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Abstract

:

Microplastics (MPs) are ubiquitous in marine environments, and seawater desalination releases large amounts of concentrated saline water. However, little is known about how MPs alter their adsorption behavior towards other pollutants in high-salinity environments. Meanwhile, there is a lack of knowledge about the combined effect of MPs and high salinity on marine phytoplankton. In this work, the impact of high salinity on the adsorption behaviors of two types of MPs (polyethylene MPs (PE-MPs) and polyvinyl chloride MPs (PVC-MPs)) towards three typical water pollutants (Pb2+, 4-chlorophenol, and levofloxacin) was investigated, and the combined effect of MPs and high salinity on Synechococcus was evaluated. The adsorption of Pb2+ and levofloxacin by PE-MPs and PVC-MPs decreased at high salinity, and the adsorption of 4-chlorophenol by PE-MPs also decreased, however, the adsorption of 4-chlorophenol by PVC-MPs increased. The SOD, CAT activities and GSH content of Synechococcus exposed to MPs were increased by the increasing salinity. When the MPs concentration was low, the increase in salinity decreased the content of chlorophyll-a. Our results demonstrated that high salinity significantly changes the adsorption behavior of common pollutants onto MPs and alters the toxic effect of MPs on Synechococcus. This study provides important information necessary for environmental risk assessments with regard to the combined stress of MPs and high salinity, promoting the sustainable development of desalination industries.
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1. Introduction


Human activities drastically changed the ocean environment, especially in coastal areas. Microplastic (MP) pollution has drawn global concentration among various environmental problems due to the huge amounts of improperly discarded plastic waste [1]. Due to their small size, light density and mobility, MPs have been found in large quantities in the marine environment, including in marine surface waters and sediments and even in sea ice in polar regions [2]. For example, Almira et al. detected significant amounts of pre-production and post-consumer MPs on beaches [2]; Hoffmann et al. found large amounts of MPs in sea ice [3]. The common MPs in seawater are polyethylene (PE), polystyrene (PS), polyamide (PA), polyvinyl chloride (PVC), and polypropylene (PP). PE is one of the most common polymer types in surface water and sediment and is widely used in food packaging [4]. As the third largest synthetic plastic polymer in the world, PVC is a typical heavy component of plastic waste and a major source of harmful chlorine and bisphenol A [5,6].



Salinity is one of the core parameters of seawater. The distribution and variation of salinity are not only related to the global water cycle, but also affected by human activities. In many seawater desalination processes, high concentrations of brine present significant challenges [7]. Because desalination technology is still inefficient and the cost of recycling seawater is expensive, most desalination discharges high-salinity wastewater directly into the marine environment [8]. At present, more than 300 million people in 150 countries rely on desalination for their daily needs, and the by-product is at least 1.6 times as salty as seawater [9]. Therefore, it is of practical significance to study the effects of salinity on the adsorption behavior and eco-toxicity of MPs.



The influence of salinity on the sorption capacity of MPs for some pollutants in the marine environment has attracted wide attention. Previous studies have demonstrated that increased salinity can decrease the adsorption percentages of metals (Cu, Zn, Cd, and Pb) onto PP-MPs and PE-MPs [10]. Liu et al. investigated the adsorption of isocyanurate (TBC) and hexabromocyclododecanes (HBCDs) on PP-MPs at different salinities [11]. They found that the adsorption of HBCDs on PP-MPs reached the maximum at 1.4% salinity. As the salinity continued to increase, the adsorption of HBCDs began to decrease gradually. The effect of salinity on the adsorption behavior of MPs should be related to the main mechanisms involved in the adsorption process. Previous studies have shown that the effect of salinity on the adsorption behavior of different pollutants on different MPs is not completely consistent, and there is no unified conclusion on the adsorption mechanism; therefore, it is still worth studying the adsorption mechanism of more MPs and pollutants with the change of salinity [12,13]. Heavy metals, persistent organic pollutant (POPs) and antibiotics are typical marine pollutants of wide concern and can interact with microplastics [14,15]. The long-term presence and accumulation of POPs in the ocean has been found in polar regions biota [16,17]. Phenolic compounds are common POPs and are not biodegradable, while 4-chlorophenol (4-CP) is a typical chlorophenol and is widely used in chlorination of organics or in the production of pharmaceuticals [18]. Heavy metals are cytotoxic to algae and persist in the environment, and Pb can form aerosols and be transported over long distances [19]. High concentrations of Pb have a general inhibitory effect on phytoplankton growth [20] and may impair renal, liver, reproductive and brain functions [21]. Antibiotics are widely used in disease control in mariculture, which leads to the accumulation of antibiotic residues in the environment and is conducive to the proliferation of antibiotic resistance genes (ARGs) [22]. Levofloxacin is a widely used antibiotic that is highly toxic to algae [23].



