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Abstract

:

Okadaic acid (OA) and dinophysistoxins (DTXs) are the main toxins responsible for diarrhetic shellfish poisoning (DSP) intoxications during harmful algal blooms (HABs). Although the genotoxic and cytotoxic responses to OA have been evaluated in vitro, the in vivo effects of these toxins have not yet been fully explored. The present work fills this gap by evaluating the in vivo effects of the exposure to the DSP-toxin-producing dinoflagellate Prorocentrum lima during the simulation of an early HAB episode in the mussel Mytilus galloprovincialis. The obtained results revealed that in vivo exposure to this toxic microalgae induced early genotoxicity in hemocytes, as a consequence of oxidative DNA damage. In addition, the DNA damage observed in gill cells seems to be mainly influenced by exposure time and P. lima concentration, similarly to the case of the oxidative damage found in hemocytes exposed in vitro to OA. In both cell types, the absence of DNA damage at low toxin concentrations is consistent with the notion suggesting that this level of toxicity does not disturb the antioxidant balance. Lastly, in vivo exposure to growing P. lima cell densities increased apoptosis but not necrosis, probably due to the presence of a high number of protein apoptosis inhibitors in molluscs. Overall, this work sheds light into the in vivo genotoxic and cytotoxic effects of P. lima. In doing so, it also demonstrates for the first time the potential of the modified (OGG1) comet assay for assessing oxidative DNA damage caused by marine toxins in marine invertebrates.
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1. Introduction


Harmful Algal Blooms (HABs) constitute a major environmental threat for marine organisms and human consumers of shellfish. During the last few years, HABs have been displaying increased frequencies and intensities [1,2]. Okadaic acid (OA) and its derivatives, the dinophysistoxins (DTXs), constitute the main lipophilic toxins produced during HABs in the Atlantic coast of Europe [3]. During these episodes, large amounts of these toxins are produced by dinoflagellates from the genera Dinophysis and Prorocentrum. Their subsequent accumulation by marine organisms is responsible for the Diarrhetic Shellfish Poisoning (DSP) syndrome [4], a disorder causing vomiting, diarrhea, and abdominal pains, among other symptoms, in human consumers of contaminated shellfish [5]. In order to prevent intoxications, the European Union has limited the harvesting and sale of shellfish with OA levels above 160 µg of OA equivalent/kg dry weight (EC 853/2004). Overall, HABs impact aquaculture [6] and the economy of coastal areas, especially those that are heavily dependent on this industry [3,7].



The harmful effects of DSP toxins on human health have motivated studies addressing the mechanisms of action of these molecules, notably in the case of OA and its inhibitory activity on serine/threonine protein phosphatases [8]. Additionally, it has been reported that OA derivatives (i.e., acyl derivatives) may lead to toxicity without actually binding protein phosphatases, although little is known about their effects and synergistic interactions [9]. OA causes alterations on the DNA molecule, on cellular components, on the immune and nervous systems, as well as on the embryonic development of mammalian cells [10]. Studies conducted in invertebrates, more specifically in bivalve molluscs, have suggested that these organisms are able to accumulate high concentrations of DSP toxins thanks to dedicated resistance and detoxification mechanisms. Indeed, while low levels of OA appear to produce an early cytogenotoxic response, the cytogenetic integrity of some cell types recovers rapidly after exposure to high and persistent concentrations of this toxin [11,12,13].



The number of studies addressing the biological responses of marine invertebrates to DSP toxins has increased dramatically over the last 10 years, however, most of them rely on in vitro approaches for toxicity assessment (i.e., exposure of organisms to purified individual toxins [11,13]), as these often increase the speed, precision, and reproducibility of analyses while reducing costs [14,15]. On the contrary, the number of in vivo studies using complex toxin mixtures are still scarce, including studies considering Prorocentrum lima, the dinoflagellate most commonly used as a source of DSP toxins [11,16]. These are particularly interesting because they allow the potential to determine the indirect effects of toxins, improving the assessment of the different types of organismal responses including absorption, distribution, metabolism, and depuration [17]. Although certain studies have observed a correlation between both assays [18], the extrapolation of in vitro data to in vivo situations is often problematic [19]. Thus, the most realistic way to evaluate the synergistic effects of all toxins involved in HABs episodes would optimally involve the combination of both approaches.



The present work builds on this knowledge to investigate the genotoxic and cytotoxic responses of the mussel Mytilus galloprovincialis to low densities of the toxic dinoflagellate P. lima, a producer of DSP toxins. To this end, DNA damage was evaluated on hemolymph and gill cells using alkaline comet assay. Hemocytes (based on their low basal damage and easy individualization) were also used to assess the oxidative DNA damage and cytotoxic effects of these toxins using the modified (OGG1) comet assay and flow cytometry, respectively. The obtained results revealed, for the first time, the dynamics of the genotoxic and cytotoxic damage resulting from the in vivo exposure to low densities of P. lima in marine invertebrates. In doing so, this work pioneers the use of the modified (OGG1) comet assay as a valid experimental approach improving the evaluation of the oxidative DNA damage caused by marine toxins in the hemolymph of marine invertebrates.




2. Results


2.1. Toxin Accumulation and DNA Damage Resulting from In Vivo Exposure to P. lima


Mussels were experimentally exposed to two cellular densities of the dinoflagellate P. lima (1,000 cells/L and 100,000 cells/L, for 24 h and 48 h, Figure 1). The subsequent accumulation of OA (the main DSP toxin) was used as an indicator of P. lima intake and the accumulation of DSP toxins by mussels, with results ranging between 21.67 ng/g and 112.12 ng/g dry weight (Table 1). Since these levels are well below the limit allowed by the European Commission Regulation for harvesting and sale (160 µg of OA equivalent/kg dry weight), mussel specimens were considered as being exposed to an early HAB stage and were used to evaluate the resulting genotoxic and cytotoxic effects. DNA damage was quantified in hemolymph and gill cells using the alkaline comet assay (Figure 1), with results showing a lack of significant genotoxic effects in both cell types at extremely low dinoflagellate concentrations (1,000 cells/L, after 24 h and 48 h exposure, Figure 2 and Figure 3). On the contrary, genotoxicity appeared to be dependent on the cell density of P. lima cultures, given the significant amount of DNA damage detected in hemolymph after a 24 h exposure to 100,000 cells/L (p < 0.05). These results are supported by the increase in the accumulation of OA by mussels exposed to higher P. lima concentrations (Table 1). On the contrary, no significant DNA damage was detected in gill cells after a 48 h exposure to 100,000 cells/L of P. lima (p < 0.05).




