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The impact of a microplastic (MP) mixture composed of polyethylene (PE) and polypropylene (PP) plastic particles, prepared from commercially available products, was evaluated in blue mussels Mytilus spp. exposed to three environmentally relevant concentrations: 0.008 μg L−1 (low), 10 μg L−1 (medium), and 100 μg L−1 (high). Organisms were exposed for 10 days followed by 10 days of depuration in clean seawater under controlled laboratory conditions. The evaluation of MP effects on mussel clearance rate, tissue structure, antioxidant defenses, immune and digestive parameters, and DNA integrity were investigated while the identification of plastic particles in mussel tissues (gills, digestive gland, and remaining tissues), and biodeposits (feces and pseudofaeces) was performed using infrared microscopy (μFT-IR). Results showed the presence of MPs only in the digestive gland of mussels exposed to the highest tested concentration of MPs with a mean of 0.75 particle/mussel (after the 10 days of exposure). In biodeposits, PE and PP particles were detected following exposure to all tested concentrations confirming the ingestion of MPs by the organisms. A differential response of antioxidant enzyme activities between digestive gland and gills was observed. Significant increases in superoxide dismutase (SOD) and catalase (CAT) activities were measured in the digestive gland of mussels exposed to the low (0.008 μg L−1) and medium (10 μg L−1) concentrations of MPs and in the gills from mussels exposed to the highest concentration (100 μg L−1) of MPs that could be indicative of a change in the redox balance. Moreover, an increase in acid phosphatase activity was measured in hemolymph of mussels exposed to 0.008 and 10 μg L−1 concentrations. No significant difference was observed in the clearance rate, and histopathological parameters between control and exposed mussels. This study brings new insights on the potential sublethal impacts of MPs at environmentally relevant concentrations in marine bivalves.
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INTRODUCTION

In the last decades, global production of plastic has increased by 500% (over 322 million tons in 2016) and almost 10% of the annual production is estimated to end up into the oceans (Plastics Europe, 2016). Since the early 1970s, the presence of floating plastic has been reported in every marine water mass with great accumulation in the Northern Hemisphere subtropical gyres in the North Atlantic (Colton et al., 1974; Moore, 2008). In recent years, the presence of plastic debris called microplastics (MPs) mainly originating from macroplastic's fragmentation has been reported in aquatic ecosystems even in the most remote places such as the Artic (Cózar et al., 2014). Since the size of MPs is comprised between 1 μm and 5 mm (NOOA, 2008), they are likely to interact with marine organisms. Effects of MPs have been previously studied in phytoplancton (Cole et al., 2013), lugworms (Wright et al., 2013), and bivalves (Paul-Pont et al., 2016; Sussarellu et al., 2016; Ribeiro et al., 2017).

As they are filter-feeding organisms, bivalves are well-known bioindicators for environmental pollution and are closely studied to investigate the presence and toxicity of MPs toward aquatic organisms. These organisms filter large volumes of water and could ingest great quantities of plastic particles (Cole et al., 2013). Several studies have reported the presence of MPs in bivalves (Mathalon and Hill, 2014; Van Cauwenberghe and Janssen, 2014; Van Cauwenberghe et al., 2015) and their potential toxicity toward these organisms (von Moos et al., 2012; Paul-Pont et al., 2016; Sussarellu et al., 2016; Ribeiro et al., 2017). Several effects have been shown such as reproduction alterations (Sussarellu et al., 2016), inflammatory responses (von Moos et al., 2012), oxidative and DNA damages (Ribeiro et al., 2017), or translocation of particles into the circulatory system (Browne et al., 2008). However, in these studies, bivalves were exposed to mono-dispersed plastic microbeads at concentrations ranging from 23 μg L−1 to 2.5 g L−1 and exposures conducted at environmentally relevant concentrations are scarce. By contrast to concentrations higher than 1 mg L−1, concentrations between 10 and 100 μg L−1 can be considered as representative of polluted sites located off the coast (Goldstein et al., 2012; Sul et al., 2014). In addition, many of these studies used MPs smaller than those reported from the field and of regular shape and size (mostly often microbeads) which are less representative of fragmented plastic particles identified in marine environment (Lenz et al., 2016). Very recently, few authors started to test MPs made from fragmented plastics which can be considered as more representative of MPs found in aquatic ecosystems (Rainieri et al., 2018; Weber et al., 2018).

The aim of our study was to evaluate the accumulation and ecotoxicity of polypropylene (PP) and polyethylene (PE) MPs, in the blue mussel Mytilus spp. Particles of PP and PE were milled in the laboratory from commercially available products and the types of polymers were chosen according to a previous study conducted in situ in the French Region Pays de la Loire (Phuong et al., 2017). Mussels were exposed to environmentally relevant concentrations: a low concentration of 0.008 μg L−1 for the coast regions (Desforges et al., 2014), a medium concentration of 10 μg L−1 for coastal region/gyres (Sul et al., 2014), and a higher concentration of 100 μg L−1 for gyres (Goldstein et al., 2012). A multi-biomarker approach was chosen to evaluate the effects of MPs on mussels. The impact of MP exposure on mussel physiology was evaluated by measuring the clearance rate and tissue alterations by histological observations. In addition, detoxification and oxidative stress mechanisms were assessed. The measurement of Reactive Oxygen Species (ROS) was performed in the hemocytes. Antioxydant enzyme activities of glutathione-S-transferase (GST), catalase (CAT), and superoxide dismutase (SOD) were measured in gills and in the digestive gland, such as the gene expression level of glutathione peroxydase (GPx), CAT, and SOD. In hemocytes, the alteration of the immune system was investigated through the measurement of acid phosphatase (AcP) activity, which can provide early warning signals of the sublethal effects of contaminants and the susceptibility of animals to infectious diseases (Gagnaire et al., 2007; Luna-Acosta et al., 2010). Genotoxic effects in the hemocytes were evaluated by the comet assay (Gomes et al., 2013; Barranger et al., 2014; Lacaze et al., 2015). In parallel, the quantification of MPs content in mussel tissues (gills, digestive glands, and other tissues), and biodeposits (feces and pseudofaeces) was conducted after tissue digestion, filtration, and observation in microscopy coupled with infrared spectroscopy.

