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Microplastics and plant litter are ubiquitous in the soil environment, and both materials can influence soil properties and biota. Plant litter releases secondary metabolites (e.g., phenolic compounds) during the decomposition process, including chemical compounds active in plant defense. Effects of microplastics and plant litter on soil biota have been studied independently but we have limited information about the combined effects of both sources of chemicals. Here, we specifically focused on the interaction between plant litter and microplastics, as well as their potential effects on soil biota (i.e., nematodes). We used soils from a previous experiment that included three different types of microplastic fibers (MFs) and four different types of plant litter, which were incubated in the soil in all combinations of materials. After soil incubation (42 days) in the previous experiment, we here tested for effects on nematodes (Caenorhabditis elegans). Plant litter treatments negatively affected the reproduction of nematodes, but these effects were reduced when the soils were incubated along with MFs. We measured the phenolic concentrations in plant litter extracts in a kinetic experiment and found that phenolic concentrations significantly decreased with some of the MF additions. Our results suggest that microplastics can affect the potential effects of natural chemicals such as plant phenolic compounds. We urge future studies to consider this possibility as a key explanatory process underpinning effects of microplastic in the soil environment.
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INTRODUCTION
Microplastics (<5 mm) are ubiquitous in the soil environment, and their abundance has reached a level that cannot be ignored (Sridharan et al., 2021; Yang et al., 2021). The potential effects of microplastics in soil have been revealed in a growing body of research evidence (Rillig, 2012; Rillig and Lehmann, 2020). Notably, soil biota (e.g., nematodes and springtails) suffer from microplastics exposure, and their reproduction and behavior can be negatively changed (Kim and An, 2019; Kim et al., 2020). Microplastics alter soil physical properties such as soil aggregation and water holding capacity, and this can directly or indirectly influence plant growth (de Souza Machado et al., 2019; Lozano et al., 2021a; 2021b). Recently, chemical effects have been highlighted as an important mediator of microplastic toxicity. Chemical additives in the microplastics are released during the decomposition or fragmentation processes, and these chemicals can possess toxic properties (Rillig et al., 2021; Zhou et al., 2021). In addition, microplastics can act as an extra compartment for the partitioning and adsorption of chemical pollutants, and this is important since it potentially determines the fate and bioavailability of these other chemicals (Tourinho et al., 2019).
Recent studies regarding the chemical adsorption on microplastics have mainly targeted heavy metals or organic pollutants (e.g., polycyclic aromatic hydrocarbons) as they are toxic and abundant in environmental compartments (Tourinho et al., 2019; Agboola and Benson, 2021). However, there is an enormous number of chemicals in the environment, and some of them (e.g., semiochemicals) play important roles in processes such as inter- and intra-specific communication and defense (Thiel and Breithaupt, 2010; Keller-Costa et al., 2015). For instance, plants synthesize a variety of secondary metabolites to protect themselves from pathogens (Ahuja et al., 2012), fungi (Pusztahelyi et al., 2015), and insects (Chomel et al., 2020). There are more than 100,000 secondary metabolites in the plant kingdom (Wink, 2008), and they can be distinguished into three broad classes (alkaloids, phenolic, and terpenes) (Chomel et al., 2016). Phenolic compounds are the most abundant secondary metabolites in plants, and are comprised of an aromatic ring with one or more hydroxyl substituents (e.g., flavonoids, phenolic acids, tannins, stilbenes, and lignans) (Bärlocher and Graça, 2020). A large number of studies has evaluated the adsorption of phenolic groups on various adsorbents such as activated carbon and microplastics (Richard et al., 2009; Zhao et al., 2020), but mainly focused on simple phenols and specifically targeted phenolic pollutants (Richard et al., 2009; Tourinho et al., 2019).