Studies have shown that MPs can affect terrestrial plants, including oxidative damage, destruction of chlorophyll structure, and inhibition of photosynthesis [24]. However, in the marine environment, whether salinity can change the toxic effect of MPs and its toxic mechanism needs further study [25]. Exposure of marine organisms to MPs can produce toxic effects at a cellular level, including enzymatic activity, oxidative stress, and cell growth [26]. When MPs are present in the marine environment, algae may attach to the surface of MPs and sink as the cumulative density of MP particles becomes larger. These interactions can affect algae photosynthesis and eventually inhibit algae growth [27]. Studies on the ecotoxicological effects of MPs on algae have focused on the following indicators: superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), and photosynthetic pigments [28]. SOD, CAT and GSH are involved in the main endogenous enzymatic defense systems of all aerobic cells. They protect cells by directly scavenging superoxide radicals and hydrogen peroxide, converting them to less reactive species [29]. SOD is a group of antioxidant enzymes that catalyze the dismutation of superoxide to oxygen and hydrogen peroxide. CAT can induce the decomposition of hydrogen peroxide into molecular oxygen and water, which can save the cell from the poisoning of H2O2. GSH is a vital substance that regulates metabolism in the cell and can participate in the metabolic reactions of the cell. GSH can directly scavenge a wide variety of free radicals in the body by combining with free radicals through sulfhydryl groups reduction to acid via sulfhydryl groups, thus accelerating the excretion of free radicals and protecting cells from damage [30]. It has now been suggested that a decrease in GSH content may be an early signal of apoptosis, followed by the production of excess oxygen free radicals by the cells [31]. Photosynthetic pigments are essential indicators of algal growth, and it is believed that photosynthetic efficiency increases with increasing chlorophyll content. When the light intensity is insufficient, a decrease in chlorophyll content decreases photosynthetic efficiency [32]. MPs have been shown to affect chlorophyll content and photosynthetic efficiency in algae. Wu Yi et al. tested the effect of PP-MPs and PVC-MPs on the photosynthetic system of Chlorella. They showed that both MPs reduced the concentration of chlorophyll-a in Chlorella, and PVC-MPs had a higher effect on the inhibition of the photosynthetic system of Chlorella than PP-MPs [33]. PE and PS MPs have been reported that interfere with enzyme synthesis and even alter gene expression [34]. There are also some reports presented that MPs may have a growth-promoting effect on algae due to the strong environmental adaptability of some algae [35]. These previous works show that the toxic mechanism of MPs on algae is a complex process.



Due to the complexity of the seawater environment and the diversity of physicochemical properties of MPs, the adsorption behavior of MPs towards various typical pollutants may be altered under high salinity conditions, which can bring unexpected risks to human health and the safety of marine ecosystems. In addition, the response of aquatic organisms to MPs under high salinity may differ from that of single stresses. However, there are still large knowledge gaps on these issues.



In this study, we investigated the impact of high salinity on the adsorption behaviors of three typical pollutants (Pb2+, 4-chlorophenol, and levofloxacin) onto two types of MPs (PE and PVC). Furthermore, the impact of high salinity on the toxicity of these two types of MPs towards Synechococcus was illustrated. We chose Synechococcus as the test organism because it is widely considered one of the most abundant photo-oxygenic microorganisms on earth and it also has an abundance of extracellular polymers, which are important components of biofilms, compared to Chlorella. Activities of SOD and CAT, and contents of GSH and chlorophyll-a are chosen as toxicity indicators because they are widely employed to indicate toxic responses. The present study could provide a better understanding of the impact of high salinity on the environmental behaviors of MPs in the marine environment and help to reduce the environmental risks caused by human activities.




2. Materials and Methods


2.1. Experimental Materials


Two MPs, PE and PVC, with high global production and environmental detection rate were selected to represent low-density and high-density MPs, respectively [36]. PE and PVC with a diameter of 6.5 μm were purchased from China Dongguan Zhongxin Plastics Co. (Dongguan, China). Protein quantification kit (Komas Brilliant Blue method), catalase (CAT) assay kit (molybdenum amine method), and glutathione (GSH) test kit (DTNB method) were purchased from Nanjing Jiacheng Institute of Biological Engineering, Nanjing, China. Propidium iodide dye was purchased from Nanjing Senbeijia Biotechnology Co., Ltd. (Nanjing, China). Annexin V-FITC/PI double staining apoptosis assay kit was purchased from Shanghai White Shark Biotechnology Co. (Shanghai, China). All other reagents used in this study were analytically pure and were not further purified.




2.2. Adsorption Experiments


According to the introduction, three types of reprehensive pollutants (Pb2+, 4-chlorophenol solution, and levofloxacin) were selected as the typical representatives of heavy metals, POPs and antibiotics for the adsorption experiments (Figure 1a). All experiments were replicated three times, and the contaminant solutions without MPs were used as blank controls.



Two salinities (3.5% and 6%) were set for the adsorption kinetics experiments, representing normal and high salinity, respectively. 50 mg of MPs were placed in Erlenmeyer flasks containing 100 mL of 20 mg/L Pb (NO3)2 solution, 100 mL of 2 mg/L 4-chlorophenol solution, and 100 mL of 2 mg/L levofloxacin solution, respectively. The experiments were performed in a temperature-controlled shaker at 25 °C with a speed of 170 rpm. To assess the adsorption, 5 mL of the solution was passed through a 0.45 μm filter to remove the MPs, and the absorbance corresponding to the different contaminants was quantified by a UV-Vis spectrophotometer (UV-3000, Mapada, Shanghai, China) at given time intervals (1, 2, 3, 4, 8, 10, 12 and 24 h).