MATERIALS AND METHODS

Preparation of Microplastic Powders and Suspensions

Preparation and Characterization of Microplastics

Microplastics were prepared by cryo-milling a few grams of commercial PE and PP samples, chosen for their bright colors that may help for their microscopic observation.

A few grams of each plastic (PE and PP) were put into a sample container containing a magnetic bar or impactor and both sides of the container were closed with two stainless steel caps. The container was inserted into a cryogenic mechanical miller (SPEX, 6770 Freezer-mill) filled with liquid nitrogen. During the milling process, an oscillating magnetic field was generated, which drove the magnetic bar forward and backward inside the container and make the impacts with the caps. Milling consisted in 2 min of pre-cooling followed by 2 cycles of milling. Each cycle lasted 4 min with a 1-min pause between the 2 cycles. The so-obtained powders of PE and PP particles were then sieved during 60 min, respectively on a stain sieve of 400 μm. All the fraction under 400 μm was kept and a granulometry analysis was done using a particle laser diffractometer Beckman Coulter LS 130 to measure the size distribution of the particles.

Microplastic Suspensions

Stock suspensions of each polymer were prepared in milliQ water at concentrations of 1 and 0.1 mg mL−1. One aliquot was sampled from the suspension at 0.1 mg mL−1 and three suspensions were successively prepared by serial dilutions in milliQ water to obtain the last suspension at 0.1 μg mL−1. To achieve the desired final concentration of both polymers in the aquariums, a volume of either the suspension at 1 mg mL−1, 0.1 mg mL−1, or 0.1 μg mL−1 was sampled and spilled in each aquarium to obtain 50% PE and 50% PP at 0.008, 10, and 100 μg L−1 (methodology summarized in Supplementary Material S1). In this experiment, no surfactant was used to avoid any potential toxic effect of the substance used and potential change in the behavior of MPs. A manual vigorous mixing was thus applied to each suspension before adding the final aliquot to the aquariums. Moreover, in order to confirm our method of dispersion, an aliquot of the stock and diluted suspensions, which corresponds to the volume added to aquariums to obtain 100, 10, and 0.008 μg L−1, was observed under the microscope to confirm the presence of PE and PP particles. Every suspension was prepared and added daily, before each water renewal.

Maintenance of Organisms and Exposure Conditions

Mussels

Adult mussels (Mytilus spp.) were collected from a mussel farming located at Saint-Cast-le-Guildo, Northern French coast, and transferred to the laboratory tanks filled with artificial seawater (ASW) at a salinity of 30 PSU (Practical Salinity Units) which was prepared with commercial salt (Tropic Marin®, France), and under continuous aeration. Mussels were selected on the basis of size (5–6 cm in length); regarding their reproductive cycle, histological observations revealed that the mussels' batch showed 3 gametogenetic stages: late spawning/post spawning (cycle n), sexual resting, early beginning of gonial mitosis (cycle n+1). Mussels were kept for 8 days for acclimatization in tanks (70 individuals per tank) containing 35 L of ASW. The acclimatization and the following experimental treatments were conducted under the same controlled laboratory conditions, consisting of a stable temperature of 15 ± 1°C and a photoperiod (12:12 h). Daily, half of the water was renewed and mussels were fed with an algal solution of Tetraselmis suecica (Teramer, France) according to the product specifications for the feeding of bivalves (40 μL L−1 of water, 108 cells mL−1, 4.3 x 1010 cells mussel−1).

Experimental Setup and Sampling

At the end of the acclimatization period, 15 mussels were sampled to establish the physiological conditions of mussels at T0. The other mussels were then randomly subdivided into groups of 4 individuals and transferred into 3.5 L glass aquariums containing 3 L of ASW. For each experimental condition, eight aquariums containing each 4 individuals (32 mussels per condition) were used. Mussels were exposed for 10 days to 0.008, 10, or 100 μg L−1 of a mixture of PE and PP (as described in section Preparation of Microplastic Powders and Suspensions). A group of unexposed mussels (negative control) was maintained in the same condition as the treatment groups. Organisms were daily fed for an hour before water renewal, to avoid interactions between algae and plastic particles. Biodeposits (feces and peudofaeces) were sampled each day with glass pipettes just before water renewal and plastic contamination.

From the 15 mussels sampled just before the beginning of the exposure (T0): 5 mussels were used for histopathology and AcP activity; 5 for genotoxicity (comet assay) and oxidative stress analysis, and 5 for condition index and analysis of MPs content in mussel tissues. At the end of the exposure period (10 days = T10), 20 mussels (from 5 replicate aquariums) per condition were sampled: 5 mussels (1 per replicate aquarium) for analysis of MPs content in mussel tissues; 5 mussels for histopathology and immune markers; 5 mussels for genotoxicity (comet assay) and oxidative stress analysis; and finally, 5 mussels for the evaluation of the clearance rate. The remaining mussels (from the last 3 replicate aquariums) were cleaned by gently rinsing the shell to avoid any transfer of MPs, and transferred to clean glass aquariums for 10 days of depuration with similar ASW, maintenance, and food conditions as those used during the exposure. After the 10 days of depuration (T20), 5 mussels per condition (1–2 per replicate aquarium) were used for the analysis of MPs content in mussel tissues and the measurement of the clearance rate.