Plant secondary metabolites are released into the environment by volatilization/diffusion, leaching from above-ground plant parts, exudation from the plant root, and litter decomposition (Chomel et al., 2016). A recent study found that the mortality of springtails can increase during the decomposition of plant litter containing high concentrations of phenolic metabolites, and the proportion of bioavailable fractions in the litter is strongly linked with the impacts of plant secondary metabolites (Chomel et al., 2020). Here, we specifically focused on testing for chemical correlations between plant litter and microplastics. The secondary metabolites, especially phenolic compounds, can be released during plant litter decomposition, and might be adsorbed on microplastics already present in the soil, as a function of varying properties of both phenolic compounds and microplastics (Richard et al., 2009; Galanakis et al., 2013; Tourinho et al., 2019). This is important since both plant litter and microplastics are very abundant materials in the soil, and such changes in the bioavailability of secondary metabolites would negatively or positively influence soil biodiversity (Chomel et al., 2020). In the present study, we used soils from a previous experiment that included three different microplastic fibers (MFs) and four different types of plant litter. We chose soil nematode Caenorhabditis elegans in order to evaluate the effects of each MF and plant litter since it is one of the most robust models for microplastic toxicity research (Bhagat et al., 2021). Following the previous experiment, we here carried out a nematode assay to test 1) if plant litter-derived secondary metabolites can affect soil nematodes, and 2) if the combined effects of microplastics and plant litter can induce changes compared to either microplastic or litter alone. Total phenolic contents were measured to determine the amount of a representative secondary metabolite group in each plant litter, and adsorption capacities on MFs were estimated by kinetic adsorption experiments.
MATERIALS AND METHODS
Target MFs and Plant Litter Types From the Previous Experiment
In the previous experiment (Liang et al., 2021) in our lab, we used one polyacrylic (PA, 100% acrylic yarn, Bravo) and two different polyester products (PES1, Rope Paraloc 137 Mamutec polyester white, Hornbach.de; PES2, Knitting Wool, Himalaya). These polymer types are widely used in textiles (Almroth et al., 2018), and known as an important source of microplastics in the soil (Pirc et al., 2016). MFs were prepared by manually cutting each product into approximately 5 mm long pieces, and washed with tap water for 5 min, after which they were dried at 60°C for 24 h. Each MF was microwaved for 3 min to reduce any microbial contamination on the materials. Size ranges of each MF were as previously reported (Liang et al., 2021): 4.05 ± 0.1.14 (PA), 4.56 ± 0.94 (PES1), and 4.20 ± 1.37 mm (PES2).
Four different types of plant litter were used in that study: hemp stems (Cannabis spp., MultiFit, Item no. 1,008,159, Krefeld, Germany), Medicago lupulina leaves, Plantago lanceolata leaves, and wheat straw (Triticum spp. REAL NATURE, Item no. 1,259,176, Krefeld, Germany). Medicago and Plantago were collected from plants previously grown in our greenhouse. Hemp and wheat served as examples of woody plant litter and agricultural amendments, respectively, and Medicago and Plantago were used to represent typical species from local grassland plant communities. The C:N ratios of the different plant litter type were 153.04 ± 0.70 (hemp), 12.85 ± 0.11 (Medicago), and 14.76 ± 0.29 (Plantago), 133.03 ± 2.18% (wheat) (Liang et al., 2021). Each plant litter was cut using a blender, and sieved to keep the size ranges between 0.5 and 2 mm.
Soil Samples Containing MFs and Plant Litter
We used soils from the previous soil incubation experiment conducted in our lab; this experiment used all combinations of each MF and plant litter (Liang et al., 2021). Soil samples were collected from this experiment in order to address our research questions. Briefly, in this previous experiment, fresh soil (sandy loam; Albic Luvisol) was collected from a local grassland (Berlin, Germany) (Rillig et al., 2010), and sieved by < 0.5 mm in order to reduce the amount of large soil aggregates. Each MF (3 types) and plant litter (4 types) was mixed into the soil with dry-weight based concentrations (0.3% for MFs; 0.8% for plant litter). Similarly, MF-plant litter mixtures (3 MFs x four plant litter types = 12 combinations) were prepared by using the same concentrations. Each concentration of MF (0.3%) and plant litter (0.8%) was determined according to the contamination range in a plastic industrial area (0.03–6.7%) (Fuller and Gautam, 2016) and the saturation level of plant litter addition (Liang et al., 2021), respectively. A control without MFs and plant litter was also included. Thus, a total of 20 treatments (3 MFs +4 plant litters +12 combinations +1 control) were prepared (n = 8). Deionized water was added to the soil until it reached a 60% of water holding capacity (18.83%, g water g−1 dry soil). Soil was incubated at 25°C in the dark for 42 days (see additional details in Liang et al., 2021). After 42 days of incubation, each soil was air-dried, and sieved through a 2 mm-sieve, after which used it for the nematode assay.
