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Toxicological Effects of Microplastics and Sulfadiazine on the Microalgae Chlamydomonas reinhardtii
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Despite the fact that microplastics (MPs) facilitate the adsorption of environmental organic pollutants and influence their toxicity for organisms, more study is needed on the combination of MPs and antibiotics pollutant effects. In this study, polystyrene MPs (1 and 5 μm) and sulfadiazine (SDZ) were examined separately and in combination on freshwater microalga, Chlamydomonas reinhardtii. The results suggest that both the MPs and SDZ alone and in combination inhibited the growth of microalgae with an increasing concentration of MPs and SDZ (5–200 mg l–1); however, the inhibition rate was reduced by combination. Upon exposure for 7 days, both the MPs and SDZ inhibited algal growth, reduced chlorophyll content, and enhanced superoxide dismutase (SOD) activities, whereas glutathione peroxidase (GSH-Px) activity was elevated only with the exposure of 1 μm MPs. Fluorescence microscopy and scanning electron microscopy also indicated that particle size contributed to the combined toxicity by aggregating MPs with periphery pollutants. Further, the amount of extracellular secretory protein increased in the presence of MPs and SDZ removal ratio decreased when MPs and SDZ coexisted, suggesting that MPs affected SDZ metabolism by microalgae. The particle size of microplastics affected the toxicity of MPs on microalgae and the combined effect of MPs and SDZ could be mitigated by MPs adsorption. These findings provide insight into microalgae responses to the combination of MPs and antibiotics in water ecosystems.
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INTRODUCTION

The invention and use of plastic products have made human life more convenient; in spite of all these good feathers, plastic pollution has become a serious major global environmental threat because of its physicochemical stability and difficulty in degrading naturally in the environment, especially in the aquatic ecosystems (Barboza et al., 2018; Zhu et al., 2019). The effects of plastic pollution in the aquatic environment are being continually discovered, with the presence of plastic components has been detected in the ocean even at depths of 7,000–11,000 m and the discharge of plastic waste is increasing every year (Zhu et al., 2019). The toxic chemical additives are leaching in aqueous environment due to the plastic contaminants; furthermore, they also provide adsorption capacity for the enrichment of antibiotic-resistant bacteria and pesticide residues, which resulting in severe effects on marine ecosystems (Chae et al., 2019; Zhang et al., 2020), riverine ecosystems (Zhang et al., 2018), and lake ecosystems (Beiras et al., 2021). Known as microplastics (MPs), these plastic pellets with a diameter ranging from 0.1 and 5 mm are long-term environmental contaminants (Sun et al., 2020). These MPs accumulate in aquatic animal through the food chain lead to affect their growth and development, reducing their nutritional status and harmful to the ecosystems and posing a health threat to humans (Coyle et al., 2020; Elizalde-Velázquez and Gómez-Oliván, 2021). In addition, the mixing of multiple pollutants further exacerbates the contamination of MPs due to its roughness, porosity, polarity, and hydrophobicity (Brandon et al., 2016; Nava and Leoni, 2021); it enables MPs to adsorb more contaminants in the environment—heavy metals, antibiotics, persistent organic pollutants, and other contaminants (Holmes et al., 2012; Wright et al., 2013; Coyle et al., 2020). As primary producers of aquatic ecosystems, microalgae may be affected by the toxicity of MPs pollution. In addition to the effects on microalgal growth, studies show that MPs affect algal photosynthesis, as chlorophyll content and photosynthesis efficiency decrease with exposure to MPs and that smaller sizes are considered more toxic. However, study into the effects of mixing microplastics with different pollutants is scarce (Nava and Leoni, 2021). A joint toxicity study of 0.3 mg l–1 triclosan and four kinds of 50 mg l–1 MPs was conducted with the microalgae Skeletonema costatum and it suggests that aggregation affected their combined effect by reducing the total superoxide dismutase (SOD) enzyme activity (Zhu et al., 2019). In another study, combined effects of MPs and mercury (ppb scale) caused neurotoxicity and lipid oxidative damage of Dicentrarchus labrax (Barboza et al., 2018). Hence, it is essential to study the combined toxicity of MPs and other pollutants.