Hemolymph was individually collected by punction from the posterior adductor muscle sinus using a sterile hypodermic needle (23 G) in a 2 mL syringe pre-rinsed with the anticoagulant Alsever's solution (113.7 mM glucose, 27.2 mM sodium citrate, 58.44 mM sodium chloride, pH 6.1). For immune markers, hemolymph was immediately frozen in liquid nitrogen and stored at −80°C. For flow cytometry analyses and slide preparation for the comet assay, hemolymph was kept on ice until use (N = 5 individuals, each from a different replicate aquarium).

For histological observations, flesh was removed from the shell and the whole mussels were individually fixed in Davidson's solution (10% glycerol, 20% formaldehyde, 30% ethanol at 95%, 30% sterile seawater, 10% acetic acid) for 48 h, then in 70% ethanol up to analysis (N = 5 individuals, each from a different replicate aquarium).

Gills and digestive glands were sampled (from 5 mussels, each from a different replicate aquarium) and either stored at −20°C for determination of MPs content, or immediately frozen in liquid nitrogen for gene expression and enzymatic activity measurements. Just before molecular and biochemical analysis, frozen tissues were grinded into a fine powder at −196°C with a mixer mill MM400 (Retsch) and directly stored at −80°C for enzymatic analyses or in trizol for RNA extraction. After grinding, half of each samples (under powder form) were used for gene expression to obtain 5 individual samples per condition. For enzymatic activity measurements, the other half of each powder were pooled in three lots, corresponding approximatively to 1.5 mussels per tube (mussels from each tube coming from a different replicate aquarium), to get enough tissue quantity for the analysis (N = 3).

Microplastic Analyses in Tissues

Sample Digestion and μFT-IR Analysis

Detection of MPs was performed on individual organs of each mussel at the beginning of the exposure (T0), the end of the 10 days exposure (T10), and at the end of the 10 days depuration period (T20): gills, digestive gland and mussel's remaining tissue following the first step of the protocol published by Phuong et al. (2017). The tissue sample was placed into a 10 mL beaker with 5 mL of 10% KOH (m/v). The mix was then heated at 60°C with a 2 h agitation for gills and digestive glands, but 24 h for mussel “remaining tissue.” For biodeposits, samples from each day and each tank were pooled together, dried and weighted, and finally placed into a 50 mL beaker with 20 mL of 10% KOH (m/v). The mix was then heated at 60°C with agitation for 24 h. The solutions were then filtered on a 12 μm cellulose nitrate filter (Whatman®, Germany), and the filter was dried at room temperature in a glass closed Petri dish until analysis.

The analysis of PE and PP particles on the filters was performed by using Fourier transform infrared microscopy system (μFT-IR; Spotlight 200i FT-IR microscopy system, PerkinElmer®) in reflection mode. Each spectrum was recorded after 8 accumulations ranging from 600 to 4,000 cm−1 and the whole surface filter was inspected, each detected particle being individually analyzed. The obtained spectra were then compared to the polymer database (PerkinElmer Polymer database) to confirm the type of plastic.

Quality Control

To prevent any cross-contamination, all equipments used in the laboratory were previously rinsed with milliQ water, dried at room temperature in a hood and kept under aluminum foil to avoid contact with the ambient air. During the experiments, laboratory coats made of cotton and nitrile gloves were worn, dissection of mussels was operated under a hood, and tissue samples were kept in aluminum foil to avoid contamination. During digestion, beakers were covered with aluminum foil. Once the filtration was performed, the filters were kept in glass Petri dishes until μFT-IR analysis. Because of a remaining risk of cross-contamination of the samples, blanks were performed. The procedure of a sample digestion and μFT-IR analysis for blanks without mussel tissues was performed each time a series of digestion was performed (6 replicates in total).

Ecophysiology Measurement

Condition Index

The total weight, and the flesh weight of 10 mussels were individually determined for each condition at the beginning (T0) and end of the 10 days exposure period (T10). The condition index (CI) was determined as follows:

CI = [(wet weight of soft tissues/total wet weight) * 100] (AFNOR, 1985)

Clearance Rate

Clearance rate (CR), defined as the volume of water cleared of suspended particles per unit time, was estimated for mussels previously exposed for 10 days to clean seawater (negative control) or PE+PP (0.008, 10, and 100 μg L−1) and after 10 days of depuration (in clean ASW), using a static system (Pernet et al., 2008). Mussels were placed in 1.3 L metabolic chambers for 1-h before measurements started, then provided with Tisochrysis lutea at an initial concentration of 345,000 cells mL−1. Mixing was promoted by fine bubble aeration around the wall of the metabolic chamber to minimize the re-suspension of feces. The clearance rate was measured by an indirect method of assessing the concentration of the algal solution every 15 min for 1 h according to classical algal cell counting technique (Utermöhl, 1958). Briefly, a fixation of the algal cells was realized adding a drop of Lugol's solution (I2, 5%; KI 10%, seawater) to 10 ml of the sampled. Cells were counted under a light microscope using a Malassez counting chamber at 250X (Duchemin et al., 2008).