2.2. In Vivo vs. In Vitro Oxidative DNA Damage


Although the comet assay constitutes a useful method to assess the genotoxicity of the toxins produced by P. lima, the standard alkaline method provides limited information about the nature of the DNA damage. Therefore, this assay was modified with the enzyme OGG1 (a DNA-glycosysale responsible for the excision of 8-oxoGua) in order to study oxidative DNA damage, thereby allowing to specifically detect oxidized bases in the DNA [20]. For that purpose, the amount of DNA damage observed in the buffer treatment represents the overall damage resulting from single-stranded breaks (SSB), double-stranded breaks (DSB), and alkali-labile sites (ALS). On the other hand, the DNA damage observed in the presence of the OGG1 enzyme, corresponds to the combination of SSB, DSB, and ALS plus oxidative DNA damage. In the present work the modified comet assay was used to evaluate oxidative damage in hemolymph cells exposed in vivo to P. lima cultures. In addition, given the lack of in vitro data in this regard, the oxidative damage was also evaluated in cells directly exposed to purified OA. The obtained results showed that oxidative DNA damage remained constant in hemolymph cells exposed in vitro to low OA concentrations (10 to 100 nM) independently of exposure time, experiencing a significant increase at 200 nM and 500 nM (Figure 4, p < 0.05). The in vivo exposure to P. lima cultures revealed similar results, namely a significant increase in the percentage of oxidative DNA damage after exposure to high cell densities for 24 h (100,000 cells/L, Figure 5). However, the amount of oxidative damage seems to be dependent on exposure time in this case, as no significant effects were observed after 48 h exposure. Lastly, it must be noted that the results obtained without OGG1 are quite similar to those for the alkaline comet assay, supporting the complementarity of both approaches.




2.3. In Vivo Cytotoxic Damage After Exposure to P. lima


The study of the genotoxic effects resulting from the in vivo exposure of mussel cells to the DSP-toxin producer P. lima was complemented with the characterization of cytotoxic damage using the Annexin assay (detection of phosphatidylserine in the outer leaflet of the plasma membrane [11,21]). This approach provides information about the apoptosis/necrosis rates, which can be subsequently compared with the DNA damage levels obtained in comet assays. Cell viability was evaluated on mussel hemocytes, revealing an absence of significant levels of cytotoxicity after 24 h exposure to low and high P. lima cell densities (Figure 6a). On the contrary, a significant increase in cytotoxicity was found after 48 h exposure (Figure 6b), underscoring the dependence of this type of damage mainly on the amount of exposure time. The differences between 24 h and 48 h negative apoptosis controls are probably the result of small variations during the preparation of samples for flow cytometry, which might include variation in the extraction of the cells, slight fluctuations in incubation temperatures, etc. In any case, these variations do not modify the major conclusions of the present analysis [22].





3. Discussion


In the present work, mussels were exposed in vivo to different cell densities of the DSP-producing dinoflagellate P. lima. With that in mind, OA concentration in tissue was used as an indicator of P. lima intake and accumulation of DSP toxins by experimental mussels. OA accumulation was subsequently compared with that present in mussels during natural HAB episodes, corroborating that the conditions used in this work mirror early stages of a HAB episode [23]. Although seafood is still fit for human consumption at this point, low toxin concentrations might encompass sublethal effects. The present work reveals that OA accumulation increases with time and, specially, with high cellular densities of P. lima (Table 1). Yet, the reduction found after a 48 h exposure to low P. lima concentrations (1,000 cells/L) might be mirroring an increase in the rate of depuration in mussels. On the contrary, exposure to higher P. lima concentrations would saturate depuration, accounting for the higher accumulation of OA observed at 100,000 cells/L. This is the first time that such response pattern has been detected in mussels, although steady OA concentration levels throughout time having been also described in the clam Ruditapes decussatus and in the mussel Perna perna after exposure to low cellular densities of P. lima [12,24]. Further studies will be required in order to clearly determine how depuration mechanisms affect toxin accumulation at low concentrations. It will be similarly interesting to ascertain how DSP estimation based on OA quantification from whole mussels (instead of independent tissues) might affect the results obtained here, especially as to how the effect of OA derivatives (notably 7-O-acyl derivatives or DTX3) might influence genotoxicity. Since toxin extractions were performed in the present work without an alkaline hydrolysis step before mass spectrometry (MS) quantification, the toxins analyzed included OA plus a partial extraction of DTXs. That raises the possibility that at least part of the genotoxic and cytotoxic effects observed in the present work could be attributed to contamination by the effect of DTX3 and OA acyl derivates (in addition to OA). That being said, it has been previously suggested that these derivates are formed at a very low rate during biotoxin exposure (at least for the case of M. galloprovincialis), with the bulk of their toxicity happening mostly at latter stages of prolonged DSP episodes [25]. Therefore, while the unaccounted effect of DTX3 and OA acyl derivates could be contributing to the genotoxicity/cytotoxicity determined in the present work, we suggest that such effects might be less important than previously anticipated, as the present work is focused on the early genotoxic and cytotoxic effects of P. lima exposure (i.e., not enough time for the production of DTX3 and OA acyl derivates of significant amounts). Further studies will help elucidate the specific contribution of these compounds over time.



3.1. Mussel Responses to the Toxic Dinoflagellate P. lima


The results obtained in the present work revealed a conspicuous lack of genotoxic damage in mussel hemocytes, suggesting an absence of genotoxic stress at extremely low densities of P. lima [11,13,26]. Additionally, the resemblance in the DNA damage observed during in vivo exposure to P. lima and during in vitro exposure to OA might be indicative of a similar mode of toxin action in both cases [11,13,26]. Although previous studies have proposed that OA might have limited genotoxic potential [27] and that the chronic exposure to low-medium OA levels can lead to adaptation [28], our results support the ability of the toxins produced by P. lima (notably OA) to cause oxidative stress, similarly to what it has been described for mammalian cells exposed to low levels of other marine toxins [29,30]. Furthermore, it seems that mussels are able to repair DNA damage after short exposures (24 h) to low DSP and OA concentrations.