For the investigation of the adsorption isotherms, the initial concentrations were 10, 20, 40, 60, and 80 mg/L for the Pb2+ solution and 1, 2, 4, 6, and 8 mg/L for the 4-chlorophenol and levofloxacin solutions, respectively, and the experimental time was fixed at 24 h to reach adsorption equilibrium. The other steps were the same as the adsorption kinetics experiments.




2.3. Cultivation of Synechococcus


Synechococcus are widely distributed in the global ocean and play an important role in the regulation of global biogeochemical cycles and carbon fixation [37]. The cyanobacterium used in the experiments was Synechococcus sp. LJY001, which was isolated from the coastal water of Bohai Sea and cultured in sterilized BG-11 medium (salinity 3.5%, pH 7.1) at 26 ± 1 °C, light intensity of 3600 lux, and light: dark ratio of 12:12. The conical flasks were randomly placed in a light incubator and shaken three times a day to prevent cell aggregation. Algae in all experiments were sampled at the logarithmic stage of Synechococcus.




2.4. Exposure Experiments for MPs at High Salinity


The concentration of microplastics obtained using 80-micron mesh sampling in Swedish coastal waters was 102,000 items/m3 [38]. The wide spread of microplastics at concentrations of 42~6595 items/kg is occurring [39]. This number would be greater if the size was smaller, but unfortunately there are no data on the actual concentrations. Studies showed that 200 mg/L PE and PVC can inhibit the growth of marine microalgae and reduce the chlorophyll content of marine diatoms [40,41]. The concentration of by-product from desalination can be more than 1.6 times that of seawater [9]. Based on the above findings, in the experiment on the single effect of salinity on Synechococcus, three salinities (4%, 5%, and 6%) were selected (Figure 1b), and the 3.5% salinity group was set as the control. In the experiment of the single effect of MPs on Synechococcus, three concentrations were set for PE-MPs and PVC-MPs (10 mg/L, 50 mg/L, and 500 mg/L), and the group without MPs was used as a blank control, and the salinity of all the groups was 3.5%. All treatments were repeated three times. Oxidative stress indicators were determined after 96 h of incubation.



According to the results of individual toxicity, in the combined toxicity test of MPs and high salinity, two MPs’ concentrations were set (10 mg/L and 500 mg/L) with 6% salinity, and a blank control group was set at 3.5% salinity without MPs. The oxidative stress indicators were determined after 96 h of incubation.




2.5. Determination of SOD and CAT Activities and GSH and Chlorophyll-a Contents


After the completion of the single/combined toxicity treatment, 20 mL of the algal solution was taken out of the conical flask, and centrifuged at a speed of 11,000 rpm for 10 min at 4 °C. The upper clear liquid was discarded, and the dry weight of the algae was measured. Five times the volume of phosphate-buffered solution was added in a ratio of weight (g) to volume (mL) = 1:5. The tissue homogenate was prepared under ice bath conditions, and centrifuged at a speed of 2500 rpm for 10 min. The upper clear liquid was used for the determination of the total protein content and activities of CAT and SOD. The SOD activity was determined by the nitro blue tetrazolium (NBT) method. The CAT activity was determined by the ammonium molybdate colorimetric method using a catalase kit. GSH activity was determined by the DTNB method using a glutathione test kit. Chlorophyll-a content was determined by acetone grinding and an extraction method. The detailed procedures have been described in our previous work [42].




2.6. Statistical Analysis


The data used in each group of experiments were expressed as the mean of three repetitions. Comparisons between each group of data were analyzed using the one-way ANOVA method. The t-test was used to test the significance of the data, and the significance level was set at p < 0.05. The mean of the sorption data, the toxicological data, and the related oxidative stress indicator values were calculated using Microsoft Excel 2017. The adsorption kinetics, adsorption isotherm curves, and oxidative stress indicator values were calculated and plotted using Origin 2021.





3. Results


3.1. Adsorption of the Three Pollutants on PE and PVC under High Salinity


The results are shown in Figure 2 and Figure 3. At 6% salinity, the adsorption capacity of MPs for Pb2+ decreased from 0.24 mg/g to 0.15 mg/g (PE-MPs) and from 0.36 mg/g to 0.24 mg/g (PVC-MPs), respectively. Metal ions with a smaller hydration radius have greater electrostatic attraction [43]. The hydration ion radius of Na+ is 0.106 nm, while the hydrated ion radius of Pb2+ is 0.406 nm. Therefore, the electrostatic force between Na+ and MPs is more significant than that between Pb2+ and MPs. With the increase in salinity, the concentration of Na+ in the system is much higher than that of Pb2+. Due to the adsorption force between Pb2+ and MPs being mainly the electrostatic force, the increasing Na+ will compete with Pb2+ for adsorption sites, which reduces the binding of Pb2+. This result is consistent with a previous study [10].