Histological Observations

After fixation in Davidson's solution, cross sections of mussels (5 mm-thick) were cut and then routinely processed for histology. The 3-μm paraffin-embedded sections were stained according to the trichrome protocol of Prenant Gabe (Gabe, 1968). Each specimen was sexed and classified into distinct stages of gonadal maturation corresponding to sexual resting, early developing (gonial mitosis), developing, sexual maturity, spawning, and post-spawning (Berthelin et al., 2001). The histological slides were also examined to determine the 9 following tissue alterations: (1–2) diffuse hemocytic infiltrations and granulocytomas (aggregated hemocytes) in the connective tissue; (3–4) hemocytic infiltrations in the digestive tract (stomach and intestine) and necrosis; (5–6) atrophies of the wall of the digestive tubules (with lumen enlargement) and necrosis; (7) presence of copepods Mytilicola sp. in the lumen of digestive tract; (8) infiltrations/degeneration of gills and; (9) myodegeneration of the anterior pedal-byssal retractor muscles and foot when it was present on the cross section. For each mussel, the tissue disturbances were semi-quantified according to a scale with 4 levels from slight (score of 1) to severe (score of 4) (Buisson et al., 2008). An average index was then calculated for each condition and tissue alteration.

Biomarkers

Biochemical Measurements

For the assessment of GST, SOD, and CAT activities, each sample was homogenized in TRIS buffer (TRIS 50 mM, NaCl 150 mM, DTT 1 mM), antiprotease mixture (Sigma P8340, diluted in 1/1,000) adjusted to pH 7.4 in a 1:3 ratio (w:v) at 4°C to prevent enzyme or tissue degradation. The homogenates were then centrifuged for 25 min at 9,000 g. GST activity was determined spectrophotometrically at 340 nm (e = 9.6 mM−1 cm−1) by monitoring the formation of 1-glutathion-2,4-dinitrobenzene, resulting from the conjugation of the substrate, 1-chloro-2,4-dinitrobenzene (CDNB), with glutathione reduced form (GSH) (Habig et al., 1974). SOD activity was determined as the degree of inhibition of cytochrome C reduction by superoxide anion radicals generated by xanthine oxydase/xanthine reaction at 550 nm (McCord and Fridovich, 1969). Results were expressed as SOD Unit per mg protein (SOD Unit mg−1 protein) with one unit of SOD activity defined as the amount of sample producing 50% inhibition in 1 mL reaction system per mg of protein. The activity of CAT was spectrophotometrically estimated as the decrease in absorbance at 240 nm (e = 0.04 mM−1 cm−1) due to dismutation of hydrogen peroxide (H2O2) (Claiborne, 1985). Results were expressed as μmoles of H2O2 transformed per min and per mg of protein (μmoles min−1 mg−1 protein).

Acid phosphatase (AcP) activity was measured in pooled hemolymph samples and expressed as enzyme unit (1 unit being equal to the quantity of enzyme required for the formation of 1 μmol of p-nitrophenol min−1 mg of protein) following instructions of Sigma kit (CS0740).

Amylase activity was measured in individual digestive gland with Sigma® kit (MAK009). Amylase activity was determined using a coupled enzymatic assay resulting in a colorimetric (405 nm) product, proportional to the amount of substrate ethylidene-pNP-G7 cleaved by the amylase (1 unit being the amount of amylase that cleaves ethylidene-pNP-G7 to generate 1.0 mmole of p-nitrophenol per minute).

Gene Expression of GPx, SOD, and CAT

Total RNA was isolated from frozen tissues powder using TRI Reagent according to the manufacturer's instructions. RNA concentrations were determined using a ND-1000 spectrophotometer (ThermoScientific®, Waltham MA, USA). RNA was treated with DNase I (Ambion, Life Technologies®, 0.1 U per μg of RNA) following the manufacturer's instructions, and precipitated with isopropanol (v/v) and 0.3 M sodium acetate. RNA integrity was assessed on an Agilent bioanalyzer using RNA 6000 Nano kits (Agilent Technologies®), according to the manufacturer's instructions. Reverse transcription was carried out with the High- Capacity cDNA Reverse Transcription Kit (Applied Biosystems®), according to the manufacturer's instructions on 1 μg of total RNA. The levels of SOD, CAT and GPx transcripts were measured by real-time PCR using Elongation Factor 1 alpha (EF1α) and ribosomal protein 7 (rpl7) as reference genes. Specific primers were designed using Primer 3V 4.0.0 (Untergasser et al., 2012). The PCR efficiency (E) was assessed for each primer and tissue on serial dilutions of a pool sample containing cDNA from all experimental conditions and was comprised between 95% < E < 104%. The primer sequences and Genbank accession numbers for the genes considered are in Supplementary Material S2. Real-time PCR reactions (20 μL final volume containing: Agilent Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix, 0.05 μM of each primer and cDNA diluted to 1/40 for digestive gland and to 1/20 for gills) were carried out in triplicate in 96-wells microplates in a Mx3000P thermalcycler (Agilent®). Runs started with 3 min at 95°C, followed by 40 cycles of 20 s at 95°C and 20 s at 60°C. Accurate amplification of the target amplicon was checked by performing a melting curve. Each run included a cDNA inter-run control (composed of a pool sample containing cDNA from all experimental conditions), a no-template control and a water control. The geometric mean of the two reference genes was used to normalize gene expression using the Pfaffl formula (Pfaffl, 2001) and specific amplification efficiencies.

ROS Production Measurement by Flow Cytometry

Potential induction of ROS production in hemolymph from mussels exposed to MPs was evaluated with the fluorescent probe 2,7 -dichlorodihydrofluorescein diacetate (H2DCF-DA). Protocol was adapted from Haberkorn et al. (2014). A stock solution of H2DCF-DA at 10 mM in DMSO was used to prepare a 1 mM working solution in filtered sterile seawater (FSSW) prior to use. Briefly, 100 μL of each hemolymph sample were diluted to ¼ with FSSW. Samples were incubated at 18°C in the dark for 120 min with 10 μM H2DFC-DA (Haberkorn et al., 2014). After the incubation period, DCF fluorescence, quantitatively related to the ROS production of hemocytes, was measured at 515–545 nm with an Accuri C6 flow cytometer (Becton Dickinson Accuri™) flow cytometry.