Antibiotics are important pharmaceutical and personal care products (PPCPs) and some of them are relatively stable and can persist in surface water and even drinking water, raising concerns about their potential dangers (Chaturvedi et al., 2021). Among them, sulfonamides are the earliest category of synthetic drugs with a broad antibacterial spectrum, definite efficacy, convenience, and safety and are widely used in aquaculture; however, the removal rate of sulfonamides is low in the conventional wastewater treatment process (Zhang et al., 2019). Moreover, as a heavily used group of veterinary antibiotics, sulfonamides have high mobility and low sorption affinity in soil, making them more likely to leach into groundwater (Rath et al., 2019). This has led to a rise in the level of this contaminant in the water. A recent study shown that the growth of Chlorella vulgaris (C. vulgaris) was inhibited with an increasing SDZ concentrations (10–270 mg l–1), which may be related to reactive oxygen species (ROS) damage to the algal photosynthetic system and chlorophyll biosynthesis. Furthermore, oxidative stress increases the activity of SOD and glutathione reductase, while decreases the activity of catalase. This made the antioxidant response inadequate to cope with the rising ROS and prevent oxidative damage (Chen et al., 2020a). Studies have shown that the co-occurrence of MPs and antibiotics decreases microbial activity and diversity in natural environments such as soil and nitrifying sludge, resulting in combined pollution (Wang et al., 2020a,b).

As a primary producer, microalgae affect the structure and function of an aquatic ecosystem. Microalgae are sensitive to toxic substances, so they are a promising indicator of microplastic pollution threats to freshwater ecosystems (Zhang et al., 2017). Microalgae have been considered to be sensitive to the ubiquitous MPs and antibiotics and studies have been focused on the effects of single pollutants (Prata et al., 2018; Machado and Soares, 2019). The studies on the combined toxicity of these two types of pollutants are still limited. For instance, polystyrene (PS)-MPs affected the removal of levofloxacin by altering the adsorption, enrichment, and enzymatic degradation of antibiotics by Chlorella vulgaris; the levofloxacin (initial concentration of 93.8 μg l–1) removal rates for the microplastics group (35 items⋅L–1) and the control group were 23.34 and 46.71%, respectively, on the third day, but the combined toxicity on microalgae was not extensively studied (Wu et al., 2022).

As a typical phytoplankton, Chlamydomonas reinhardtii (C. reinhardtii) has a great prospective to easy cultivation, considered as highly susceptible to environmental pollution, used as potential candidate for aquatic contamination assessments, and demonstrated high biosorption and removal efficiency of PPCPs (Xie et al., 2020). In this study, we evaluated the potential toxicity of MPs and sulfonamide antibiotics to C. reinhardtii, according to the effects on cell growth of the microalgae and the physiological and biochemical responses, as well as investigating whether microalgae secrete extracellular substances that defend against MPs and antibiotics by adhesion.



MATERIALS AND METHODS


Materials

Virgin PS-MPs microspheres (1 and 5-μm diameter, Cat. No. 7-3-0100 and 7-3-0500, respectively), labeled with green fluorescence (excitation wavelength: 470 nm and emission wavelength: 526 nm), were purchased from BaseLine ChromTech Research Centre (Tianjin, China) and IR absorption spectra confirmed the chemical composition of the microspheres. The diameters of PS-MPs particle were detected using the scanning electron microscope (SCM). Sulfadiazine (SDZ) sodium salt was purchased from Sigma-Aldrich (Cat. No. S6387-25G and purity 99.9%).



Algal Culture

Chlamydomonas reinhardtii CC124 strain was obtained from the Chlamydomonas Genetic Center of Duke University (Durham, North Carolina, United States) and cultured in a tris-acetate-phosphate (TAP) medium. Algal cells were cultivated in a constant temperature light incubator at 22 ± 2°C and 20 μmol photon m–2s–1 illumination. Algae were grown in 250 ml Erlenmeyer flasks and were shaken daily and randomly arranged to reduce any minor differences in photon irradiance (Huang et al., 2022).



Toxicology of Algal Growth Rate Inhibition

To assess the acute effects, a 24–96 h period is the ideal time (Schuwirth, 2020). In order to evaluate temporary exposure toxicity of single and combined effects of PS-MPs and SDZ, algae were exposed to SDZ, PS-MPs, and combined SDZ with PS-MPs for 96 h. Since PPCPs were detected in a broad range of 0.1–50 mg l–1 in wastewater and Chlamydomonas was capable of removal of SDZ by photolysis (Xie et al., 2020), six concentrations of SDZ (5, 10, 20, 50, 100, and 200 mg l–1) and six concentrations of PS-MPs (5, 10, 20, 50, 100, and 200 mg l–1) were selected in this study and then the combination of fixed 50 mg l–1 PS-MPs and six concentrations of SDZ (5, 10, 20, 50, 100, and 200 mg l–1) to analysis their conjoint effects based on the results of individual toxicity experiments. C. reinhardtii cells were cultured in a 12-well plate (Thermo Fisher Scientific, Cat. No. 150628) and seeded in the concentration of 105 cells ml–1; the cell concentration was counted using a hemocytometer for inhibition rate estimation.