The analysis of the DNA damage induced indirectly by the exposure to P. lima in gill cells revealed a positive correlation with time and dinoflagellate concentration. However, while genotoxic effects were not observed after the first 24 h, an increase in DNA damage was evident after 48 h. Additional studies covering longer periods of time will be required to elucidate if resistance mechanisms are reinstated in mussel gills after longer exposure times, similarly to the case of clam gills after in vivo exposure to DSP toxins [11]. Altogether, similar amounts of DNA damage were found in hemocytes and gill cells, in agreement with in vitro results obtained for hemolymph and digestive glands of mussels and oysters exposed to OA [26]. However, hemocytes seem to experience genotoxic effects faster than gill cells, contrasting with previous in vitro results by our research group [13]. A discordance between the in vivo and in vitro effects of DSP toxins was also observed in gill cells, in agreement with previous results obtained in clams exposed to DSP toxins [11].




3.2. Oxidative DNA Damage in Mussel Hemolymph


The OGG1-modified comet assay was used in the present work to determine the amount of oxidative damage caused by P. lima on mussel DNA. Given that this assay cannot be implemented in gill cells due to the excessive basal DNA damage caused by OGG1 buffer, the results presented here refer to hemocytes. The comparison between in vivo exposure to P. lima and in vitro exposure to OA revealed that this biotoxin causes oxidative damage both directly and indirectly on this cell type. More specifically, DNA damage appears to be time-independent after 2 h exposure under in vitro conditions. On the contrary, a significant decrease in the level of oxidative damage was observed after a 48 h in vivo exposure. A similar reduction in damage after longer exposure times was previously described in molluscs [31,32,33,34]. While these results are consistent with a higher oxidative genotoxic potential of OA in vitro, it is also evident that exposure to P. lima can induce oxidative DNA damage in hemocytes mainly as a consequence of Reactive Oxygen Species (ROS) formation, although that is most likely alleviated by antioxidant mechanisms in vivo.



The results from modified comet experiments revealed a significant increase in oxidative DNA damage at high densities of P. lima, very early (24 h exposure) during HAB simulation. This effect is concurrent with closure periods in commercial mussel rafts, probably due to saturation in depuration mechanisms and lower activity of cellular antioxidant defenses. Different studies have provided evidences of oxidative stress caused by DSP toxins in marine organisms, notably by evaluating transcriptional levels of genes encoding detoxifying enzymes and biochemical markers [16,34]. In those cases, an increase in the effect of antioxidant mechanisms was observed, concomitantly with the accumulation of DSP toxins [34]. Additional transcriptomic analyses (together with other omic approaches) of mussels exposed to DSP toxins will be critical to elucidate the mechanisms by which these toxins affect marine invertebrates in vivo. Overall, the differences observed between in vitro and in vivo studies are in agreement with previous studies [35], where the synergistic interactions between OA and other DSP toxins might be responsible for higher levels of toxicity [3,36] and/or different toxicological effects [37].




3.3. Cytotoxic Damage in Mussel Hemocytes


Flow cytometry results did not show significant differences between necrosis and apoptosis levels in mussel hemocytes exposed in vivo to P. lima for 24 h. Apoptosis, on the contrary, increased significantly after 48 h, supporting results from our previous work studying the in vitro effect of OA in mussels [13]. By comparing cytotoxicity data, OA accumulation at different exposure times and P. lima concentrations (Table 1), it appears that exposure to P. lima does not cause significant cytotoxic damage at intermediate concentrations, supporting previous results obtained in mussels exposed in vitro to OA [23]. However, the opposite situation is observed at extreme P. lima densities, encompassing a significant increase in the percentage of apoptotic cells. The discordance between this observation and the aforementioned in vitro reports [23] might be determined by the use of different types of controls. Accordingly, while in vitro exposures used control specimens with very low concentrations of OA (48 ng/g dry weight), the present work used control mussels virtually lacking any OA (<0.10 ng/g). Indeed, a similar increase in the number of apoptotic cells over time was found on hemocytes from carpet shell clams exposed to OA, using controls completely lacking OA [24]. Lastly, the increase in the number of apoptotic cells observed in the present work is negatively correlated with the number of necrotic cells, displaying a stable number of viable cells. This result is similar to those reported by several other papers, suggesting that OA does not have a negative influence in the viability of mussel cells [13,24,38,39,40] probably due to a higher number of protein apoptosis inhibitors (IAPs) in bivalve molluscs [38] compared with other species.





4. Conclusions


This study is the first describing the early genotoxic and cytotoxic effects resulting from the in vivo exposure of the mussel M. galloprovincialis to the DSP-toxin-producing dinoflagellate P. lima. The obtained results revealed that: (1) low P. lima cell densities can be used to recreate early stages of HAB episodes in laboratory conditions; (2) the in vivo exposure to extremely low dinoflagellate concentrations (1,000 cells/L) did not produce significant genotoxic effects in hemocytes or gill cells; (3) the DNA damage observed in gill cells exposed in vivo to P. lima was predominantly influenced by exposure time and P. lima cell density; (4) the oxidative DNA damage of hemocytes exposed in vitro to OA was dependent on toxin concentration, while in the case of hemocytes exposed in vivo to P. lima damage was only observed after 24 h exposure to the highest dinoflagellate concentration studied (100,000 cells/L). This suggests a more relevant role of the antioxidant system in this latter case; (5) the absence of significant levels of DNA damage at low P. lima and OA concentrations underscores the inability of these toxin concentrations to disturb the antioxidative balance in mussel cells; (6) in vivo exposure to growing P. lima densities increased apoptosis but not necrosis, probably due to a high number of protein apoptosis inhibitors (IAPs) in molluscs. Overall, these conclusions increase the knowledge regarding the in vivo genotoxic and cytotoxic potential of the marine biotoxins produced by the dinoflagellate P. lima in bivalve molluscs. In doing so, this work demonstrates for the first time the suitability of the modified (OGG1) comet assay as a valid experimental approach improving the evaluation of the oxidative DNA damage caused by marine toxins in the hemolymph of marine invertebrates. Furthermore, the present work corroborates the value of the comet assay and flow cytometry as a means to evaluate early genotoxic and cytotoxic responses, laying the foundations for future experiments aimed at identifying exposure biomarkers and mitigating economic losses associated with HABs in coastal areas.