Nematode Assay
We obtained the nematode C. elegans (wild type, Bristol strain N2) from the Berlin Institute for Medical Systems Biology at the Max Delbrück Center for Molecular Medicine (Berlin, Germany). They were maintained on Nematode Growth Medium (NGM; NaCl 3 g L−1, peptone 2.5 g L−1, agar 17 g L−1, 1 M potassium phosphate 25 ml L−1, 1 M CaCl2?2H2O 1 ml L−1, 1 M MgSO4?7H2O 1 ml L−1, cholesterol 1 ml L−1) at 20 ± 2 °C in the dark with Escherichia coli (strain OP50) as a food source (Brenner, 1974). We added a Clorox solution (1 N NaOH:5% NaOCl, 1:1) into 3 days-cultured plates to synchronize the developmental stage of nematodes. After 20 min, the suspension was centrifuged at 5,000 rpm for 2 min to collect embryos, and the pellets were washed three times using K-medium (0.032 M KCl, 0.051 M NaCl) (Williams and Dusenbery, 1990). The embryos were transferred onto a new NGM plate, and incubated for 65 h for the nematode assay.
The nematode assay was conducted following Kim et al. (2020). We focused on number of offspring as a target parameter since previous studies have pointed out that the extracts from plant litters can inhibit the hatching of embryos (Meyer et al., 2013; Li et al., 2018). Briefly, we added 0.3 g of each test soil into each well of a 24-well plate (n = 6), moisturized with 82 μL of K-medium (80% of WHC). Then ten age-synchronized worms were added to each well, and maintained at 20 ± 2°C in the dark for 24 h. After this time, each test soil containing nematodes was placed onto soil-agar isolation plates. This soil-agar isolation plates were prepared according to Kim et al. (2020). Shortly, E. coli (strain OP50) was inoculated into Luria-Bertani medium (25 g L−1), and cultured at 37 °C overnight. Then, 75 μL of cell suspension was added on each side of a NGM agar plate, and dried in a sterile hood for 2 h. Each test soil was linearly arranged in the central area of the soil-agar isolation plate, and each plate was incubated at 20 ± 2°C in the dark for 3 h. The newly born offspring in test soils moved to each side of the soil-agar isolation plate searching for food, and we counted the number of offspring on each side (n = 6). The data were expressed as a percentage (%) of offspring compared to the average value of the control group.
Extractable Phenolic Content in Plant Litter
In order to measure extractable phenolic content in each plant litter, the Folin-Ciocalteu method was used to determine total phenolic concentration. This method is commonly used to measure phenolics in plant extracts (Folin and Ciocalteu, 1927; Bärlocher and Graça, 2020), and we chose various extraction solutions since the phenolic extraction highly depends on them (Galanakis et al., 2013). One hundred milligram of each plant litter was added into 15 ml-test tube containing 5 ml of four different extraction solutions (deionized water, 80% acetone, 80% ethanol, and 80% methanol), and each tube was shaken (200 rpm) for 60 min at room temperature. Then, each solution was centrifuged at 13,000 rpm for 5 min, and 0.1 ml of each supernatant was mixed with 0.5 ml of 2% Na2CO3 solution (in 0.1 M NaOH). After 5 min, 0.05 ml of Folin-Ciocalteu reagent (F-9252, Sigma) was added, and the reaction was completed after 20 min. Blank sets (no plant litter or MPs addition) of each extraction solution were prepared, and the absorbances of each solution were measured at 765 nm in a UV/Vis spectrophotometer (Benchmark Plus Microplate Spectrophotometer System, BioRad Laboratories, Hercules, CA, United States). Three replicates were analyzed for each extract, and data were corrected for the mean absorbance value of the blank. A calibration curve of tannic acid (50–250 mg L−1) was prepared (Bärlocher and Graça, 2020), and the regression equation of the calibration curve was determined (y = 0.0028x+0.0144, R2 = 0.9935) (Supplementary Figure S1). Absorbance data were expressed as milligram tannic acid equivalents per Gram of plant litter.