It is known that C. reinhardtii generally reached stationary stage after 5–6 days of incubation. According to the results of 96 h inhibition tests, the microalgae were subjected to a 7-day toxicity test with 50 mg l–1 SDZ, 50 mg l–1 PS-MPs, and combined 50 mg l–1 SDZ with 50 mg l–1 PS-MPs. The microalgae were cultured in 250 ml flasks and kept the other culture conditions consistent with the previous conditions. After exposure, cell concentration and biomass were calculated. A 50-ml culture was collected in order to determine the concentration of extracellular secretory protein and the rest of the culture was centrifugated at 4,500 g and 20°C for 10 min to collect algal cells. The total protein was extracted to measure biochemical activities.



Analysis of Chlorophyll Contents and Photosynthetic Activity Parameters

The contents of chlorophyll (Chl) were determined according to a modified method of the previous study (Zheng et al., 2017). The culture of algae (1 ml) was centrifuged at 12,000 rpm (Thermo Scientific Heraeus Pico 17 microcentrifuge) for 30 s at 20°C; then, the pellet was resuspended in 1 ml of 95% ethanol and incubated for 20 min at room temperature under shade condition and centrifuged again. The absorbance of the supernatant was measured at 630, 647, 664, and 750 nm using the Synergy Neo2 Plate Reader (BioTek, United States) and the contents of chlorophyll extract were calculated according to the following equations:
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The parameters of photosynthetic activity of algae were measured using a pulse amplitude modulated (PAM) fluorometer water-PAM (Walz, Germany; (Zheng et al., 2017). Fv/Fm (Fv, variable fluorescence; Fm, maximum fluorescence) is the largest photochemical quantum yield of photosystem II (PSII), which reflects the quantum yield when all the PSII reaction centers are in an open state. Yield (YII) is the actual photochemical efficiency of PSII in light.



Measurement of Antioxidant Activity of Enzyme

The activities of total antioxidant enzyme SOD and glutathione peroxidase (GSH-Px) were measured by using and following the recommended instructions of the colorimetric commercial kits (Cat. No. A001-3-2 and A005-1-2, respectively, Nanjing Jiancheng Bioengineering Research Institute). The activity of SOD was assayed with the reaction based on its inhibition on the scale of superoxide anion generated by xanthine and xanthine oxidase reaction system. A SOD unit was measured as the amount of enzyme that led to a half inhibition of the nitroblue tetrazolium reduction rate using the plate reader at 550 nm. GSH-Px was measured according to the manufacturer’s protocol. Based on the reaction ability of dithodinitrobenzoic acid with sulfhydryl compounds at 405 nm absorption peak in producing a relatively stable yellow color, GSH activity was measured. GSH-Px is preferably represented by catalyzed GSH reaction rate by measuring absorbance at 412 nm for 5 min. In this study, the activities of SOD and GSH-Px were expressed as units per milligram of protein (U mg–1). The concentration of protein was determined using a protein quantification kit (C503061-1250, Sangon Biotech, China).



Confocal Laser Microscope and Scanning Electron Microscope Observation

After 96 h exposure, MPs and microalgae in culture were observed using a confocal laser scanning microscope (CLSM; Leica TCS SP8, Germany) and analyzed by image analysis system with HCX PL APO 40X 0.85 dry objective lens. Fluorescence images were recorded for MPs particles with excitation and emission wavelengths of 554 and 586 nm, respectively, and 649/670 nm for the determination of fluorescence for microalgal cells, respectively. MPs particles are shown in green color and microalgal cells are shown in red color. After 96 h of exposure under toxicity assay, the microalgal cells were collected by centrifugation (5,000 rpm, 10 min, and 20°C). Samples were initially fixed overnight at 4°C with 2.50% glutaraldehyde and then washed three times with phosphate-buffered saline (PBS; pH 7.4). Afterward, the samples were dehydrated for 15 min through a series of 30, 50, 70, 80, 90, 95, and 100% alcohol solutions. The dehydrated samples were placed in an oven at 40°C and dried for 24–48 h. After gold spraying, the samples were observed by scanning electron microscopy (SEM; Phenom Pro).