5. Materials and Methods


5.1. Specimen Collection and Microalgae Cultures


M. galloprovincialis individuals (5–7 cm shell length) were obtained from a commercial mussels raft from Lorbe in the Ria of Ares-Betanzos (Galicia, NW Spain) in April 2015 (Figure 1).The invertebrate animals experiment was assessed by the Spanish Ministry of Economy and Competitivity (project AGL2012-30897 and approved on 28 December 2012.). These rafts (previously used in our research [13]) were chosen as sampling sites based on the low density of toxic microalgae [41]. Mussels were acclimated to laboratory conditions (18 °C, 12 h light-dark cycle) for a week in vigorously aerated tanks with filtered sea water, and fed two times a day with a 1:1 mixture of two nontoxic microalgae species (Isochrysis galbana and Tetraselmis suecica). The culture of the DSP-toxin-producing dinoflagellate P. lima (strain AND-A0605) was obtained from the Quality Control Laboratory of Fishery Resources (Huelva, Spain). The production of OA (the main DSP toxin) in P. lima cultures was quantified as 0.4 pg OA/cell using High Performance Liquid Chromatography/Mass Spectrometry (HPLC/MS). Based on this data, mussels were exposed to two different cell densities (1,000 and 100,000 cells/L) of toxic dinoflagellate for 24 h and 48 h, simulating OA concentrations observed during the early stages of the development of an algal bloom [1]. Cell concentrations in the P. lima culture were determined by cell count in Sedgwick-Rafter counting slides (Pyser-Sgi, Edenbridge, UK) after fixation with Lugol´s solution.




5.2. Sample Preparation and HPLC/MS Analysis


HPLC/MS analyses were carried out by the chromatography unit at SAI-University of A Coruña, following the protocol of the European Union Reference Laboratory for Marine Biotoxins [42]. Toxin extractions were performed without alkaline hydrolysis before MS, consequently, these included complete extraction of OA, plus partial extraction of DTXs. For that purpose, certified Reference Material Mussel Tissues with certified values of 10.1 ± 0.8 µg OA/g and 1.3 ± 0.2 µg DTX1/g (NRC CRM-DSP-Mus-b; Institute for Marine Biosciences, National Research Council of Canada, Halifax, NS, Canada) were used for recovery determination in the HPLC/MS method. Accordingly, mussel tissues (20 g per sample) were lyophilized (Christ LMC-2, model beta 2–16, Christ, Osterode, Germany) and 2 g of the liophilizate were extracted three times with 15 mL of 100% methanol and homogenized for 1 min. The methanolic phase was subsequently centrifuged (5000 g for 25 min) and the supernatant was filtered (0.45 µm pore size) and transferred to a 50 mL volumetric flask. HPLC/MS analyses were performed on a Thermo LTQ Orbitrap instrument (Thermo Fisher Scientific, Bremen, Germany), using a C18 column (5 mm, 150 mm × 4.6 mm) at 30 °C (Phenomenex, Aschaffenburg, Germany). The mobile phase A was 100% water with 16 mM ammonium formate, and the mobile phase B was 100% acetonitrile. Gradient elution from 30% to 90% B was performed over 6 min; then, 90% B and 10% A were held for 6 min, decreased to 30% B over 4 min, which was held again for 10 min until the next run. The flow rate was set at 0.5 mL/min using an injection volume of 20 µL. Detection was performed using electrospray ionization (ESI) coupled with multiple reaction-monitoring (MRM). The electrospray capillary was set at 4 kV, the nebulizer at 50 arbitrary units, dry gas at 50 arbitrary units, and dry temperature at 350 °C. Data analyses and peak integration were accomplished through the ThermoXcalibur™ software (Thermo Fisher Scientific, San José, CA, USA).




5.3. In Vivo Exposure to P. lima


After acclimation, mussels were randomly divided into three groups (Figure 1) including: a control group fed with a 1:1 mixture of the microalgae I. galbana and T. suecica, and two experimental groups fed with the DSP toxin-producing P. lima (1,000 and 100,000 cells/L, respectively, four times a day). Total OA body burden was determined in tissue homogenates after exposures (indirect measure of P. lima intake by mussels) according to the procedure described above. Mussel specimens were exposed to P. lima cultures in groups of n = 25 individuals (three replicates). Experimental samples were randomly sampled from tanks to complete a total of 20 g of pooled mussel tissue (using approximately n = 5–8 individuals), which was subsequently lyophilized. Analyses were performed from a sample (2 g) of each lyophilized fraction. Complementary to in vivo exposures, the assessment of oxidative DNA damage was completed using the modified comet assay on hemolymph pools from 20 control individuals exposed in vitro to OA (Sigma-Aldrich, St. Louis, MO, USA) for 1 h and 2 h (these conditions were selected as representative of early genotoxic effects of OA based on our previous analyses [13]). For that purpose, OA was diluted in dimethyl sulfoxide (10, 50, 100, 200, and 500 nM final concentration) and 10 µL of each OA solution was added to cell suspensions (15 °C to 18 °C). Exposures were completed by pelleting cells (825 g for 3 min) before proceeding with the comet assay. In vitro incubations with hydrogen peroxide (100 µM for 10 min and 100 µM for 2 min) or camptothecin (4 µM for 4 h) were used as positive control in the comet assay, modified comet assay, and flow cytometry experiments, respectively.