Testing Adsorption of Phenolic Compounds on Microplastics
For adsorption tests, each MF type (PA, PES1, and PES2) was added into each plant litter extract solution (hemp, Medicago, Plantago, and wheat), and total phenolic concentrations were recorded during four time intervals (0, 24, 48 and 96 h). In order to prepare water extracts, 400 mg of each plant litter was added into 20 ml of deionized water, and shaken (200 rpm) for 60 min at room temperature, after which it was filtered using 0.025 μm-membrane filters (Whateman, Maidstone, Kent, UK). A volume of 10 ml of each water extract was added into a 15 ml-test tube containing 50 mg of each MF, and agitated (200 rpm) at room temperature. After predetermined time intervals (0, 24, 48 and 96 h), the Folin-Ciocalteu method was used to measure total phenolic concentrations in each water extract. Three replicates were used for each time interval, and data were expressed as percentage (%) of initial total phenolic concentrations (0 h) in each extract.
In order to prepare solvent extracts for solvents other than water (80% acetone, 80% ethanol, and 80% methanol), we used a different extraction process, since the content of extraction solvents for adsorption tests should usually not exceed 0.1% (OECD, 2000). We prepared each solvent extract stock (1 g plant litter 10 ml−1 solvent), and each solution was shaken (200 rpm) for 60 min at room temperature, after which we centrifuged at 13,000 rpm for 5 min. We diluted each stock solution 1,000-fold with deionized water (approximately solvent content 0.08%), but could not detect their phenolic concentrations by the Folin-Ciocalteu method. Using an alternative method, we mixed 2.5 ml of each stock solution with 22.5 ml of deionized water (10-fold dilution, approximately solvent content 8%), and evaporated each solution in a hood in the dark. Since the evaporation rates of each solvent in our hood was 0.240 ± 0.010 (acetone), 0.087 ± 0.027 (ethanol), and 0.115 ± 0.014 (methanol) mL h−1, we maintained each solution for 24 h to approximately evaporate each solvent (2.5 ml). Total phenolic concentrations of each solvent extract slightly increased after the evaporation process (Supplementary Figure S2). A volume of 10 ml of each solvent extract was added into a 15 ml-test tube containing 50 mg of each MF, and agitated (200 rpm) at room temperature. After each time interval (0, 24, 48 and 96 h), the Folin-Ciocalteu method was used to measure total phenolic concentration.
Statistical Analysis
Data were analyzed using the OriginPro software (OriginPro 8 SR2, Ver. 8.0891, OriginLab Corporation, MA, United States). One-way analysis of variance (ANOVA) and Tukey’s tests were conducted to determine the significance (p < 0.05) of multiple comparisons.
RESULTS
Effects of MFs and Plant Litter on Soil Nematodes
MF (PA, PES1, and PES2) showed no effect on nematode reproduction, whereas each type of plant litter significantly decreased the number of offspring to 66 ± 14 (hemp), 73 ± 10 (Medicago), 65 ± 11 (Plantago), and 61 ± 11 (wheat) % compared to the control group (Figure 1). The adverse effects of each type of plant litter were reduced by each MF addition, and these consequences depended on the combination of type of MF and plant litter (Figure 2). The number of offspring in MF-hemp soil mixtures increased to 76 ± 9 (PA), 91 ± 12 (PES1), and 96 ± 7 (PES2) %, and showed a clear increase in PES1 and PES2 treatments compared to only hemp treatment. The number of nematode offspring increased with Medicago when PA was added (94 ± 5%), and with Plantago litter when PA (83 ± 11%) and PES2 (86 ± 10%) were added. However, MF-wheat soil mixtures showed no change in nematodes reproduction compared to the only-wheat treatment.