Extracellular Secretory Protein and Sulfadiazine Removal Rate Measurement

The protein, which was extracted from extracellular polymeric substances (EPSs), was quantified and analyzed as follows: by 10,000 g centrifugation at 20°C for 15 min, supernatant solution was pipetted and filtered through a 0.45-μm glass fiber (GF) membrane (GF, 25 mm, mesh size 0.45 μm, Munktell). Colorimetric analysis of EPS protein content was carried out using the protein quantification kit (Sangon Biotech, China). The absorbance of the samples was read at 595 nm using the Synergy Neo2 Plate Reader (BioTek, United States) and protein concentration was calculated by comparison with the standard curve (Bellingeri et al., 2019).

The quantum yield is a critical factor that employs to quantify the efficiency of sulfonamides photodegradation reaction and an absorption peak at 254 nm indicates the photolysis products from SDZ degradation (Liu et al., 2018). Therefore, concentration of SDZ in algal culture was measured for antibiotics removal ratio assessment. A 50-ml of algal culture was centrifuged at 4,500 g and 20°C for 15 min; the supernatant was collected and SDZ concentration was measured at 254 nm using the plate reader and calculated by comparison with the standard curve.



Statistical Analysis

Each experiment was performed in triplicate and graphs were plotted by the Prism 8 (GraphPad Software Incorporation). For statistical analysis, data were subjected to IBM SPSS version 25.0 (IBM SPSS) with the Shapiro–Wilk’s and Levene’s tests (p > 0.05) to confirm normal distribution and homoscedasticity, respectively. The differences among the treatments were analyzed by single-factor ANOVA and taking a level of p < 0.05 as significant to Duncan’s multiple range test. The difference and interactive effects between antibiotics and MPs were examined using the two-way ANOVA followed by the Student–Newman–Keuls (SNK) tests for multiple comparisons (with significant level of p < 0.05).




RESULTS AND DISCUSSION


Inhibition Effect of Polystyrene-Microplastics and Sulfadiazine on Microalgae Growth

The toxicity of SDZ and PS-MPs on the growth of microalgae was evaluated by the growth inhibition effect. The results showed that the exposure of PS-MPs and SDZ treatment alone inhibited the growth of algal cells and the inhibition effect was gradually increased at higher concentration. For instance, at the highest tested concentration of 200 mg l–1, the PS-MPs alone inhibited the algal growth rate of 70.41 and 50.41% by using 1 and 5 μm, respectively, while SDZ alone inhibited only 42.40% (Figure 1A). It indicates that individual PS-MPs exposure inhibited the growth of C. reinhardtii cells. Under the same concentration, for different particle size of MPs, smaller size of particle had a higher inhibition rate of microalgae growth and the inhibition effect was also enhanced with an increasing concentration for 1 and 5 μm PS-MPs. This is similar to the findings, which have been already reported in other organisms (e.g., rotifers, shrimps, fungus), also showed that MPs with smaller sizes of particles were more toxic than those with larger sizes of particles (Varó et al., 2019; Wang et al., 2019a,b). There may probably three main reasons, which are associated to this phenomenon: first, smaller diameter of MPs may be able to enter the cell and affect the microalgae directly (Chen et al., 2020b). Besides, smaller diameter of MPs is more likely to adsorb to the surface of the algal cell and ultimately affect the uptake of external nutrients (Bhattacharya et al., 2010). Finally, the presence of MPs can have a shading effect on microalgae, thereby affecting the photosynthesis of algal cells and causing toxicity. Under the same concentration of MPs, the number of small size of MPs particles is much higher than that of large size of MPs particles, leading to a lower light transmission rate for small size MPs cultures, thus affecting algal cell growth (Zhang et al., 2017). However, microalgal cells are highly resistant to SDZ antibiotics and the inhibition rate was remained below 50% at SDZ concentrations up to 200 mg l–1, suggesting that algal cells can remove antibiotics from the environment. It was shown that microalgae could remove antibiotics by photolysis and biodegradation (Xie et al., 2020).
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FIGURE 1. The average growth inhibition ratio of microalgae exposed 96 h to sulfadiazine (SDZ) and polystyrene-microplastics (PS-MPs) in the different groups. (A) Single treatment of SDZ and MPs and (B) 50 mg l–1 of different particle size MPs + SDZ in comparison with SDZ only. Values are the mean ± SEM of three replicates. Significant differences (p < 0.05) are denoted with different letters (A) and an asterisk for MPs + SDZ vs. SDZ only (B).