5.4. Isolation of Hemocytes and Gill Cells


Hemolymph and gill cells were used to quantify DNA damage using the alkaline comet assay. Additionally, hemolymph cells were used to assess oxidative DNA damage and cytotoxicity by means of the modified comet assay and flow cytometry, respectively (Figure 1). Hemolymph samples from each mussel (1.5 mL) were withdrawn from the posterior adductor muscle with a sterilized syringe and were mixed simultaneously (1:5) with a precooled modified Alsever´s anticoagulant solution (NaCl 382 mM, glucose 115 mM, sodium citrate 27 mM, EDTA 11.5 mM). The hemolymph from five mussels was pooled to eliminate interindividual variation and was subsequently filtered using a 55 µm nylon mesh, counting the number of hemocytes in a Thoma chamber (Marienfeld, Lauda-Königshofen, Germany) under the microscope. Gill cells from the same five mussels were isolated as described elsewhere [13,43], dissected at room temperature, and washed three times in 2 mL of ice-cold calcium magnesium-free saline solution (CMFS: 20 nM HEPES, 500 mM NaCl, 12.5 mM KCl, 5 mM EDTA in RPMI medium). Gills were then meticulously shredded and the resulting suspension was placed in a tube containing 4 mL of CMFS and shaken gently for 1 h at 4 °C in the dark. The entire suspensions were then filtered gently (55 µm nylon mesh) and centrifuged at 500 g for 5 min. The resulting pellet was re-suspended in 1 mL of Kenny´s Salt Solution (KSS: 0.4 M NaCl, 9 mM KCl, 0.7 mM K2HPO4, 2 mM NaHCO3) and kept on ice until required. Gill cell number was determined microscopically. Cell viability was determined by trypan blue exclusion method, setting the viability threshold at 80% in all samples used.




5.5. In Vitro Exposure to OA


The oxidative DNA damage produced by direct in vitro exposure to OA was evaluated in hemolymph cells using the modified (OGG1) comet assay. Accordingly, hemolymph was pooled from 20 mussels belonging to the control group and subsequently exposed in vitro to OA (Sigma-Aldrich, St. Louis, MO, USA) for 1 and 2 h (the range of OA concentrations and exposure times were selected based on previous reports [13]). OA was diluted in DMSO to final concentrations of 10 nM, 50 nM, 100 nM, 200 nM, and 500 nM, adding 10 µL to the cell suspensions (15 °C to 18 °C). Exposures were stopped by centrifugation (825 g for 3 min), collecting the pelleted cells for comet assay. In vitro incubations with hydrogen peroxide (100 µM, 10 min; 100 µM, 2 min) or camptothecin (4 µM, 4 h) were used as positive control in the comet assay, the modified comet assay and flow cytometry experiments, respectively.




5.6. Alkaline Comet Assay


The alkaline comet assay was performed as described elsewhere [13,44] with slight modifications as follows. Hemolymph cells were centrifuged for 5 min at 250 g, and gill cells were centrifuged for 3 min at 1,000 g. The resulting pellets were re-suspended in 90 μL of 0.5% low-melting-point agarose (Invitrogen, Carlsbad, CA, USA) in KSS. Each sample was divided in two, placed on a slide pre-coated with a layer of 0.5% normal-melting-point agarose (Intron Biotechnology, Gyeonggi-do, Korea), and incubated at 4 °C for 25 min. The slides were subsequently placed in a Coplin jar with lysis solution (2.5 M NaCl, 100 mM Na2EDTA, 250 mM NaOH, 10 mM Tris-HCl, 1% sarcosyl, pH 10 with 1% Triton X-100 added just before use) for 1 h at 4 °C. From this point on, all steps were conducted in the dark to prevent additional DNA damage. After lysis, slides were placed in an alkaline solution (0.3 M NaOH, 1 mM Na2EDTA, pH > 13) for 20 min for DNA unwinding, and subjected to electrophoresis for 20 min (0.83 V/cm). Slides were subsequently washed with cold neutralization buffer (0.4 M Tris-HCl, pH 7.5), stained with 4,6-diamidino-2-phenylindole (DAPI), and stored in the dark at 4 °C. Image capture and analysis was performed using the Comet IV Software (Perceptive Instruments, Bury St Edmunds, UK). Fifty cells were scored from each replicate slide (100 cells total) and the percentage of DNA in the tail (%tDNA) was used as DNA damage parameter.




5.7. Modified Comet Assay with OGG1 Incubation


A modified version of the comet assay incorporating incubation with the 8-oxoguanine DNA glycosylase (OGG1) repair enzyme was used to assess the oxidative DNA damage in hemolymph cells (the excessive basal damage in gill cells precluded its inclusion in this analysis), according to the procedure described in [20]. After the lysis treatment, slides reserved for the modified comet assay were washed three times for 5 min in a Coplin jar with OGG1 buffer (40 mM HEPES, 100 mM KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8). Fifty microliters of OGG1 enzyme (0.0016 U/µL, New England Biolabs, Beverly, MA, USA) were added to each slide and covered with a slip (controls were treated with 50 µL of buffer without enzyme). After incubation at 37 °C in a dark, humidified chamber for 10 min, the cover slips were removed and the slides were placed on an electrophoresis platform with the rest of slides, following subsequent steps similar to the alkaline comet assay.




5.8. Flow Cytometry Cytotoxicity Assay


The apoptosis/necrosis induced by OA (used as indicator of the effect of P. lima exposure) was evaluated by means of flow cytometry using Annexin V-Phycoerythrin (PE) and 7-Amino-Actinomycin (7-AAD) staining. The Annexin V-PE Apoptosis Detection Kit I (BD Biosciences, Franklin Lakes, NJ, USA) was used according to the manufacturer´s guideline with minor modifications. Gills cannot be used in this approach due to the presence of aggregated cells and debris. After OA exposure, hemolymph samples were centrifuged at 250 g for 5 min at 4 °C. The cell pellet was re-suspended in 200 µL of annexin binding buffer (0.5×) previously diluted in saline solution (NaCl, 500 nM) to a final concentration ranging between 4 × 105 and 6 × 105 cells. Annexin V-PE and 7-AAD (1 mg/mL) were added and incubated for 15 min at room temperature in the dark before analyzing cells by flow cytometry. The hemocyte population was fixed in the dot-plot following [23] and analyses were carried out in a FACScalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). A minimum of 20,000 events were acquired in each case and fluorescence signals for Annexin V-PE and 7-AAD were measured using the FL-2 and FL-3 detectors, respectively. The percent of apoptotic and necrotic cells were analyzed using Cell Quest Pro software (BD Biosciences, Franklin Lakes, NJ, USA). Early apoptosis and late apoptosis/necrosis were expressed as the mean ± SE percentages of annexin V+/7-AAD- and annexin V+/7-AAD+ cells, respectively.