Comet Assay

The comet assay was conducted as previously described (Akcha et al., 2003; Barranger et al., 2014). Following sampling, individual hemocytes were recovered by centrifugation (1,500 rpm, 5 min) of the hemolymph samples. The hemocyte pellet was then resuspended in 160 μL of 0.5% low melting point agarose for the preparation of 2 comet slides. Following lysis and denaturation in the electrophoresis buffer, DNA migration was performed for 15 min at 23 V (390 mA, E = 0.66 V cm−1). At the end of electrophoresis, the slides were washed by incubation for 3 × 5 min in Tris base 0.4 M, pH 7.5. In order to obtain permanent preparations, the slides were immersed in absolute ethanol for 10 min to dehydrate, then dried at room temperature. Just prior to analysis, 75 μL of GelRed at 8 mg L−1 were spread over each slide using a cover glass. The slides were placed for at least 1 h in the dark at 4°C for coloration, then analyzed using an optical fluorescence microscope (Olympus BX60, ×40) equipped with a CDD camera (Luca-S, Andor Technology®) and image analysis system (Komet 6, Kinetic Imaging Ltd. ®). At least 50 nuclei were analyzed per slide and the percentage of DNA present in the Comet tail (% Tail DNA) was measured for each observed nucleus.

Statistical Analysis

The statistical analyzes were carried out using software R (R.3.3.1) and Statistica 6.0. For each of the biomarkers, the means of the different conditions were compared with a 1-factor ANOVA test followed by the Tukey's test after verification of the normality of the data (Shapiro-Wilk test) and homogeneity of the variances (Levene test). Kruskal-Wallis tests followed by multiple comparisons were used when these conditions of application were not met and for histopathological parameters (expressed by ordinal values).

RESULTS

Size Characterization of MPs and Analysis in Tissues and Biodeposits

For MP dry particles, all sizes between 0.4 and 720 μm for PE and 0.4 and 950 μm for PP were present in samples with a Gaussian distribution of size around a mean value (± SD) of 287 (± 150) μm for PE and 204 (± 132) μm for PP.

Since we selected environmental concentrations, the suspensions were not concentrated enough to enable granulometric analysis. Therefore, characterization of MP suspensions was carried out by the microscopic observation of an aliquot of several diluted suspensions at 0.1 μg mL−1 (which corresponds to the volume added to aquariums to obtain 0.008 μg L−1). However, once deposited on a glass slide, aggregates were quickly formed making not possible to count and measure each particle individually in order to confirm the precise concentration of suspensions.

In mussel tissues, particles of PE and PP were only observed in the digested digestive gland of organisms exposed to the highest concentration of PE and PP (Figure 1) with a total quantity of MPs of 0.75 ± 0.5 MP per individual and 2.33 ± 0.29 MP per gram of wet soft tissues weight (Table 1). In gills and mussels' remaining tissue, no MPs were observed whatever the tested concentrations of MPs. In biodeposits, particles of PE and PP (Figure 1) were observed from mussels exposed to all concentrations of MPs as presented in Table 1. After the depuration period, no MPs were observed in mussels' tissue, but 1 particle (PP) and 2 particles (1 PE and 1 PP) were identified in biodeposits from organisms previously exposed to 10 and 100 μg L−1, respectively.
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FIGURE 1. Particles of PE and PP in the digestive gland (A,B) of mussels Mytilus spp. exposed to 100 μg L−1 and biodeposits (C,D) of mussels exposed to 10 and 100 μg L−1, respectively.




Table 1. Average concentration and size range of microplastics recovered from tissue and biodeposits (feces and pseudofaeces) of Mytilus spp. after 10 days of exposure (values in parentheses represent the standard deviation).
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Clearance Rate and Condition Index

Nine percent of mortality at maximum was observed over the exposition period of 10 days (T10). As measured at the end of the exposure and depuration period, MP contamination had no significant impact on the clearance rate of mussels irrespective to MP concentration and measurement time (Supplementary Material S3).

No statistically significant alteration in the CI was observed in mussels between the beginning of the experiment at T0 (21.1 ± 2.9) and the control after 10 days of exposure (25.2 ± 3.5) and between the control and all exposure concentrations (0.008 μg L−1: 25.8 ± 2.7, 10 μg L−1: 26.1 ± 3, and 100 μg L−1: 23.5 ± 3.5) after 10 days of exposure.

Histopathology

Overall, control and exposed mussels showed few tissue alterations revealing a “relatively good health status”. The average histopathological indices ranged from 0 (presence of copepods Mytilicola sp. In the lumen of digestive tract) to 3.4 ± 0.6 (SEM) (myodegenerations) (Supplementary Material S4). For muscular degenerations, the index increased with the concentration of MPs but the differences were non-significant (Kruskal- Wallis test, p = 0.16). Moreover, no significant differences were found irrespective to tissue alterations and exposure conditions (control and mussels exposed to the 3 concentrations of MPs) (Kruskal- Wallis tests, p > 0.05).

Enzymatic Activities, Gene Expression and ROS Measurement

In the digestive gland, CAT and SOD activities significantly increased in organisms exposed to 0.008 and 10 μg L−1 compared to the control organisms (p < 0.01). A decrease in GST activity was measured in organisms exposed to the highest concentration (100 μg L−1) compared to the control organisms (p < 0.01) (Figure 2). No significant alteration of amylase activity was measured (data not shown).
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FIGURE 2. Enzymatic activity of GST, SOD, and CAT in gills and digestive gland of mussels Mytilus spp. at T0 and after 10 days in control mussels (0 MPs L−1) and in mussels exposed to PE and PP microplastics at 0.008, 10, and 100 μg MPs L−1 (mean + SD, N = 3). Different lower-case letters indicate significant differences between control and microplastic exposed treatment (p < 0.01).