As the analysis showed that there was no significant difference in inhibition rate of single treatment PS-MPs concentration between 10 and 50 mg l–1, the result of algal cell inhibition rates at fixed concentrations (50 mg l–1) of PS-MPs combined with different concentrations of antibiotics was subsequently analyzed (Figure 1B). With contents of SDZ below 50 mg l–1, the joint inhibition rate seems consistently lower than SDZ presence alone. When concentration of SDZ was above 50 mg l–1, the rate of inhibition of PS-MPs with smaller sizes of particle was lower than that of larger sizes of particle. For instance, the combined inhibition of SDZ with 1 μm PS-MPs decreased by 5.43% (p < 0.05) at SDZ concentration of 100 mg l–1 compared to SDZ alone, while this value decreased by 11.0% (p < 0.05) at SDZ concentration of 200 mg l–1. In contrast, there was no significant difference between SDZ alone and in combination with SDZ with 5 μm PS-MPs at SDZ concentrations of 100 and 200 mg l–1. This evidence is suggesting that the presence of MPs may reduce the inhibition of algal growth by excessive antibiotics. This effect is notable for MPs with smaller sizes of particle. The two-way ANOVA results indicated significant effects of MPs and SDZ for growth inhibition of C. reinhardtii and the interaction between SDZ and 5 μm PS-MPs (Supplementary Table 1). MPs have a strong adsorption capacity for heavy metals, organic pollutants, etc. (Barboza et al., 2018), which could reduce the concentrations of antibiotics in the medium. At the same concentration and with a larger specific surface area, small size of MPs is more powerful in adsorption and, thus, more effective in reducing the inhibition rate (Sjollema et al., 2016). In the control group exposed only to SDZ, the toxicity of SDZ may be reflected in an increased oxidative stress and chlorophyll inhibition in algal cells, thereby reducing photosynthetic efficiency and affecting algal growth. The secretion of EPS by algal cells makes it easier for MPs of small sizes to accumulate around algal cells, potentially forming a barrier and reducing SDZ exposure. Consequently, the two particle sizes of MPs interact differently with SDZ. As MPs compete with SDZ for toxicity, the combined action of SDZ and MPs reduced the rate of growth inhibition of C. reinhardtii.

Analysis of morphology of microalgal cell can provide more clues to the health status of microalgae, as well as indications of the effects of combining MPs and antibiotics on microalgae. According to the confocal microscopic image (Figure 2), it was observed that the MPs were not uniformly distributed and aggregation occurred. The aggregation was evident in microalgae treated with 1 μm PS-MPs, which was likely due to the fact that the algal cells secreted a large amount of extracellular organic matter, which caused the MPs to stick, leading to the deposition and aggregation of MPs at the bottom. Therefore, the concentration of MPs in the medium is decreased and may reduce the toxicity of MPs to algal cells. Stimulation by different excitation light can discriminate between the fluorescence of chlorophyll and MPs; it was found that most of the algal cells did not directly contact with MPs and only a small amount of MPs would be contacted with the surface of algal cells, but no MPs were found to enter the algal cells, which may indicate that the inhibitory effect on algal cells is not caused by internalization of the small-diameter MPs, but possibly by influencing the external environment such as nutrient uptake and light radiation to algal cells. However, another study provided evidence that 1–2 μm MPs could enter cells of two species of microalgae at extremely low rates, but the detailed mechanisms remain undiscovered (Yang et al., 2020).
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FIGURE 2. Images of fluorescently labeled PS-MPs in microalgal culture (96 h). (A–C): 1 μm MPs in culture with Chlamydomonas reinhardtii (C. reinhardtii), bright field (A) the fluorescence of MPs distribution (B) and merged fluorescence of microalgae (red) and MPs (green) (C). (D–F): 5 μm MPs in culture with C. reinhardtii, bright field (D) the fluorescence of MPs (E) and merged fluorescence (F).