5.9. Statistical Analyses


At least three replicates were performed for each experimental condition tested. Experimental data were expressed as mean ± standard error and were tested for normality using the Kolmogorov-Smirnov test. As the data obtained showed a violation of the assumption of normality, non-parametric testing was deemed adequate. Differences between groups were therefore tested using Kruskal-Wallis and Mann-Whitney U-tests. p-values < 0.05 were considered significant. Statistical analyses were performed using the IBM SPSS software package V. 20 (IBM, Armon, NY, USA).
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Okadaic Acid





	OGG1
	
8-oxoguanine DNA glycosylase





	SSB
	
Single-Stranded Breaks











References


	



Díaz, P.A.; Reguera, B.; Ruiz-Villarreal, M.; Pazos, Y.; Velo-Suárez, L.; Berger, H.; Sourisseau, M. Climate variability and oceanographic settings associated with interannual variability in the initiation of dinophysis acuminata blooms. Mar. Drugs 2013, 11, 2964–2981. [Google Scholar] [CrossRef] [PubMed]

	



Reguera, B.; Riobó, P.; Rodríguez, F.; Díaz, P.A.; Pizarro, G.; Paz, B.; Franco, J.M.; Blanco, J. Dinophysis toxins: Causative organisms, distribution and fate in shellfish. Mar. Drugs 2014, 12, 394–461. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez, L.P.; González, V.; Martínez, A.; Paz, B.; Lago, J.; Cordeiro, V.; Blanco, L.; Manuel Vieites, J.; Cabado, A.G. Occurrence of lipophilic marine toxins in shellfish from Galicia (NW of Spain) and synergies among them. Mar. Drugs 2015, 13, 1666–1687. [Google Scholar] [CrossRef] [PubMed]

	



Tubaro, A.; Sosa, S.; Bornancin, A.; Hungerford, J. Pharmacology and toxicology of diarrheic shellfish toxins. In Seafood and Freshwater Toxins Pharmacology, Physiology and Detection; Botana, L.M., Ed.; CRC Press: Boca Raton, FL, USA, 2008; pp. 229–253. [Google Scholar]

	



Gestal-Otero, J.J. Epidemiology of marine toxins. In Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection; Botana, L.M., Ed.; CRC Press: Boca Raton, FL, USA, 2014; p. 123. [Google Scholar]

	



Smaal, A.C. European mussel cultivation along the atlantic coast: Production status, problems and perspectives. Hydrobiologia 2002, 484, 89–98. [Google Scholar] [CrossRef]

	



Rodríguez Rodríguez, G.; Villasante, S.; García-Negro, M. Are red tides affecting economically the commercialization of the Galician (NW Spain) mussel farming? Mar. Policy 2011, 35, 252–257. [Google Scholar] [CrossRef]

	



Bialojan, C.; Takai, A. Inhibitory effect of a marine-sponge toxin, okadaic acid, on protein phosphatases. Specificity and kinetics. Biochem. J. 1988, 256, 283–290. [Google Scholar] [CrossRef] [PubMed]

	



Konoki, K.; Onoda, T.; Watanabe, R.; Cho, Y.; Kaga, S.; Suzuki, T.; Yotsu-Yamashita, M. In vitro acylation of okadaic acid in the presence of various bivalves’ extracts. Mar. Drugs 2013, 11, 300–315. [Google Scholar] [CrossRef] [PubMed]

	



Valdiglesias, V.; Prego-Faraldo, M.V.; Pásaro, E.; Méndez, J.; Laffon, B. Okadaic acid: More than a diarrheic toxin. Mar. Drugs 2013, 11, 4328–4349. [Google Scholar] [CrossRef] [PubMed]

	



Florez-Barros, F.; Prado-Alvarez, M.; Mendez, J.; Fernandez-Tajes, J. Evaluation of genotoxicity in gills and hemolymph of clam Ruditapes decussatus fed with the toxic dinoflagellate Prorocentrum lima. J. Toxicol. Environ. Health A 2011, 74, 971–979. [Google Scholar] [CrossRef] [PubMed]

	



Pinto-Silva, C.R.; Creppy, E.E.; Matias, W.G. Micronucleus test in mussels Perna perna fed with the toxic dinoflagellate Prorocentrum lima. Arch. Toxicol. 2005, 79, 422–426. [Google Scholar] [CrossRef] [PubMed]

	



Prego-Faraldo, M.V.; Valdiglesias, V.; Laffon, B.; Eirin-Lopez, J.M.; Mendez, J. In vitro analysis of early genotoxic and cytotoxic effects of okadaic acid in different cell types of the mussel Mytilus galloprovincialis. J. Toxicol. Environ. Health A 2015, 78, 814–824. [Google Scholar] [CrossRef] [PubMed]

	



Bravo, I.; Fernández, M.L.; Ramilo, I.; Martínez, A. Toxin composition of the toxic dinoflagellate prorocentrum lima isolated from different locations along the Galician coast (NW Spain). Toxicon 2001, 39, 1537–1545. [Google Scholar] [CrossRef]

	



Wernersson, A.-S.; Carere, M.; Maggi, C.; Tusil, P.; Soldan, P.; James, A.; Sanchez, W.; Dulio, V.; Broeg, K.; Reifferscheid, G.; et al. The european technical report on aquatic effect-based monitoring tools under the water framework directive. Environ. Sci. Eur. 2015, 27, 1–11. [Google Scholar] [CrossRef][Green Version]

	



Romero-Geraldo, R.D.J.; García-Lagunas, N.; Hernández-Saavedra, N.Y. Effects of in vitro exposure to diarrheic toxin producer Prorocentrum lima on gene expressions related to cell cycle regulation and immune response in Crassostrea gigas. PLoS ONE 2014, 9, e97181. [Google Scholar]

	



Kilemade, M.; Quinn, B. In vitro/in vivo bridging approaches-validating the relevance of in vitro techniques with references to the whole organism in the natural environment. In Vitro Met. Aquat. Toxicol. 2003, 377–393. [Google Scholar]

	