The adsorption capacity of PE-MPs for 4-chlorophenol decreased from 0.14 mg/g to 0.09 mg/g at high salinity. However, the adsorption capacity of PVC-MPs for 4-chlorophenol increased from 0.10 mg/g to 0.16 mg/g. This result indicates that the effect of salinity on the sorption capacity depends on both the chemical pollutant and the MP type. Salinity is known to affect the aggregation state of MPs, which in turn may affect the sorption properties of organic compounds [44]. Salinity can change the properties of MPs such as overall size and surface area by affecting their cohesive or aggregated state. Similarly, the increase in salinity may also alter the aqueous solubility of organic pollutants, encouraging their partition into solid phases. The opposite change in the adsorption capacity of PE-MPs and PVC-MPs for 4-chlorophenol should be the result of balancing these two aspects.



At 6% salinity, the adsorption capacity of MPs for levofloxacin decreased from 0.23 mg/g to 0.17 mg/g (PE-MPs) and from 0.31 mg/g to 0.23 mg/g (PVC-MPs), respectively. This may be due to the reason that the electrostatic force has a large effect on the adsorption of MPs, and the elevated salinity shields the surface charge of MPs and reduces the interaction force between MPs and levofloxacin. At the same time, elevated salinity can also increase the competitive adsorption between Na+ and levofloxacin, competing for adsorption sites on the surface of MPs.




3.2. Single Effects of MPs and Salinity on Synechococcus


3.2.1. Single Effect of MPs


Figure 4 shows the effects of different concentrations of MPs (PE and PVC) on the different toxicity indicators in Synechococcus. With the increase in PE-MPs concentration, SOD activity first increased and then gradually decreased, and the activity of CAT gradually decreased. The differences were insignificant in the low-concentration treatment (10 mg/L) but significant in the high-concentration treatments (50 mg/L and 500 mg/L). With the increase in PE-MPs concentration, the content of GSH decreased at first and then increased. The Chlorophyll-a content in Synechococcus has a similar trend as the SOD activity. It rose at low concentrations (10 mg/L) of PE-MPs but decreased at high concentrations (50 mg/L and 500 mg/L) of PE-MPs. Exposure to extremely high concentrations of PE-MPs decreased the activities of SOD and CAT, suggesting that the redox balance of Synechococcus was disrupted, resulting in oxidative stress. High concentration of PE-MPs can significantly inhibit the photosynthetic efficiency of Synechococcus.



The impact of PVC-MPs on the SOD activity, CAT activity, GSH content, and chlorophyll-a content was also analyzed. The changes in PVC concentration did not have significant effects on the SOD and CAT activity (Figure 4e,f). This may be due to the relatively low toxicity of PVC, which has a limited effect on the reactive oxygen species (ROS) defense system of Synechococcus. The GSH content increased significantly at extremely high concentration of PVC-MPs (Figure 4g). The concentration of PVC-MPs had no significant effect on Synechococcus’s chlorophyll-a content (Figure 4h). PVC-MPs have a higher density and gathered at the bottom of the glass bottle, which increased the attachment area of Synechococcus, and did not compete with Synechococcus for the light source.




3.2.2. Single Effect of High Salinity


Figure 5 shows the response of the cells to the three different salinities (4%, 5%, and 6%). As the salinity increased, the SOD and CAT activity of Synechococcus decreased firstly and then increased. At 4% salinity, the activity of SOD and CAT of Synechococcus was the lowest and the content of GSH was the lowest, which indicated that the Synechococcus produced the least ROS. At the same time, 4% salinity increased the chlorophyll-a content. The results show that 4% salinity may be the optimum salinity for the growth of Synechococcus. At 6% salinity, the activities of SOD and CAT in Synechococcus were higher than those in the blank group, and the content of chlorophyll-a in Synechococcus was significantly lower than that in the blank group, which meant that the Synechococcus produced more ROS and the photosynthesis of Synechococcus was inhibited under 6% salinity stress.