In gills, CAT and SOD activities were significantly higher in organisms exposed to the highest tested concentration of 100 μg L−1 compared to the control organisms at T10 (p < 0.01) and the two lower concentrations of MPs tested in the experiment. An increase in GST activity was measured in organisms exposed to 100 μg L−1 of MPs compared to the control organisms (p < 0.01) and the two lower concentrations of MPs tested in the experiment. (Figure 2).

No significant differences in Gpx, SOD and CAT gene expression level was observed in gills or in the digestive gland (Figure 3). Similarly, no differences in ROS production was measured between control and exposed organisms whatever the tested concentrations (Figure 4).
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FIGURE 3. Relative gene expression for GPx, CAT, and SOD in gills and digestive gland of mussels Mytilus spp. at T0 and after 10 days in control mussels (0 MPs L−1) and in mussels exposed to PE and PP microplastics at 0.008, 10, and 100 μg MPs L−1 (mean + SD, N = 5).
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FIGURE 4. Reactive oxygen species (ROS) production, Acid phosphatase (AcP) activity and DNA integrity in hemolymphe or hemocytes of mussel Mytilus spp at T0 and after 10 days in control mussels (0 MPs L−1) and in mussels exposed to PE and PP microplastics at 0.008, 10 and 100 μg MPs L−1 (mean + SD, N = 5 for ROS and DNA and mean + SD, N = 3 for AcP). Different lower-case letters indicate significant differences between control and microplastic exposed treatment (p < 0.01).



Immune Markers and DNA Damage

Significant increase in AcP activity was measured in organisms exposed to 0.008 and 10 μg L−1 compared to the control organisms and the concentration of 100 μg L−1 (p < 0.01) (Figure 4).

The genotoxic effects of MPs, analyzed by the comet assay and expressed as % of tail DNA, are shown in Figure 4. No changes in the background level of DNA damage (mean Tail DNA value of 5.5%) was observed in hemocytes from control organisms during the 10 days experiment period (t-test for independent samples, p = 0.61). A statistically significant increase in DNA damage was observed in mussels exposed to 10 and 100 μg L−1 compared to the control (+30 and +54%, respectively), with a concentration-dependent trend (p < 0.001). However, the % Tail DNA remained at a low value (<12% Tail DNA) even following exposure to the highest concentration.

DISCUSSION

Ingestion of PE and PP MPs

In the present study, we evaluated the presence and toxicity of a mixture of PE and PP MPs in mussels Mytilus spp. exposed to environmentally relevant concentrations (0.008, 10, and 100 μg L−1). Assessment of MP impact on aquatic organisms is particularly challenging and several uncertainties lie on MPs research due to the diversity of particles characteristics and experimental set up that can influence their behavior and biological effects. In the aquatic environment, organisms are exposed to different types of polymers (PE, PP, PS, Polyvinylchloride, etc.) with different shapes and sizes and they can be associated with additives (phthalates, BPA, etc.) or environmental contaminants such as persistent organic pollutants. Important difficulties in laboratory experiments lie on the choice of MPs (microbeads vs. more realistic MPs such as fibers and fragments; without additives), the exposure concentrations (generally higher than those observed in the field and expressed in terms of particle number or mass) and the dispersion technique (use of solvents or air pump) especially for PE and PP which floats on the water surface (Phuong et al., 2016). Here, taking into account technical difficulties and limitations, we attempted to conduct the experiment at the most possible relevant conditions in terms of MP type (PE and PP) and origin (commercial products). The mean size of PE and PP particles, measured by granulometry, were 287 and 204 μm, respectively, which is consistent with the mode of preparation of particles (sieving under 400 μm). However, the analysis of the size distribution of each powder showed us a small proportion of particles with size larger than expected (720 and 950 μm instead of 400 μm) which could be due to the agglomeration of a part of the particles. Concerning the smallest particles, the granulometric analysis showed the presence in small quantities of particles < 1 μm and down to 400 nm which is the slowest size detected by the instrument. Nevertheless, a very small number of particles smaller than 400 nm as isolated or aggregated particles could also be present. In this study, we found both PE and PP in tissues and biodeposits of mussels exposed to three environmental concentrations of MPs, confirming their ingestion by bivalves. MPs were only found in the digestive gland from mussels exposed to the highest tested concentration (100 μg L−1) and a very low number of particles was observed. Whatever the exposure concentrations of PE and PP, particles between 50 and 200 μm were filtered and excreted by mussels. These results suggest that MPs did not accumulate in mussels tissues and were rapidly eliminated with feces or pseudofaeces like it was previously observed in oysters Crassostrea gigas exposed to PS (2–6 μm, 0.023 mg L−1) (Sussarellu et al., 2016). It is also possible that smaller particles such as nanoplastic particles were accumulated in mussels, but there are technically undetectable as μFTIR allows particle analysis at a lower size limit of 20 μm. Moreover, the number of MPs found in biodeposits increased with exposure concentration confirming that the more particles were added to the test media, the more MPs were ingested by bivalves.

No Impact of Microplastic Exposure at the Individual Level

In the present study, CI values were representative of previously published data on M. edulis (Garen et al., 2004) and no alteration in the CI was observed in mussels between the control and all MP treatments.