Taju, G.; Majeed, S.A.; Nambi, K.S.N.; Babu, V.S.; Vimal, S.; Kamatchiammal, S.; Hameed, A.S.S. Comparison of in vitro and in vivo acute toxicity assays in Etroplus suratensis (Bloch, 1790) and its three cell lines in relation to tannery effluent. Chemosphere 2012, 87, 55–61. [Google Scholar] [CrossRef] [PubMed]

	



Garle, M.J.; Fentem, J.H.; Fry, J.R. In vitro cytotoxicity tests for the prediction of acute toxicity in vivo. Toxicol. In Vitro 1994, 8, 1303–1312. [Google Scholar] [CrossRef]

	



Smith, C.C.; O’Donovan, M.R.; Martin, E.A. hOGG1 recognizes oxidative damage using the comet assay with greater specificity than FPG or ENDOIII. Mutagenesis 2006, 21, 185–190. [Google Scholar] [CrossRef] [PubMed]

	



Martin, S.J.; Reutelingsperger, C.P.; McGahon, A.J.; Rader, J.A.; van Schie, R.C.; LaFace, D.M.; Green, D.R. Early redistribution of plasma membrane phosphatidylserine is a general feature of apoptosis regardless of the initiating stimulus: Inhibition by overexpression of Bcl-2 and Abl. J. Exp. Med. 1995, 182, 1545–1556. [Google Scholar] [CrossRef] [PubMed]

	



Lee, R.F.; Steinert, S. Use of the single cell gel electrophoresis/comet assay for detecting DNA damage in aquatic (marine and freshwater) animals. Mutat. Res. 2003, 544, 43–64. [Google Scholar] [CrossRef]

	



Prado-Alvarez, M.; Florez-Barros, F.; Sexto-Iglesias, A.; Mendez, J.; Fernandez-Tajes, J. Effects of okadaic acid on haemocytes from Mytilus galloprovincialis: A comparison between field and laboratory studies. Mar. Environ. Res. 2012, 81, 90–93. [Google Scholar] [CrossRef] [PubMed]

	



Prado-Alvarez, M.; Florez-Barros, F.; Mendez, J.; Fernandez-Tajes, J. Effect of okadaic acid on carpet shell clam (Ruditapes decussatus) haemocytes by in vitro exposure and harmful algal bloom simulation assays. Cell Biol. Toxicol. 2013, 29, 189–197. [Google Scholar] [CrossRef] [PubMed]

	



Moroño, A.; Arévalo, F.; Fernández, M.L.; Maneiro, J.; Pazos, Y.; Salgado, C.; Blanco, J. Accumulation and transformation of DSP toxins in mussels Mytilus galloprovincialis during a toxic episode caused by Dinophysis acuminata. Aquat. Toxicol. 2003, 62, 269–280. [Google Scholar] [CrossRef]

	



McCarthy, M.; O’Halloran, J.; O’Brien, N.M.; van Pelt, F.F.N.A.M. Does the marine biotoxin okadaic acid cause DNA fragmentation in the blue mussel and the pacific oyster? Mar. Environ. Res. 2014, 101, 153–160. [Google Scholar] [CrossRef] [PubMed]

	



Dallas, L.J.; Bean, T.P.; Turner, A.; Lyons, B.P.; Jha, A.N. Oxidative DNA damage may not mediate Ni-induced genotoxicity in marine mussels: Assessment of genotoxic biomarkers and transcriptional responses of key stress genes. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2013, 754, 22–31. [Google Scholar] [CrossRef] [PubMed]

	



Rocher, B.; Le Goff, J.; Peluhet, L.; Briand, M.; Manduzio, H.; Gallois, J.; Devier, M.H.; Geffard, O.; Gricourt, L.; Augagneur, S.; et al. Genotoxicant accumulation and cellular defence activation in bivalves chronically exposed to waterborne contaminants from the seine river. Aquat. Toxicol. 2006, 79, 65–77. [Google Scholar] [CrossRef] [PubMed]

	



Fracasso, M.E.; Doria, D.; Franceschetti, P.; Perbellini, L.; Romeo, L. DNA damage and repair capacity by comet assay in lymphocytes of white-collar active smokers and passive smokers (non- and ex-smokers) at workplace. Toxicol. Lett. 2006, 167, 131–141. [Google Scholar] [CrossRef] [PubMed]

	



Valdiglesias, V.; Laffon, B.; Pasaro, E.; Mendez, J. Okadaic acid induces morphological changes, apoptosis and cell cycle alterations in different human cell types. J. Environ. Monit. 2011, 13, 1831–1840. [Google Scholar] [CrossRef] [PubMed]

	



de Lapuente, J.; Lourenço, J.; Mendo, S.A.; Borràs, M.; Martins, M.G.; Costa, P.M.; Pacheco, M. The comet assay and its applications in the field of ecotoxicology: A mature tool that continues to expand its perspectives. Front. Genet. 2015, 6, 180. [Google Scholar] [CrossRef] [PubMed]

	



Martins, M.; Costa, P.M.; Ferreira, A.M.; Costa, M.H. Comparative DNA damage and oxidative effects of carcinogenic and non-carcinogenic sediment-bound PAHs in the gills of a bivalve. Aquat. Toxicol. 2013, 142, 85–95. [Google Scholar] [CrossRef] [PubMed]

	



Noventa, S.; Pavoni, B.; Galloway, T.S. Periwinkle (Littorina littorea) as a sentinel species: A field study integrating chemical and biological analyses. Environ. Sci. Technol. 2011, 45, 2634–2640. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, A.; Ruiz, Y.; Suárez, P.; Martinez, A.A.; Rossignoli, A.E.; Blanco, J.; Garcia, O.; San Juan, F. Accumulation of okadaic acid and detoxifying enzymes in the digestive gland of Mytilus galloprovincialis during exposure to DSP. In Molluscan Shellfish Safety; Springer: Berlin, Germany; Heidelberg, Germany, 2014; pp. 217–225. [Google Scholar]

	



Levin, M.; Leibrecht, H.; Ryan, J.; Van Dolah, F.; De Guise, S. Immunomodulatory effects of domoic acid differ between in vivo and in vitro exposure in mice. Mar. Drugs 2008, 6, 636–659. [Google Scholar] [CrossRef] [PubMed]

	