3.3. Combined Effect of High Salinity and MPs on Synechococcus


3.3.1. PE-MPs and High Salinity


Figure 6 shows the changes in the four toxicity indicators (SOD, CAT, GSH and chlorophyll-a) of Synechococcus after co-exposure to high salinity (6%) and PE-MPs. When the Synechococcus was exposed to 6% salinity and 10 mg/L PE-MPs, the SOD activity of the three controls (blank, 6% salinity, and 10 mg/L PE-MPs) were 56.5 U/g, 65.6 U/g, and 72.4 U/g, respectively, and the SOD activity of the co-exposure group was 72.8 U/g. The SOD activity of the combined treatment group was slightly higher than that of the blank control and 6% salinity control, and there was no significant difference between the co-exposure system and the PE-MPs control. PE-MPs played a dominant role in the effect of SOD activity in the combined system (Figure 6a). The CAT activities of the three controls (blank, 6% salinity, and 10 mg/L PE-MPs) were 54.2 U/mgprot, 58.6 U/mgprot, and 52.8 U/mgprot, respectively, and the CAT activity of the co-exposure treatment group was 47.2 U/mgprot. The CAT activity of the co-exposure treatment group was lower than that of the three controls with a low significance. The GSH contents of the three control groups (blank, 6% salinity, and 10 mg/g PE-MPs) were 8.46 mg/g, 8.9 mg/g, and 5.6 mg/g, respectively, and the GSH content of the combined treatment group was 6.72 mg/g. The GSH content of the co-exposure group was lower than that of the blank and 6% salinity control, and slightly higher than that of the 10 mg/L PE-MPs control. The chlorophyll-a contents of the three control groups (blank, 6% salinity, and 10 mg/L PE-MPs) were 2.51 mg/L, 2.02 mg/L, and 2.67 mg/L, respectively, and the chlorophyll-a content of the co-exposure treatment group was 2.45 mg/L. The chlorophyll-a content of the co-exposure group was higher than that of the 6% salinity control, and lower than that in the PE-MPs control group.



When Synechococcus was exposed to 6% salinity and 500 mg/L PE-MPs, the SOD activities of the three control groups (blank, 6% salinity, and 500 mg/L PE-MPs) were 56.5 U/g, 65.6 U/g, and 35.6 U/g, respectively, and the SOD activity of the co-exposure group was 54.6 U/g. The SOD activity of the co-exposure group did not change significantly compared to the blank control, indicating that the inhibitory effect of PE-MPs on the SOD activity was weakened in the co-exposure system, which may be related to the aggregation of PE-MPs under high salinity (Figure 6e). The CAT activities of the three control groups were 54.2 U/mgport, 58.6 U/mgport, and 18.8 U/mgport, respectively, and the CAT activity of the co-exposure group was 31.3 U/mgport. The CAT activity of the co-exposure group was significantly lower than that of the blank control and 6% salinity control while significantly higher than that of the 500 mg/L PE-MPs control, indicating that high salinity reduced the inhibition effect of a high concentration of PE-MPs (Figure 6f). The GSH contents of the three control groups were 8.46 mg/g, 8.9 mg/g, and 11.6 mg/g, respectively, and the GSH content of the co-exposure group was 26.6 mg/g. The GSH content of the co-exposure group was significantly higher than that of the three control groups, indicating that the co-exposure treatment promoted the antioxidative response of Synechococcus (Figure 6g). The chlorophyll-a contents of the three control groups were 2.51 mg/L, 2.02 mg/L, and 1.97 mg/L, respectively, and the chlorophyll-a content of the co-exposure group was 2.02 mg/L. The chlorophyll-a content of the co-exposure group was not significantly different from the two single-exposure controls. However, the chlorophyll-a content of all the single or combined treatment groups was significantly lower than the blank control, indicating that both the high salinity and high concentration of PE-MPs can inhibit the photosynthetic efficiency of Synechococcus (Figure 6h).




3.3.2. PVC-MPs and High Salinity


Figure 7 shows the changes in the four toxicity indicators (SOD, CAT, GSH, and chlorophyll-a) of Synechococcus after co-exposure to high salinity (6%) and PVC-MPs. The SOD activities of the three control groups (blank, 6% salinity, and 10 mg/L PVC-MPs) were 45.7, 53.0, and 43.0 U/g, respectively, and the SOD activity of the co-exposure group was 83.7 U/g. The SOD activity of the co-exposure group was significantly higher than that of the three controls, indicating that the antioxidative response of Synechococcus was promoted by co-exposure with PVC-MPs and high salinity (Figure 7a). The CAT activities of the three control groups were 26.9 U/mgprot, 29.1 U/mgprot, and 26.0 U/mgprot, respectively, and the CAT activity of the combined treatment group was 31.5 U/mgprot. High salinity enhanced the ROS defense system under PVC-MPs stress. The GSH contents of the three control groups were 17.1 mg/g, 18.0 mg/g, and 16.9 mg/g, respectively, and the GSH content of the co-exposure group was 14.3 mg/g. The GSH content of the co-exposure group was lower than that of single exposure, but the difference was not significant. The chlorophyll-a contents of the three controls were 1.82 mg/L, 1.46 mg/L, and 1.69 mg/L, respectively, and the chlorophyll-a content of the co-exposure group was 0.91 mg/L. The chlorophyll-a content of the co-exposure group was significantly lower than that of the three controls, indicating that high salinity made PVC-MPs more effective in inhibiting the photosynthesis of Synechococcus.



