g for 10 min and then the supernatant was transferred to a glass vial. Three mL of methanol were added into the tube and the sample was centrifuged again. This extraction process was repeated twice before the supernatants were mixed in a glass vial. The extract was filtered through a 0.22 µm membrane filter (Jinteng, Tianjin, China) and stored at −20 °C.



Salts and pigments from the toxin extracts were removed by SPE purification procedure [33]. Fifteen mL of methanol were used to activate the HLB cartridge (Oasis, 3 mL, 200 mg) and then 15 mL of 20% methanol solution was added to equilibrate the cartridge. Further 15 mL of 20% methanol solution were used to wash the cartridge after the toxin extract (3–5 mL) was loaded and 15 mL more was used to elute toxins from the SPE cartridge. The rates of the activation and equilibration steps were about 1 mL min−1, and of the sample loading, washing and elution about 0.5 mL min−1. The eluate was concentrated under N2 at 30 °C and filtered through a 0.22 µm organic membrane filter (Jinteng, Tianjin, China). It was stored at −20 °C until analysis. OA and DTX1 predominated the toxin profile of the purified extract [45,46] and their concentrations were quantified using a LC-MS/MS method [47]. The toxin extract was dried under N2 at 30 °C and the residual was re-dissolved in filtered seawater (0.45 µm) before adding to the feeding experiment.




5.4. Preparation of Suspended Particulate Matter


Surface sediments (<2 cm) were collected from Jiaozhou Bay (120.2573° E; 36.1796° N) and dried at room temperature (total organic carbon ~1.88%) before grinding in a mortar and sieving them through 200, 100 and 60 mesh sieves. Finally, three different size-fractions of SPM were obtained: <75 µm, 75–150 µm, and 150–250 µm, respectively [37].




5.5. Design of Mussel Feeding Experiments


5.5.1. Effect of Suspended Particulate Matter on the Accumulation of Toxins by Mussels


Healthy looking adult mussels (Mytilus galloprovincialis) were obtained from Qingdao seafood market. Natural seawater was used to carefully wash and clean the shells’ surface, and the connective byssus between individuals was gently cut with scissors. Then, individual mussels were acclimated for 1 week before the experiment in filtered seawater (0.45 µm membrane, salinity 29–30, pH 8.1–8.3, temperature 15–18 °C) with continuous aeration (DO > 5 mg L−1). The seawater was renewed twice per day, at morning and night respectively, with no addition of microalgal prey. Five individuals were harvested randomly to analyze their background levels of OA and DTX1 before the experiment.



The design diagram of exposure experiments is shown in Figure 6. A total of 22 glass beakers (5 L) were filled with filtered seawater (0.45 µm) and three mussels were added per beaker. Cells of I. galbana were collected at the exponential growth phase, and three different SPM (<75 µm, 75–150 µm, 150–250 µm) size-fractions were added to each of the four beakers, with an initial microalgal density of about 1 × 106 cells L−1 and a SPM concentration of 30 mg L−1. Then the mixture of OA and DTX1 was added to these 16 beakers in two different concentrations of toxins (low: OA 0.92 µg L−1, DTX1 1.32 µg L−1; high: OA 9.2 µg L−1, DTX1 13.2 µg L−1) to compare the effects in duplicate treatments. Both concentration levels of toxins were also added to four controls without microalgae and SPM, in duplicate treatments. Only filtered seawater and mussels were in the other two beakers as blank control treatments. All mussels were cultured for 4 days under the same conditions before terminating the feeding experiment. The ratio of the total OA or DTX1 accumulated by mussels to the total amount of toxins added into the beaker was calculated as the accumulation efficiency of the toxins shown in Table 1. The accumulation efficiency was calculated as the ratio between the amount of toxins in the mussels and that supplied in the water.




5.5.2. Effect of Toxins on Mussels Feeding Behaviors


A total of nine glass beakers (5 L) were filled with filtered seawater (0.45 µm) and cells of I. galbana, collected at the exponential growth phase. The initial density of microalgae was 1.83 × 106 cells L−1 to start the experiment. Three healthy mussels were placed in each beaker. Then two different concentrations of toxins (low: OA 0.92 µg L−1, DTX1 1.32 µg L−1; high: OA 9.2 µg L−1, DTX1 13.2 µg L−1) were added to the beakers in triplicate, respectively, and no toxins were added in the other three beakers. Microalgal density in all beakers was counted throughout the entire feeding period. The proportion of I. galbana cells cleared by mussels was calculated as the ratio between the number of algal cells eaten and the initial amount of microalgae added to the beakers.




5.5.3. Esterification and Distribution of OA and DTX1 in Mussels


Three healthy mussels were placed in each glass beaker (5-L) filled with filtered seawater (0.45 µm). The same density of microalgae (I. galbana; ~1 × 106 cells L−1) was added to six glass beakers. OA and DTX1 toxins (OA 9.2 µg L−1, DTX1 13.2 µg L−1) were added into three of these beakers and no toxins were added to the other three. SPM (size-fraction 75–150 µm, 30 mg L−1) was added to three glass beakers and the same concentration of toxins was also spiked. The mussels were taken out and different parts including gills, mantle, digestive gland and residual tissues were dissected after four days of feeding. Free and esterified forms of OA and DTX1 in the different mussel tissues were analyzed.