The morphological characteristics of C. reinhardtii under different treatments were observed by scanning electron microscopy. PS-MPs at the concentration of 1 μm could attach to the surface of C. reinhardtii (Figure 3A) and PS-MPs at the concentration of 5 μm could not attach to the surface of microalgae due to their large size, but would aggregate with microalgae to form a cluster (Figure 3B). The aggregation of MPs and microalgae may cause physical damage to the algae, such as changes in structure of cell wall (Wang et al., 2016), furthermore inhibiting the growth of the algae. In addition, this aggregation can increase the sedimentation coefficient of microalgae, consequently leading to settling of microalgae and aggregation at the bottom of the flask in the later stages of culture.
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FIGURE 3. Scanning electron microscopic images of C. reinhardtii exposed to different particle size of PS-MPs (A) 1 μm MPs; (B) 5 μm MPs. The identified MPs are green colored.




Antioxidant Enzymes and Photosynthesis Performance Under Microplastics and Sulfadiazine Toxicity

When the external environment is unfavorable to the growth of microalgae, it causes conducive changes to the growth of algae for their survival and this process is mainly regulated by the activity of some enzymes in algal cells (Li et al., 2020a). The existence of MPs and antibiotics in the external environment is involved in affecting the enzymatic activity of algal cells, but to significantly different extents. Comparison of enzyme activity (Figure 4) showed that the intracellular GSH-Px activity was basically same as the control under the condition of individual treatment of SDZ at the concentration of 50 mg l–1, which indicated that antibiotics at this concentration did not affect the intracellular GSH-Px enzyme activity, but when MPs were present in the medium, the intracellular GSH-Px activity was significantly increased in all the cases. The enzyme activity was peaked at the diameter of 1 μm PS-MPs and 50 mg l–1 SDZ in combined treatment (Figure 4B), suggesting that particle size of MPs affects the growth of algal cell, which is consistent with other previously described studies (Wu et al., 2021). The SOD enzyme activity assay revealed that the results were consistent with GSH-Px, but the highest SOD activity was observed in the presence of 5 μm PS-MPs and SDZ (Figure 4A). The two-way ANOVAs revealed significant main effects of MPs, but not SDZ for GSH-Px activity and the effects of MPs on GSH-Px were independent of SDZ. The SOD activity was significantly responsive to MPs and SDZ and the interactions between MPs and SDZ (Supplementary Table 2). Studies have suggested that stress from external environmental factors, including heavy metals, organic acids, and salt stress, can induce significant production of ROS inside the plant cells (Cheng et al., 2017). It was found in previous study of the toxicity of aging microplastic polyvinyl chloride and copper to microalgae Chlorella vulgaris that both the mPVC (10 mg l–1) and copper (0.5 mg l–1) caused severe cellular damage and increased the concentrations of intracellular SOD and malondialdehyde (MDA; Fu et al., 2019). Excess ROS could damage the cell membrane system of the organism and eventually inhibited their growth. Mitochondria are a major source of free radicals and MPs can interact with their outer membranes (reducing mitochondrial membrane potential) or indirectly affect their function, thus resulting in ROS production. As frontline defense enzymes that directly eliminate ROS, both the SOD and GSH-Px are potentially effective markers of early oxidative damage induced by MPs and antibiotics. The SOD catalyzes the dismutation of O2– to molecular oxygen and hydrogen peroxide (H2O2), which is subsequently removed by catalase and GSH-Px. These enzymes catalyze the reduction of H2O2 to harmless products and the intracellular antioxidative system scavenges excess oxygen radicals, leading to avoiding or reducing oxidative damage (Cheng et al., 2017; Prokić et al., 2019).
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FIGURE 4. The superoxide dismutase (SOD) (A) and glutathione peroxidase (GSH-Px) (B) enzyme activities of C. reinhardtii exposed to PS-MPs (1 and 5 μm) and/or SDZ (50 mg l–1). Values are means ± SEM of three replicates and significant differences (p < 0.05) are denoted with different letters.