The ecophysiology evaluation did not demonstrate any alteration in the clearance rate of mussels exposed to MPs. A previous study reported the decrease in the filtration activity of M. edulis exposed to nano-PS showing the ability to mussels to detect nano-PS and to decrease filtration in their presence (Wegner et al., 2012). However, unlike our study, organisms were exposed to nanomicrobeads at very high concentrations (0.1–0.3 g L−1). A decrease in clearance rate was measured in clams Atactodea striata exposed to microgranules of PS (10 items L−1 and 1,000 items L−1, 63–250 μm) (Xu et al., 2016).

Histopathology parameters showed no signs of inflammation or tissue alterations in mussels exposed to MPs at all concentrations tested. Only myodegenerations of the anterior pedal-byssal retractor muscles seemed to increase along with MPs concentrations but it was not statistically significant which could be due to the low number of mussels analyzed and high interindividual variability. By contrast, previous studies on M. edulis have shown an inflammatory response with formation of granulocytomas after 6 h of exposure to virgin high-density PE at 2.5 g L−1 (von Moos et al., 2012) but also increase in ceroids and hemocyte infiltrations in mussels exposed to micro-PS at 32 μg L−1 (Paul-Pont et al., 2016).

Modulation of Anti-oxidant Enzymes and ROS Production by Combined exposure of PE and PP MPs

Evaluation of oxidative stress is one of the most commonly measured biomarkers for environmental contaminants exposure including MPs (Ruiz et al., 2015; Sussarellu et al., 2016). In the present study, flow cytometry analyses did not show any increase in ROS production, which could be due to the sensitivity of the technique and/or the sampling time chosen for its measurement. Since ROS production is transitory, in measuring it after 10 days there is a possibility that we missed the increase expected by MP exposure. Choi et al. (2018) showed an increase in ROS generation in the sheepshead minnow (Cyprinodon variegatus) exposed for 4 days to spherical (150–180 μm) or fragmented microsphere (300–355 μm) microspheres of PE (50–250 mg L−1). Moreover, despite flow cytometry analyses did not show significant changes in ROS production between control and exposed organisms, the combined exposure to PE and PP significantly modulated the anti-oxidant enzyme activities, with differential responses between gills and digestive gland. An increase in SOD activity was observed in mussel gills and digestive gland which indicates that after the exposure to PE and PP particles, there is a need to counter the excess of superoxide radical (O[image: image]) into the less damaging hydrogen peroxide (H2O2) to prevent cellular oxidative damage. Similar results were observed in mussel M. edulis exposed to MPs of polystyrene (PS) for 14 days at 32 μg L−1 (2 and 6 μm) (Paul-Pont et al., 2016) and in the clam Scrobicularia plana exposed to PS at 1 mg L−1 (20 μm) (Ribeiro et al., 2017).

CAT plays an important role in the defense against oxidative stress through the removal of H2O2 which is the major precursor of hydroxyl radical (Soldatov et al., 2013). In our study, significant increase in CAT activity was observed in both organs suggesting that CAT acts as a defense mechanism against MPs. Previous studies showed an increase of CAT activity in the clam S. plana exposed to PS MPs (Ribeiro et al., 2017) but also an inhibition in the digestive gland of the marine mussels M. galloprovincialis and M. edulis (Avio et al., 2015; Paul-Pont et al., 2016; Ribeiro et al., 2017).

GST is associated with phase II biotransformation process. It allows the conjugation of the reduced form of glutathione (GSH) to xenobiotic compounds. GST also plays a protective role against oxidative stress by detoxification of ROS through GST peroxidase activity (Lesser, 2006). In the present work, a decreased in GST activity was measured in gills and the digestive gland which was also observed in mussels M. edulis exposed to PS at 32 μg L−1 for 7 days (Paul-Pont et al., 2016). The inactivation of GST by other xenobiotics such as metals or pharmaceuticals has been previously reported (Uguz et al., 2003). In the present study, a possible explanation for the decrease in GST activity could be the degradation of the enzyme. However, this involves an oxidation of the thiol groups at the surface of the enzyme which can eventually lead to a lose of enzyme function (Letelier et al., 2006). Furthermore, GSH will be solicited to restore GST's original reduced state (Klaassen and Lu, 2008), but because GSH can be oxidized as well, both GST and GSH can be inactivated, especially when an important ROS production takes place and the system becomes overwhelmed (Barata et al., 2005). Ultimately, GST can be completely inactivated, malfunction, or even ruined. No gene expression alteration was measured which could be link to the duration of exposure since gene responses are more rapid than enzymatic activities to pollutants (Prego-Faraldo et al., 2017).

Differential Response Between Gills and Digestive Glands

In our study, we observed a clear and consistent pattern for SOD and CAT enzymes activity with an increase in both anti-oxidant enzyme activities in digestive glands of mussels exposed to low and medium concentrations of MPs. In gills, a different but also consistent pattern was observed with an increase in both enzyme activities but at the highest tested concentration. The reasons why responses in gills and digestive glands are different for each exposition concentration could be linked to natural differences in physiology of different organs. However, one other hypothesis could be related to the size dispersity of the plastic particles in stock suspensions that were used in the study. When preparing the suspensions of MPs for exposure, a few aggregates were visually detected in the most concentrated stock suspensions (1 and 0.1 mg mL−1) whereas no aggregates were present in the diluted suspension (0.1 μg mL−1). As aggregation is related to the concentration of particles, it can be assumed that particles are less aggregated in the low concentrated suspensions, leading to an exposition where the average size of particles decreases with concentration. It is possible that bigger particles or aggregates present in the highest concentration (100 μg L−1) could have induced an inflammation response in the gills tissue corresponding to the significant increase in SOD and CAT activity measured in gills. The digestive gland is involved in the feeding through digestion of phytoplancton. Since the diluted suspension (0.1 μg mL−1) used to obtain the final concentration of 0.008 μg L−1 contained less, but potentially smaller particles, digestive glands seemed to have been exposed to smallest particles, capable of being filtered by gills (inducing limited or no stress in this organ). This could potentially lead to induction of oxidative stress in digestive glands. However, the degree of responses remained low and longer-term studies should be conducted to clarify the effect of MPs on oxidative stress and the influence of MP size and aggregation status. A previous study conducted in the fish sheepshead minnow (Cyprinodon variegatus) has shown differential impact of MPs on gene expression related to oxidative stress depending on their size and shape (Choi et al., 2018). Few studies investigated the long-term effect of plastic particles with one of them reporting no physiological or cellular changes in the mussel Perna perna exposed for 90 days to PVC particles (Santana et al., 2018). However, another study measured a reduction in feeding rate, body mass, and metabolic rate in Nephrops norvegicus exposed to MP fibers for 8 months (Welden and Cowie, 2016).