[image: Figure 1]FIGURE 1 | Effects of MFs (PA, PES1, and PES2) and different types of plant litter (hemp, Medicago, Plantago, and wheat) on nematode reproduction (number of offspring) in the incubated soils. All data are normalized to control group (% control), and the asterisks (*) indicate significant (p < 0.05) differences compared to the control group. Tukey’s multiple comparison tests were used after one-way analyses of variance.
[image: Figure 2]FIGURE 2 | Effects of the combinations of each MF (PA, PES1, and PES2) and different types of plant litter (hemp, Medicago, Plantago, and wheat) on nematode reproduction (number of offspring) in the incubated soils. All data are normalized to control group (% control), and the data for single treatments of each type of plant litter (yellow bars) are adopted from Figure 1. The asterisks (*) indicate significant (p < 0.05) differences compared to single treatments of each plant litter. Tukey’s multiple comparison tests were used after one-way analyses of variance.
Extractable Phenolic Contents in Plant Litter
The water extractable phenolic contents in each plant litter were 1.34 ± 0.04 (hemp), 13.05 ± 0.47 (Medicago), 6.53 ± 0.12 (Plantago), and 5.68 ± 0.24 (wheat) mg g−1 (Figure 3). The solvent extractable phenolic contents of hemp were determined as 4.95 ± 0.46 mg g−1 (acetone) 0.82 ± 0.50 mg g−1 (ethanol), and 3.88 ± 0.90 mg g−1 (methanol), and each solvent extractable contents of Medicago was relatively lower (7.24–8.12 mg g−1) than the water extractable content. The solvent extractable contents of Plantago were 6.48 ± 0.69 (acetone), 7.54 ± 1.22 (ethanol), and 5.29 ± 0.33 (methanol), and those of wheat were 7.20 ± 0.37 (acetone), 4.28 ± 1.24 (ethanol), and 6.20 ± 0.61 (methanol) mg g−1. Overall, Medicago and Plantago (leave litters) showed a low variation between each solvent extractable contents, and Medicago seemed to have high level of the water extractable content. The phenolic contents in hemp and wheat (stem and straw litters) was more easily extracted by acetone and methanol, but seemed to contain a low level of the ethanol extractable contents.
[image: Figure 3]FIGURE 3 | Extractable total phenolic contents in each plant litter type (hemp, Medicago, Plantago, and wheat). Each plant litter extract was prepared using four different extraction solutions (deionized water, 80% acetone, 80% ethanol, and 80% methanol), and the Folin-Ciocalteu method was used to determine total phenolic concentrations. Significant differences (p < 0.05; denoted with a-d) were determined using Tukey’s multiple comparison tests after one-way analyses of variance.
Adsorption of Plant Phenolic Compounds on MFs
In the results of water extracts, total phenolic concentrations at the initial time (0 h) were determined as 2.28 ± 0.45 (hemp), 14.80 ± 0.83 (Medicago), 8.47 ± 0.92 (Plantago), and 7.28 ± 0.80 mg g−1 (wheat). The phenolic concentration in hemp extract significantly decreased with PA and PES2 additions compared to each initial concentration (Figure 4A), but other plant litter extracts (Medicago, Plantago, and wheat) showed no change. In the results of solvent extracts, we observed each total phenolic coentration at initial time (0 h, after evaporation): 6.72 ± 0.45 (hemp), 9.07 ± 0.23 (Medicago), 10.33 ± 1.52 (Plantago), and 8.28 ± 0.60 mg g−1 (wheat) for the acetone extracts, 4.15 ± 0.74 (hemp), 8.14 ± 0.20 (Medicago), 9.49 ± 2.36 (Plantago), and 6.51 ± 0.95 mg g−1 (wheat) for the ethanol extracts, 4.55 ± 0.88 (hemp), 8.82 ± 0.72 (Medicago), 8.68 ± 0.30 (Plantago), and 8.90 ± 0.66 mg g−1 (wheat) for the methanol extracts. The acetone extract of Plantago was the only treatment group that showed a reduction of phenolic concentration with PES1 addition, and there was no significant difference in other acetone extracts (Figure 4B). In the results of ethanol extracts, the phenolic concentrations in hemp-PES2, Medicago-PES1, Plantago-PES1, and Plantago-PES2 treatments were gradually reduced (Figure 4C). The methanol extracts of hemp and Medicago were influenced by all MFs (PA, PES1, and PES2), but Plantago and wheat showed no significant differences (Figure 4D).