Under the exposure of 6% salinity and 500 mg/L PVC-MPs, the SOD activities of the three control groups (blank, 6% salinity, and 500 mg/L PVC-MPs) were 45.7 U/g, 53.0 U/g, and 42.1 U/g, respectively. The SOD activity of the co-exposure group was 57.2 U/g, which was significantly higher than that of the PVC-MPs control group. The CAT activities of the three controls were 26.9 U/mgprot, 29.1 U/mgprot, and 25.3 U/mgprot, respectively. The CAT activity of the co-exposure group was 37.1 U/mgprot, which was remarkably higher than those of the three controls (Figure 7f). The results showed that 500 mg/L PVC-MPs induced the antioxidation of cyanobacteria only at high salinity. The GSH contents of the three controls were 17.1 mg/g, 18.0 mg/g, and 23.8 mg/g, respectively. The GSH content of the co-exposure group was 30.1 mg/g, which was significantly higher than those of the three controls (Figure 7g). This trend was the same as that of combined exposure with high salinity and high concentration of PE-MPs. Co-exposure mitigated the loss of chlorophyll-a caused by individual exposure. The chlorophyll-a contents of the three controls were 1.82 mg/L, 1.46 mg/L, and 1.72 mg/L, respectively, and that of the co-exposure group was 1.81 mg/L (Figure 7h).






4. Discussion


The concentrations of Pb2+ and organochlorine in seawater of the great barrier reef were 0.06~0.77 μg/L and 2~5100 pg/L, respectively [45]. The concentrations of antibiotics are usually in ng/L or μg/L, and the concentrations of the 14 antibiotics in the coastal waters of China were reported to be between 282.8 ng/L and 587.4 ng/L [46]. In order to investigate the mechanism of adsorption, the concentration of pollutants used in this study is higher than the actual concentration in the environment. The results show that there is electrostatic adsorption and ion adsorption between MPs and pollutants. Yu et al. selected PE, PS and PVC MPs to adsorb TC, and proved that the adsorption mechanism is mainly ion adsorption [47]. PVC has a better adsorption than PE, which may be due to its large specific surface area and so therefore has more binding sites [48]. In the natural environment, the competitive adsorption of Na+ is enhanced due to the decrease in pollutant concentration, which may lead to a decrease in the adsorption capacity of MPs. Due to the diversity of pollutants in the ocean, when different pollutants exist in the environment at the same time, there will also be competitive adsorption among them. Lin et al. investigated the competitive adsorption of Pb2+ and malachite green (MG) on PS and found that Pb2+ exhibited more affinity than MG due to intragranular diffusion and electrostatic effects [49]. Shen et al. studied the competitive adsorption of Pb2+ and Cu2+ on PP and found that PP exhibited a stronger adsorption effect on Pb2+ [50]. When single adsorption and competitive adsorption coexist, competitive adsorption usually dominates, and due to the nature of compounds, there may be both competition and complexation [51]. In complex marine environments, the behavior of MPs may also change due to differences in pollutant properties and environmental factors such as salinity. In this study, it was found that salinity affected the adsorption behavior of MPs through the following mechanisms: the competitive adsorption potential of Na+ with pollutants, the change of surface charge and aggregation state of MPs, and the change of solubility of organic pollutants. An increase in salinity may lead to the compression of the electric double layer between particles, resulting in aggregation of MP particles, an increase in specific surface area and surface binding sites, thus increasing the adsorption capacity [13].



Results of the single exposure of MPs to Synechococcus show that the low concentration of MPs may produce increased radical oxygen content in the cells of Synechococcus, triggering the self-regulation mechanism to produce more SOD and CAT to maintain a stable metabolism. However, the higher concentration of PE-MPs led to decreased SOD and CAT activity. This result implies that SOD and CAT scavenged oxygen radicals and hydrogen peroxide is produced less rapidly than the formation of substances, and that excessive oxygen radicals can disrupt the balance of the redox system in the cell, leading to cellular damage. This trend may also be due to the interference of CAT synthesis when being exposed to high concentrations of PE-MPs, but the exact mechanism needs to be further determined [52]. Oxidative stress induces gene expression of gamma glutamyl transpeptidase (GGT) [53]. GGT plays an important role in GSH homeostasis by providing cysteine (the rate-limiting substrate for intracellular GSH synthesis), which enables GSH precursors to be used as substrates for the synthesis of GSH under oxidative stress conditions [54]. This explains the significant increase in GSH content at extremely high MP concentrations. A high concentration of MPs reduced the chlorophyll-a content of Synechococcus and their photosynthetic efficiency. But the effect of PVC-MPs was weaker than PE-MPs. The results are consistent with the conclusions of previous studies. MPs have obvious toxic effects on Synechococcus, such as blocking out light, disrupting membrane integrity, destroying their antioxidant capacity, and reducing their photosynthetic activity [55]. The particle size of MPs is similar to that of Synechococcus cells. When the concentration of MPs in solution increased, MPs would block the stomata of Synechococcus and inhibit the gas exchange behavior of them; therefore, the content of chlorophyll-a in the cells was decreased. Studies have shown that MPs can be adsorbed on the surface of algae to form a coating that limits energy and material transfer between the cell and the environment, resulting in a decrease in intracellular nutrients, light, CO2 and O2 [56]. It is also possible that harmful metabolites of algae are locked into the cell, and MPs can cause surface physical damage [57]. PE-MPs have a low density and will float on the surface of water. They compete with Synechococcus for the light source, leading to a decreased photosynthetic efficiency and finally, decreased chlorophyll-a content. However, PVC-MPs have a higher density, making it easy to sink to the bottom of the water, leading to a smaller contact area with algae and a reduced toxic effect on cells. According to Canniff and Hoang, attachment to the surface of MPs may promote the growth of microalgae [58]. Therefore, the reduced inhibitory effect of high PVC-MPs concentration on the growth of Synechococcus may be because PVC-MPs are easily aggregated at the bottom of the bottle [59], which increases the attachment of the Synechococcus.