Induction of oxidative stress could also have been induced by additives since we used commercial plastics in order to evaluate the toxicity of environmentally relevant plastic particles. In our study, plastics were colored indicating that metals such as cadmium, chromium or lead compounds could have been added as inorganic pigments for coloration (Hahladakis et al., 2018). Previous studies have shown induction of oxidative stress by metal exposures, and also tissue-specific responses to cadmium and lead exposure in bivalves. In green-lipped mussel Perna canaliculus, Chandurvelan et al. (2013) observed an increase in CAT activity in digestive gland but not in gills from mussel exposed to cadmium (200 μg L−1) for 21 and 28 days. Aouini et al. (2018) measured an increase in SOD activity in gills but not in digestive gland from clams Ruditapes philippinarum exposed to lead (10 μg L−1) for 14 days. Tissue-specific responses can be linked to differential bioaccumulation, concentration-dependent or time-dependent patterns (Benito et al., 2017).

Furthermore, results of anti-oxidant enzyme activities in digestive glands of mussels follow a similar pattern as the results of hydrolase AcP in hemolymphe which activity increased in mussels exposed to low (0.008 μg L−1) and medium (10 μg L−1) MPs concentrations.

Limited Impact of Combined Exposure of PE and PP MPs on Immune Parameters and DNA Damage

The measurement of hydrolase AcP activity has been identified as a relevant marker to evaluate the immunity alteration in contaminated environments (Wootton et al., 2003). Increase in AcP activity in mussels exposed to low and medium MP concentrations is an indication of the lysosomes overload leading to the release of hydrolases in extracellular environment. As it was explained in section Differential Response Between Gills and Digestive Glands, the variability in particle size and particle aggregation between the most concentrated stock suspension (few aggregates observed), and the diluted suspension (no aggregates observed) could explain the differential responses between the three tested concentrations. Since aggregation is linked to the concentration of particles, particles that are less aggregated in the diluted suspension could have led to an exposition of MP with a lower average size. When larger particles could be present in the open circulatory system, the smallest particles could interact with hemocytes. Induction of AcP has been already observed in bivalves exposed to different contaminants such as metals and nanomaterials (Buffet et al., 2014).

The comet assay is a rapid and sensitive test enabling the detection of DNA strand breaks and it has been developed for various aquatic organisms including bivalves, gastropods, or fish (Frenzilli et al., 2009). In this study, increase in DNA damage was observed in mussels exposed to the medium and high MP concentration, however the level of DNA damage measured in the hemocytes remained low (below 15% of DNA breaks). Such an effect was already observed in S. plana exposed to MPs PS at 1 mg L−1 (Ribeiro et al., 2017) and M. galloprovincialis exposed to nano-PS at 0.05–50 mg L−1 (Brandts et al., 2018). Since no ROS overproduction was measured in the hemocytes, there is a slight possibility that smaller plastic particles (nanoplatics < 400 nm) interacted with DNA rather than producing ROS and inducing oxidative stress as observed in bivalves exposed to nanoparticles (Katsumiti et al., 2014). Another possibility is that we missed the overproduction of ROS, which may have occurred before the end of the exposure and did induced slight DNA damages.

CONCLUSION

The impact of a mixture of PE and PP plastic particles in mussels Mytilus spp. exposed at environmentally relevant concentrations were investigated by identifying their presence using infrared spectroscopy, and assessing their effects on organism physiology, tissue structure, and several biomarker responses. Here, we used a mixture of commonly found MPs (PE and PP) from commercially available products with various shapes and a wider size range (<400 μm) than most studies (von Moos et al., 2012; Farrell and Nelson, 2013; Avio et al., 2015; Rainieri et al., 2018). This work shows the difficulty to conduct environmentally relevant laboratory exposure with plastic particles of various sizes and which are very hydrophobic, complicating their dispersion in suspensions. Our results indicate that after exposure to environmental concentrations of MPs, both PE and PP are present in biodeposits confirming the ingestion of MPs by mussels. However, in organisms, MPs were only found in the digestive gland from mussels exposed to the highest concentration. Moreover, an increase in antioxidant enzyme activities was measured with differential responses between tissues (gills, digestive glands) which could be linked to the differential exposure level between tissues due to particle aggregation in stock suspensions. In hemolymph, an increase in AcP was measured for the lowest concentration such as a slight increase in DNA breaks at the medium and highest MP concentrations. Toxicity mechanisms should be further examined. This study brings new results on the potential sublethal effects of MPs, the potential role of particles sizes, and raise questions on their accumulation in marine organisms.
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In digestive gland of mussels exposed to MPs at 100 ug MPs L=1 between 0 and 1 particle per mussel was recovered.
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