The chlorophyll content of microalgae in the presence of both the MPs and SDZ was measured in this study and the results (Figure 5A) showed a higher chlorophyll content in the control group and both the presence of SDZ and MPs alone and in combination resulted in a significant reduction of chlorophyll a, b, and c in algal cells, with inhibition rates of roughly 15–23%. This is following the results of other studies, except for the difference in the inhibition effect, e.g., it was found that the pigment content within microalgae was significantly reduced after 48 h of MPs exposure, with a maximum inhibition rate of 62.86% (Yang et al., 2021). This may be related to the tolerance of different species of microalgae and the material of MPs (Zhu et al., 2019). It appears that C. vulgaris was less sensitive to SDZ and the chlorophyll a content decreased significantly in the 10 and 270 mg l–1 groups following 7-day exposure, but only slightly reduced in the 30 and 90 mg l–1 groups (Chen et al., 2020a). In contrast, C. reinhardtii was more sensitive in this experiment and the chlorophyll contents were all significantly decreased after treatment. The two-way ANOVAs revealed that chlorophyll a and c contents were not significantly affected by SDZ, but all the chlorophyll contents were significantly responsive to MPs exposure and their interaction between MPs and SDZ (Supplementary Table 3). Chlorophyll fluorescence is sensitive parameter to environmental stress; the decrease in contents of chlorophyll may be related to the accumulation of intracellular ROS that disrupts the cell structure and hinders the synthesis of chlorophyll. In addition, it may be due to the high adsorption capacity of MPs, which adsorb on microalgae to form aggregates during the culture process, rendering some algae inactive (Lagarde et al., 2016). We have observed in this study that there was no significant difference in the contents of chlorophyll in combined treatments (MPs and SDZ) compared to their individual treatments, suggesting that the combined effect of MPs and SDZ on chlorophyll in C. reinhardtii is consistent with their presence alone.
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FIGURE 5. The chlorophyll contents (A) and photochemical efficiency (B) of C. reinhardtii exposed to PS-MPs (1 and 5 μm) and/or SDZ (50 mg l–1). Data are shown as means ± SEM of three replicates and an asterisk note for significant difference between treatments and the control group (p < 0.05).


Photosynthetic efficiency of microalgae was measured using the PHYTO-PAM fluorometer to examine whether MPs and SDZ affect the photosynthesis of microalgae. Fv/Fm and YII represent the ability of PSII to absorb photon energy and use it for photochemistry under dark-adapted and light-adapted conditions, respectively, when damage or inhibition of protein complexes in the photosystem and reduced viability of algal cells may result in the declined photosynthetic capacity of microalgal cells (Schwab et al., 2011). The results, which are shown in Figure 5B, indicated the photosynthetic efficiency of microalgae, despite a slight variance was not statistically different, suggesting that the photosynthetic efficiency of microalgae was not affected by PS-MPs and antibiotics. According to the two-way ANOVA analysis, photosynthetic efficiency was significantly affected by SDZ, but not significantly responsive to MPs and interaction between MPs and SDZ (Supplementary Table 4). In a previous study, the results were similar, which indicated that MPs (25 mg l–1, sizes 0.05, 0.5, and 6 μm) did not affect the photosynthesis of various microalgae, including diatoms, Dunaliella salina, and freshwater Chlorella (Sjollema et al., 2016). However, another study revealed that a unicellular flagellate alga Karenia mikimotoi showed decreasing trend in photosynthesis about 25.3 and 17.1% in YII and Fv/Fm, respectively, when exposed it under 0–100 mg l–1 1.0 μm PVC-MPs (Zhao et al., 2019). We have inferred from these findings that the sensitivity of different microalgae to MPs differs and may also be associated with the food web and phytoplankton community in aquatic ecosystems.



Extracellular Secretory Proteins and Removal of Sulfadiazine Antibiotics by Microalgae

In response to diverse environmental stresses, microalgal cells secrete the natural EPS, which provides functions as a barrier to prevent the entry of toxic substances into the cell, triggers the induction of protective mechanisms in response to unfavorable growth conditions from the external environment, and then secretes extracellular proteins to protect the cell (Bellingeri et al., 2019). Thus, the presence of MPs may stimulate the secretion of EPS by microalgae, leading to high protein contents in the culture medium. To test this hypothesis, extracellular secretory proteins were measured after 7 days of PS-MPs and SDZ treatment and the results (Figure 6A) showed that individual treatment of SDZ did not increase the amount of secreted extracellular protein. MPs alone and in combination with SDZ increased the amount of extracellular protein secreted by microalgal cells. The amount of extracellular protein, which is secreted by microalgal cells, reached at its maximum stage upon combined treatments of 5 μm PS-MPs and antibiotics. The results of two-way ANOVA showed that SDZ and MPs had a significant effect on EPS production and the interaction analysis of SDZ and MPS revealed a correlation between them (Supplementary Table 5). The variation in the quantity and composition of EPS secretion can be influenced by environmental conditions and the discrepancies in the combined effects of MPs and antibiotics of different sizes of particle may be the primary factor, which are contributing to the amount of secreted extracellular proteins (Adeleye and Keller, 2016). After 9 h of 2 μm PS-MPs exposure, the bound and soluble EPS of microalgae Scenedesmus abundans significantly increased (Cheng and Wang, 2022). In another study, C. reinhardtii was exposed to 50 mg l–1 of PS-MPs (300–600 nm) for 6 days and EPS decreased slightly compared to the control group, but remained much higher than the level at the start of this study (Li et al., 2020b). Therefore, stimulus of MPs to microalgae may show different features (e.g., biomass, growth inhibition, and quantity of EPS) depending on species, size, and treatment modality.