When the stress of MPs on Synechococcus occurred under high salinity, the SOD activity of Synechococcus which had been inhibited by MPs before was significantly increased. For the low concentration of PE-MPs, the SOD activity was originally increased without significant changes when high salinity was added. Algae can produce ROS, including superoxide anion (O2−), hydrogen peroxide (H2O2), hydroxyl radical (OH) and singlet oxygen, especially under oxidative stress [60]. Excessive ROS can damage cell membranes and biological macromolecules such as DNA, proteins and lipids; meanwhile, ROS act as signaling molecules to trigger the antioxidant defense system of the cell, to enhance the resistance and adaptability to adverse environments [61]. SOD is a kind of antioxidant metalloenzyme, which is widely distributed in microorganisms. It is an important component of the antioxidant enzyme system in organisms, which can catalyze superoxide anion radicals to form molecular oxygen and H2O2, ensuring the body’s oxidation and anti-oxidation balance [62]. Under the high salinity condition, the CAT activity of Synechococcus exposed to MPs showed similar changes to SOD activity. CAT also plays an important role in the antioxidant defense system of all aerobic organisms. CAT is a tetrameric enzyme, which can catalyze the decomposition of H2O2 into H2O and O2 and protect cells from H2O2 [63]. Elevated SOD activity increased the ability to convert excess oxygen radicals into H2O2 resulting in decreased cytotoxicity. The enhanced CAT activity at 6% salinity can be coordinated with the increase in SOD activity, which produces more H2O2 in the cells. An accompanying increase in the CAT activity can scavenge H2O2 to cope with oxidative stress. In addition to the low toxicity of low concentration PVC-MPs, the GSH content of Synechococcus exposed to MPs at high salinity was significantly higher than when exposed to MPs alone. The GSH content of Synechococcus was significantly higher than that of the control group under high concentration of MP stress. High concentrations of MPs are known to cause oxidative stress in Synechococcus, and increased GSH levels represented both an increase in intracellular ROS and an increase in cellular antioxidant levels. Not only can GSH act directly as a non-enzymatic antioxidant to protect cells from oxygen free radicals, but they also act as cofactors for antioxidants and detoxifying enzymes [64]. The GSH can also protect the -SH group in the enzyme molecule and can restore the activity of the enzyme by restoring the active function of the -SH group in the destroyed enzyme molecule [65]. The increase in SOD, CAT activities and GSH content in the co-exposure group indicated that the resistance of Synechococcus to oxidative stress was enhanced. Under high salinity conditions, single-celled phytoplankton can usually rapidly aggregate to form biofilms and provide physical defense for most cells by secreting extracellular polysaccharide (EPS) [66]. EPS is a polymer produced during the metabolism of microbial cells, and the main components include polysaccharides, proteins (enzymes and structural proteins), nucleic acids (DNA), and lipids [67]. As an important substance that adheres to the cell surface, EPS can bind to many exogenous organic compounds and inorganic ions due to its rich functional groups (such as -COOH, -NH, -OH, -CO-), and form a protective barrier against many exogenous organics [68]. Therefore, in a high-salinity environment, Synechococcus adopts the method of increasing EPS secretion to resist osmotic stress and enhance the ability of Synechococcus to resist MP toxicity.



When exposed to low concentrations of MPs in high salinity, the chlorophyll-a content of Synechococcus was significantly lower than that exposed to MPs in normal salinity. In high concentration PE-MPs, increased salinity did not change the inhibitory effect of MPs on chlorophyll-a content. But in high concentration PVC-MPs, the chlorophyll-a content increased significantly with increasing salinity. High salinity is known to promote the synthesis and secretion of EPS. When exposed to low concentrations of MPs in high salinity, Synechococcus can secrete EPS and potentially form heterogeneous aggregates with MPs. It can be inferred that the interaction between MPs and cells induced hetero-polymerization, forming a light-blocking floating layer. This led to a decrease in light intensity and chlorophyll-a content, which exacerbated the MPs’ inhibition of photosynthesis. At high concentrations of MPs, the chlorophyll-a content did not change significantly with increasing salinity because low-density PE-MPs had already occupied the water surface. High-density PVC-MPs were concentrated at the bottom of the water, providing a better substrate for Synechococcus attachment due to the increase in EPS, which was beneficial to the growth of Synechococcus.