[image: Figure 4]FIGURE 4 | Total phenolic concentrations in each plant litter with each MF addition. Each plant litter extract was prepared using (A) deionized water (B) 80% acetone (C) 80% ethanol, and (D) 80% methanol, and each extract was shaken with each MF for 96 h. The total phenolic concentrations was measured at each time interval (0, 24, 48, and 96 h). The asterisks (*) indicate significant (p < 0.05) differences compared to the initial concentrations (0 h) of each treatment. Tukey’s multiple comparison tests were used after one-way analyses of variance.
DISCUSSION
Negative Effects of Plant Litters Is Neutralized by Microplastics
C. elegans is one of the most robust models to evaluate microplastic toxicity (Bhagat et al., 2021). Although a large number of studies has been reported, there is just one study conducted with MFs in soil (Kim et al., 2020). Since the potential effects of MFs would depend on many factors (e.g., chemical composition), we need more data for various MF samples. A recent study found that polyacrylonitrile MFs can decrease nematode reproduction in the soil, which was found to be correlated with the extractable chemical additives in the MFs (Kim et al., 2020). Contrary to this, we could not find an effect of MFs here, which is likely because of toxicity reduction due to the loss of easily extractable additives in the microplastics (Kim et al., 2020; Pflugmacher et al., 2021) as a result of the pre-treatment (e.g., washing) of the material in our study. Microplastics contain “easily” extractable additives on their surface, and a large part of them could be removed by first washing (Kim et al., 2020). For the plant litter additions, we found negative effects of each plant litter on nematodes, an effect likely related to the release of secondary metabolites that are present in plant litter (Supplementary Table S1). Several studies have reported that the extracts from dried plant litter can inhibit the hatching of embryos (Meyer et al., 2013; Li et al., 2018), and Katiki et al. (2013) has reported that plant extracts containing condensed or hydrolysable tannins can induce high mortality on C. elegans.
Although plant litter is as an important nutrient source for decomposer communities (Marschner and Kalbitz, 2003; Joly et al., 2016), the proportion of easily-available secondary metabolites in plant litter has also been linked with negative effects on soil biota (Chomel et al., 2020). We found that the adverse effects of plant litter on nematode reproduction decreased with MF additions, an effect that we expected to be due to decreased bioavailability of secondary metabolites following their adsorption on the MFs. Although chemical pollutants adsorbed on microplastics can induce toxic effects on soil organisms (Yu et al., 2021), several antagonistic effects have been also observed (Sleight et al., 2017; Zhang et al., 2018). Here we avoided nematodes feeding on microplastics, because the size range of each MFs was larger than the edible size (≤3.4 μm) (Fueser et al., 2019); as a consequence, bioavailable secondary metabolites in the medium, i.e. the soil, may have decreased by the adsorption on the MFs. Alternatively, effects of MFs in the soil, which could have included changes in microbial activity and soil physicochemical characteristics, could have led to a differential decomposition of the litter material and phenolic compounds leaching from them. In the previous experiment (Liang et al., 2021) in our lab, plant litter addition increased enzyme activities in the soil, but these effects were reduced with MF addition. When MFs become incorporated into soil aggregates, this generally lead to decreased aggregate water stability, and this could result in a shift in microbial activity (de Souza Machado et al., 2019). This could be linked with decreased litter decomposition and release of secondary metabolites.