5.6. Extraction of Toxins in Mussels


Free toxin forms were extracted from mussel tissues according to Li et al. [11]. In brief, 1 g of homogenized tissue and 3 mL of methanol added to a 10-mL centrifuge tube were mixed with a vortex, the mixture centrifuged at 8000× g for 10 min and the supernatant was transferred to a 10-mL volumetric flask. Three mL of methanol was added and extracted twice, and all supernatants combined in the volumetric tube. Finally, the extract was made up to scale using methanol and the extraction ratio was 1 g: 10 mL. One mL of extract was filtered (0.22 µm membrane filter) and stored in sample vials at −20 °C until analysis.



The esterified forms of OA and DTX1 toxins were analyzed following [48]. One mL of the filtered (0.22 µm) extract of free toxin forms was transferred to a 4-mL glass vial, and 125 µL of 2.5 M NaOH solution was added and mixed. Then the sealed mixture was hydrolyzed at 76 °C for 40 min, neutralized with 125 µL of 2.5 M HCl and kept at room temperature. One mL of chloroform was used for a liquid-liquid extraction for the hydrolyzed extract, and this process was repeated. Finally, the chloroform phase was dried under N2 at 40 °C. The residual material was suspended in 1 mL of methanol, which was filtered (0.22 µm membrane filter) and stored in a sample vial at −20 °C.




5.7. LC-MS/MS Analysis of OA and DTX1 Toxins


An Agilent 6430 tandem quadrupole mass spectrometer coupled with an Agilent 1290 HPLC (Palo Alto, CA, USA) was used with an ESI interface. An X-Bridge™ C18 column (150 × 3 mm i.d, 5 mm, Waters, Milford, MA, USA) at 35 °C was used to separate OA and DTX1 toxins. The alkaline elution phase (pH = 11) was composed by mobile phases A (water) and B (90% acetonitrile) both containing 6.7 mM NH4OH [49]. A gradient was run at 300 µL min−1 starting with 10% ‘B’ for 1 min, and increasing linearly to 90% ‘B’ over 9 min. The mobile phase was held at 90% ‘B’ for 3 min, returned to 10% ‘B’ over 2 min, and held for 3 min before re-equilibration for the next run. An injection volume of 5 µL was adopted here.



The atomization device press was set at 40 psi, and the capillary voltage was 4000 V. The temperature of ESI source and dry N2 gas (flow rate 10 L min−1) was set at 110 °C and 350 °C, respectively. OA and DTX1 toxins were qualified and quantified by the selective reaction monitoring mode of the negative mode, and the transition ions m/z 803.5 -> 255.2, 151.1 (OA), and m/z 817.5 -> 255.2, 151.1 (DTX1), respectively. OA and DTX1 were quantified by comparing their peak areas with those of solutions with a known concentration.
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Figure 1. Chemical structure of okadaic acid (OA) and its derivatives. DST: diarrhetic shellfish toxins. 
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Figure 2. Concentrations of OA (A,B) and DTX1 (C,D) accumulated by mussels from seawater for treatments spiked with low (A,C) and high (B,D) toxin concentrations. Control: No microalgae or suspended particulate matter (SPM) added; either I. galbana or one of three different particle size-fractions of SPM (<75 µm, 75–150 µm, and 150–250 µm) were added for the treatments; red symbols indicate mean values of duplicate treatments. 
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Figure 3. Percentage of microalgae cleared by mussels subject to different concentrations of dissolved toxins. Control: no toxins added; low toxin concentrations: 0.92 µg L−1 OA and 1.32 µg L−1 DTX1; high toxin concentrations: 9.2 µg L−1 OA and 13.2 µg L−1 DTX1. 
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Figure 4. Distribution of OA and DTX1 toxins in different tissues of mussels exposed to high concentration of dissolved toxins (OA-9.2 µg L−1 (A) and DTX1-13.2 µg L−1 (B)) in the presence and absence of SPM particles (75–150 µm). 
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Figure 5. Percentage of toxins accumulated in different mussel tissues in the absence or presence of suspended particulate matter particles. 
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Figure 6. Design diagram of the exposure experiments (SPM = suspended particulate matter). 
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Table 1. Percentage (%) of esterified OA and DTX1 in mussels subject to different treatments.
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Treatments

	
OA (µg L−1)

	
DTX1 (µg L−1)

	
OA:DTX1




	
0.92

	
9.2

	
1.32

	
13.2

	
Low Toxin Level

	
High Toxin Level






	
Control

	
53

	
15

	
9.1

	
2.7

	
5.82

	
5.56




	
Isochrysis galbana

	
50

	
15

	
9.2

	
2.9

	
5.43

	
5.17




	
SPM < 75 μm

	
36

	
8.8

	
6.1

	
2.4

	
5.90

	
3.67




	
SPM 75–150 μm

	
38

	
9.1

	
5.8

	
2.4

	
6.55

	
3.79




	
SPM 150–250 μm

	
29

	
7.4

	
4.6

	
2.0

	
6.30

	
3.70








Control: filtered seawater with no microalgae or suspended particulate matter (SPM) added.
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Table 2. Proportions (%) of OA and DTX1 esterified by mussels under different treatments.
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Treatments

	
OA (µg L−1)

	
DTX1 (µg L−1)




	
0.92

	
9.2

	
1.32

	
13.2






	
Control

	
93

	
93

	
80

	
81




	
Isochrysis galbana

	
93

	
94

	
81

	
82




	
SPM < 75 μm

	
91

	
88

	
72

	
78




	
SPM 75–150 μm

	
90

	
86

	
72

	
75




	
SPM 150–250 μm

	
90

	
89

	
65

	
80








Control: filtered seawater with no microalgae or suspended particulate matter (SPM) added.
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