On the other hand, high salinity itself may increase ROS and decrease chlorophyll-a content in Synechococcus. As the osmotic pressure of the cell membrane increases with the increase in salinity, osmotic stress can lead to water outflow and dehydration, disturb many characteristics of cells, resulting in slower cell metabolism and lower chlorophyll-a content [66]. EPS enables cells to aggregate to resist environmental stresses, while at the same time changing the effects of other substances on cell utilization [69]. Results show that the combined effects of high salinity and MPs on Synechococcus are subtle and complex. For the simple binary system of MPs and salinity, the reasons affecting the physiological activity of Synechococcus are diverse. On the one hand, MPs have obvious toxic effects on Synechococcus. However, they may also mitigate the effects of salt ions on the cells to some extent, such as by providing sites for bacteria to adhere to. On the other hand, high salinity not only alleviated MPs stress on Synechococcus to some extent, but also inhibited cell growth through osmotic stress. In addition, a variety of other factors influence joint toxicity. The complexity of combined toxicity is partly because there are various subtle and complex interactions among MPs, high salinity, and various other factors (Figure 8).



There are no reports on the effects of MPs and high salinity on Synechococcus. Most of the algae used for research are Chlorella. This paper systematically provides toxicological data on MPs and high salinity on the oxidative stress indicators of Synechococcus. However, this study only investigated the toxic effects of two factors (high salinity and MPs) on plankton. Many other factors affect the growth of microalgae in the ocean, such as diverse nutrient salts and various other pollutants. In addition, the present study only investigated the toxic response of Synechococcus at the level of enzyme activities, and further studies can be conducted at the molecular level. Investigation of the gene expression spectrum of Synechococcus in response to different factors can reveal the toxicity mechanisms of combined exposure.




5. Conclusions


This study investigated the effect of high salinity on the adsorption behaviors of three typical pollutants (Pb2+, 4-chlorophenol, and levofloxacin) onto two types of popular MPs (PE and PVC), and the combined toxicity of high salinity (6%) and MPs on Synechococcus. The results demonstrated that the adsorption of the three pollutants on MPs changed differently at increased salinity, and co-exposure to high salt and MPs led to altered cellular metabolism in Synechococcus. All the PE-MP treatments affected the ROS enzyme activity and cell photosynthesis. The higher the PE-MPs concentration, the more significant the inhibition. Under 10 mg/L PE-MPs, high salinity (6%) affected the ROS response and chlorophyll-a content but not significantly. PVC-MPs showed a synergistic effect with high salinity, and the combined exposure significantly inhibited ROS enzyme activity and chlorophyll-a levels. Co-exposure with high salinity and MPs reduced the individual effect of PE-MPs but promoted the individual effect of PVC-MPs. In this paper, the main characteristics of seawater, salinity, are fully considered, which provides a theoretical basis for studying the adsorption behavior and eco-toxicity of concentrated seawater from the seawater desalination industry. These findings provide useful insights into the combined toxicity of high salinity and MPs as well as highlight the importance of ecological risk assessment for large-scale desalination activities.
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Figure 1. Schematic diagram of protocols for adsorption experiment (a) and toxicity experiment (b). 
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Figure 2. Adsorption kinetics of Pb2+ (a,b), 4-chlorophenol (c,d) and levofloxacin (e,f) on MPs at normal and high salinities. 
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Figure 3. Equilibrium adsorption of Pb2+, 4-chlorophenol and levofloxacin by PE and PVC at normal and high salinities. Lowercase letters (a, b, c, d, and e) indicate a significant difference (p < 0.05) among each group, and any two samples with a common letter are not significantly different (p > 0.05). 
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Figure 4. Effects of different concentrations of MPs (PE and PVC) on SOD (a,e), CAT (b,f), GSH (c,g), and chlorophyll-a content (d,h) in Synechococcus. Lowercase letters (a, b, c, and d) indicate a significant difference (p < 0.05) among each group, and any two samples with a common letter are not significantly different (p > 0.05). 
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Figure 5. Effects of different salinities (4%, 5%, and 6%) on SOD (a), CAT (b), GSH (c), and chlorophyll-a content (d) in Synechococcus. Lowercase letters (a, b, c, and d) indicate a significant difference (p < 0.05) among each group, and any two samples with a common letter are not significantly different (p > 0.05). 
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Figure 6. Changes in SOD (a,e), CAT (b,f), GSH (c,g), chlorophyll-a content (d,h) of Synechococcus after co-exposure to high salinity (6%) and PE-MPs. Low PE: 10 mg/L of PE-MPs; high PE: 500 mg/L of PE-MPs. Lowercase letters (a, b, c, and d) indicate a significant difference (p < 0.05) among each group, and any two samples with a common letter are not significantly different (p > 0.05). 
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Figure 7. Changes in SOD (a,e), CAT (b,f), GSH (c,g), and chlorophyll-a content (d,h) of Synechococcus after co-exposure to high salinity (6%) and PVC-MPs. Low PVC: 10 mg/L of PVC-MPs; high PVC: 500 mg/L of PVC-MPs. Lowercase letters (a, b, c, and d) indicate a significant difference (p < 0.05) among each group, and any two samples with a common letter are not significantly different (p > 0.05). 
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Figure 8. Schematic diagram of combined toxicity of MPs and high salinity. 
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