Adsorption of Plant Phenolic Compounds on MFs
The release of secondary metabolites is closely correlated with litter mass loss and different phases of the decomposition process. (Chomel et al., 2016). The plant litter would be chemically and biologically decomposed during the soil incubation, and various phenolic compounds would be released. We considered the potentially extractable compounds in the litter mass, using three different extraction solutions. The phenolic compounds are concentrated in specific plant tissues such as leaves (1–25% of dry mass) (Hättenschwiler and Vitousek, 2000), and this might be a reason why Medicago and Plantago (leaf litter) contain higher phenolic contents in the present study. We also observed solvent-dependent differences in the stem and straw litter (hemp and wheat), whereas the leaf litter types (Medicago and Plantago) had low variation (Figure 3), which can be linked to the different chemical composition between the plant litters that produce the solvent-dependent differences in the extraction yields (Galanakis et al., 2013). For instance, tannin is a major polyphenol with high molecular weight, and it can be divided into hydrolyzable and condensed tannins (Hättenschwiler and Vitousek, 2000). They are widely distributed in woody plants, and certain members of the condensed tannins (procyanidins and prodelphinidins) have been only observed in the stem but not in the leaves (Goufo et al., 2020).
Adsorption and desorption of plant phenolic compounds are considered an efficient method for their recovery and purification (Soto et al., 2011). Hydrophobic carbon materials (e.g., activated carbons), siliceous materials (e.g., clay and zeolites), and synthetic polymeric materials (e.g., resin and polystyrene–divinylbenzene copolymers) efficiently adsorb phenolic compounds and their derivatives (Soto et al., 2011), and the maximum adsorption capacity of salicylic acid on polystyrene–divinylbenzene copolymers has been calculated as 43.01–85.06 mg g−1 (Otero et al., 2005). This implies that plant phenolic compounds can be adsorbed onto polymeric materials, but we have very limited information about microplastics. Our results showed that MFs can decrease total phenolic concentrations of each plant extract (Figure 4), which is indirect evidence of the adsorption of the plant phenolic compounds on MFs. We found some correlations between the adsorption and nematode tests: the effects of wheat litters were not changed by MF additions (Figure 2), and the phenolic compounds in wheat extracts seemed to not be adsorbed on MFs (Figure 4). However, we could not find a clear trend in the solvent-dependent differences, and the adsorption results did not match the reduction of the adverse effects on nematodes. For instance, the adverse effects of hemp litter was reduced by PES1 and PES2 additions (Figure 2), but the phenolic adsorption of hemp extracts occurred in all MF treatments (Figure 4). These inconsistencies may be linked to the fact that specific chemical compounds (e.g., the condensed tannins) can directly affect soil organisms (Poinsot-Balaguer et al., 1993; Das and Joy, 2009), an effect that would not be captured using our detection method, assaying for total amounts. Since plant secondary metabolites vary depending on many factors (plant species, organs, and detection methods), identifying key chemicals that adsorbed onto microplastics requires an elaborate test design that is beyond the scope of our current study. In addition, the adsorptive interactions between the phenolic compounds and microplastics in the actual soil environment might be governed by many factors such as soil chemical properties (pH and ionic strength) (Gao et al., 2017) and soil minerals (Kalbitz et al., 2005). The adsorption capacity of plant phenolic compounds (1,2-Dichlorobenzene phenol) on soil particles have been estimated as 34.27–51.83 mg g−1 (Subramanyam and Das, 2009), which implies that there would be an adsorptive competition between the microplastics and soil particles.
CONCLUSION
Our results suggest that microplastics can potentially adsorb plant secondary metabolites, affecting their bioavailability in the soil with consequences for soil nematodes. This is the first study calling attention to a potential interaction between plant secondary metabolites and microplastics. We provide indirect evidence that microplastics can alter the potential effects and bioavailability of naturally occurring compounds, such as plant defense chemicals, with potential consequences for soil nutrient cycles and biodiversity. We suggest that future research should consider the interaction between plant-derived chemicals and microplastics since this could be a key explanatory factor of microplastic effects on the soil environment and its biodiversity.
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