Traoré, A.; Bonini, M.; Dano, S.D.; Creppy, E.E. Synergistic effects of some metals contaminating mussels on the cytotoxicity of the marine toxin okadaic acid. Arch. Toxicol. 1999, 73, 289–295. [Google Scholar] [CrossRef] [PubMed]

	



Rubiolo, J.A.; López-Alonso, H.; Vega, F.V.; Vieytes, M.R.; Botana, L.M. Okadaic acid and dinophysis toxin 2 have differential toxicological effects in hepatic cell lines inducing cell cycle arrest, at g0/g1 or g2/m with aberrant mitosis depending on the cell line. Arch. Toxicol. 2011, 85, 1541–1550. [Google Scholar] [CrossRef] [PubMed]

	



Simões, E.; Vieira, R.C.; Schramm, M.A.; Mello, D.F.; Pontinha, V.D.A.; da Silva, P.M.; Barracco, M.A. Impact of harmful algal blooms (Dinophysis acuminata) on the immune system of oysters and mussels from Santa Catarina, Brazil. J. Mar. Biol. Assoc. UK 2015, 95, 773–781. [Google Scholar] [CrossRef]

	



Louzao, M.C.; Espina, B.; Cagide, E.; Ares, I.R.; Alfonso, A.; Vieytes, M.R.; Botana, L.M. Cytotoxic effect of palytoxin on mussel. Toxicon 2010, 56, 842–847. [Google Scholar] [CrossRef] [PubMed]

	



Galimany, E.; Sunila, I.; Hégaret, H.; Ramón, M.; Wikfors, G.H. Pathology and immune response of the blue mussel (Mytilus edulis L.) after an exposure to the harmful dinoflagellate Prorocentrum minimum. Harmful Algae 2008, 7, 630–638. [Google Scholar] [CrossRef]

	



Instituto tecnoloxico para o control do medio mariño de galicia. Available online: http://www.intecmar.org/ (accessed on 13 March 2015).

	



Community reference laboratory for marine biotoxins. Available online: http://www.aesan.msssi.gob.es/en/CRLMB/web/home.shtml (accessed on 28 April 2015).

	



Pérez-Cadahía, B.; Laffon, B.; Pásaro, E.; Méndez, J. Evaluation of pah bioaccumulation and DNA damage in mussels (Mytilus galloprovincialis) exposed to spilled prestige crude oil. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2004, 138, 453–460. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, J.T.; Pascoe, P.L.; Parry, J.M.; Dixon, D.R. Evaluation of the comet assay as a method for the detection of DNA damage in the cells of a marine invertebrate, Mytilus edulis L. (Mollusca: Pelecypoda). Mutat. Res. Fundam. Mol. Mech. Mutagen. 1998, 399, 87–95. [Google Scholar] [CrossRef]








[image: Toxins 08 00159 g001 1024] 





Figure 1. Schematic diagram describing the experimental design followed in the present work. Mussel specimens were collected and acclimated to laboratory conditions before exposing them in vivo to different cellular densities of the diarrhetic shellfish poisoning (DSP)-producing dinoflagellate P. lima for 24 h and 48 h. The genotoxic and cytotoxic effects of the exposure to P. lima were evaluated by means of the comet assay (alkaline and OGG1-modified) and flow cytometry in different cell types. A group of mussels was also exposed in vitro to okadaic acid (OA) to quantify oxidative DNA damage in hemolymph cells using the OGG1-modified comet assay. 
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Figure 2. Quantification of DNA damage using the alkaline comet assay in mussel hemocytes after in vivo exposure to different cellular densities of P. lima for 24 h and 48 h. Control and PC represent negative and positive controls, respectively. The percentage of DNA in the comet tail is indicated by %tDNA. * indicates significant differences with respect to negative control in Mann-Whitney’s U-test (p < 0.05). 
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Figure 3. Quantification of DNA damage using the alkaline comet assay in mussel gill cells. Treatments and statistical analyses are as in Figure 2. * indicates significant differences with respect to negative control in Mann-Whitney’s U-test (p < 0.05). 
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Figure 4. Quantification of oxidative DNA damage using the OGG1-modified comet assay in mussel hemocytes after in vitro exposure to different OA concentrations for 1 h (a) and 2 h (b). Control and PC represent negative and positive controls, respectively. The difference between buffer and OGG1 treatments specifically represents oxidative damage. The percentage of DNA in the comet tail is indicated by %tDNA. * indicates significant differences in respect to buffer in Mann-Whitney’s U-test (p < 0.05). 
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Figure 5. Quantification of oxidative DNA damage using the OGG1-modified comet assay in mussel hemocytes after in vivo exposure to different cellular densities of P. lima for 24 h (a) and 48 h (b). Controls and statistical analyses are as in Figure 4. * indicates significant differences in respect to buffer in Mann-Whitney’s U-test (p < 0.05). 
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Figure 6. Flow cytometry evaluation of cytotoxicity in mussel hemocytes after in vivo exposure to different cellular densities of P. lima for 24 h (a) and 48 h (b). Control and PC represent negative and positive controls, respectively. The percentage of cells classified as necrotic or apoptotic is indicated by % Cells. * indicates significant differences in respect to negative control in Mann-Whitney’s U-test (p < 0.05). 






Figure 6. Flow cytometry evaluation of cytotoxicity in mussel hemocytes after in vivo exposure to different cellular densities of P. lima for 24 h (a) and 48 h (b). Control and PC represent negative and positive controls, respectively. The percentage of cells classified as necrotic or apoptotic is indicated by % Cells. * indicates significant differences in respect to negative control in Mann-Whitney’s U-test (p < 0.05).



[image: Toxins 08 00159 g006]







[image: Table] 





Table 1. The intake of P. lima by mussels after in vivo exposures was estimated by quantifying the accumulation of okadaic acid. Data resulting from three independent experimental replicates.
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P. lima (Cell/L)

	
Exposure Time (h)

	
Mean OA (ng/g Dry Weight) ± Standard Error






	
1,000

	
24

	
28.35 ± 3.07




	
1,000

	
48

	
21.67 ± 2.02




	
100,000

	
24

	
64.77 ± 5.77




	
100,000

	
48

	
112.12 ± 7.78
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