[image: image]

FIGURE 6. The extracellular cellular protein content of C. reinhardtii exposed to PS-MPs (1 and 5 μm) and/or SDZ (50 mg l–1) (A) and SDZ removal ratio with different particle sizes PS-MPs coexistence (B). Values are means ± SEM of three replicates and significant differences (p < 0.05) are denoted with different letters.


The most antibiotics are difficult to biodegrade due to their pharmacological stability (Martin-Laurent et al., 2019) or resistance (Li et al., 2020a), causing the residues of antibiotics in the environment, which are notable for their harmful effects on the ecology and human health. In previous studies, microorganisms were isolated, which have potential capacity to biodegrade the effect of antibiotic, such as SDZ. It was noticed that strain of Arthrobacter D2 degrades the effects of SDZ more than 50% at an initial concentration of 50 mg l–1 (Deng et al., 2016). The studies have been demonstrated that microalgae have great prospective to eliminate antibiotics from the aqueous environment through multiple differential mechanisms. The most effective pathways, which are involving in the removal of organic pollutants by microalgae, are performed through enzymatic reactions, mainly including oxidation and hydrolysis (Foflonker et al., 2016; Xiong et al., 2017). There are also studies showing biosorption of antibiotics by microalgae cells (Angulo et al., 2018), while compounds with the cationic groups tend to adsorb on the surface of microalgae through electrostatic interactions (Xiong et al., 2019). In addition, abiotic reactions, including hydrolysis and photolysis, also contribute to the removal of antibiotics (Norvill et al., 2017; Song et al., 2019). A study revealed that removal efficiency of SDZ by Chlamydomonas spp. exceeded 50% at an initial concentration of 10 mg l–1. In PPCPs removal, adsorption played an essential role, ciprofloxacin and SDZ are mainly adsorbed on EPS by binding with the carbonyl and amine groups in tryptophan protein-like substances, and EPS on the microalgae is limited, making it easier for PPCPs to pass through and diffuse into the cells for biodegradation. However, due to the negative zeta potential, SDZ has lower adsorption efficiency with EPS (Xie et al., 2020). To study whether MPs affect the bioremoval of SDZ by microalgae, after 7 days of culture, SDZ concentration in the medium was measured. The removal rate of SDZ reached up to 51% in microalgae medium, which are treated with only 50 mg l–1 SDZ (control), while the removal rate decreased by 11 and 18% in the medium supplemented with 1 μm PS-MPs and 5 μm PS-MPs, respectively (Figure 6B). The increase of EPS, particularly in the 5 μm MPs group and the relatively low adsorption of SDZ onto microalgal EPS, could affect algal internalization of SDZ, which in conjunction with the cytotoxicity of PS-MPs may reduce SDZ removal efficiency. The results showed that bioremoval of SDZ by microalgae was inhibited in the presence of PS-MPs; this is consistent with a recent study showing that levofloxacin removal by C. vulgaris was significantly inhibited when PS-MPs co-exposed (Wu et al., 2022); even though the antibiotic species and MPs have different effects on their degradation mechanisms, understanding the scavenging of antibiotics from the environment by microalgae and the mechanisms is important.




CONCLUSION

In this study, we examined the single and combined effects of PS-MPs and SDZ on freshwater alga C. reinhardtii. SDZ exposure and the attachment of MPs to microalgae increased antioxidant enzyme activity, resulting in an increase in extracellular secretory proteins and a decrease in chlorophyll content. This was accompanied by a reduction in the growth rate of microalgae and noticeable aggregation of MPs. Exposure toxicity increased with the concentration and interaction of PS-MPs and SDZ, but different particle sizes and their interactions with SDZ had differential effects and when co-exposed with 5 μm PS-MPs, SDZ removal rates by algae were compromised. Therefore, considering the increasing trend of global antibiotics and microplastics production in response to the demand of the human population growing rapidly and the fundamental role of microalgae as primary producers in aquatic ecosystems, more studies on the combined effects of microplastics and emerging contaminants are required.
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