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Abstract

:

The availability of compostable plastic bags has increased greatly in the past few years, as it is perceived that this type of bags will be degraded after disposal. However, there are some knowledge gaps regarding the potential effects on the soil ecosystems. We assessed the rate of degradation of samples of four different types of commercial compostable bags in vermicomposting systems with the earthworm species Eisenia andrei. We also evaluated the biological response of E. andrei (survival and reproduction) to microplastics (MPs) from fragments of the plastic bags (<2000 µm) and assessed seedling emergence in common garden cress (Lepidium sativum L.) exposed to micronized plastic (<250 µm) and the respective leachate, following OECD and ISO guidelines, respectively. The rate of degradation differed significantly depending on the type of plastic rather than the substrate in the vermicomposting system. This finding suggests that the degradation process is more dependent on the microbial community colonizing the different plastic types than on earthworm activity. Regarding the biological response of the soil system, L. sativum seedling emergence was not significantly affected; however, earthworm reproduction was affected, suggesting that although compostable, some of the formulations may potentially be toxic to soil fauna.
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1. Introduction


Plastic pollution is a worldwide issue that has resulted from consumption patterns in daily life. The disposal of single-use plastic items, including bags, is causing the rapid and ever-increasing accumulation of plastic debris in aquatic and terrestrial ecosystems, including soil [1]. Plastic manufacturers have followed two different routes with the aim of tackling this problem [2]. One is the introduction of reusable plastic bags, which decreases the frequency of disposal and reduces the influx of plastic debris in soil. Another is the development of biodegradable or compostable bags, which can be rapidly fragmented and degraded, as they are made from polymers such as poly (butylene adipate co-terephthalate) (PBAT) or polylactic acid (PLA) that undergo weathering via hydrolysis, mechanical and enzymatic activity, leading to their eventual disappearance [3]. As the weathering process leads to the polymer chains being broken down into oligomers and monomers that are more easily transformed by microbes [4], this appears to be the best option [5]. Therefore, many manufacturers have introduced bags made of these polymers into the market, and labeled them with national and European certificates of compostability as a commercial advantage for their products [6].



However, the fragmentation and degradation of plastic items will result in the formation of microplastics (MPs) of different shapes and sizes [7]. In addition, the weathering of plastics will lead to the release of chemical additives and degradation products through leaching [8]. Biodegradable plastics are quite complex in terms of their chemical composition [9,10], and despite the exponential increase in the number of new products of this type, their ecological effects remain widely unknown, which raises concern about the environmental safety of the by-products of discarded compostable bags [11].



Furthermore, these compostable bags may reach liquid and solid waste treatment facilities and undergo degradation in other matrices, such as sewage sludge (SS) or organic solid wastes, which, upon disposal, eventually end up in the soil [12]. This leads to scenarios in which compostable bags are subjected to abiotic-related degradation processes before reaching the soil. As such, studies have been performed on soil [13,14] and on compost, using a thermophilic phase [15,16], showing a clear effect on plastic surface [13], significant decrease in weight [16], presence of oligomers and particle size [15].



However, these studies have not linked abiotic and microbial degradation with what occurs once these materials reach terrestrial ecosystems, where plastics are further processed by soil-dwelling organisms such as earthworms [7,17]. Earthworms are known to be able to transform organic matter (OM) and contribute to soil microbial turnover, as they can process different types of organic waste, e.g., SS, and non-recyclable solid waste, such as spent coffee grounds (SCGs), into material that can potentially be used as fertilizer [18,19]. The role of earthworms in transporting and transforming plastic particles has also been demonstrated, and the abundance of MPs has been found to be altered in vermicomposting systems, suggesting that they can alter MPs and plastic adjuvant availability in soil systems [20,21,22].



There is, therefore, a need to investigate the earthworm-mediated degradation of plastics in intermediate matrices prior to disposal in the soil system and also to assess the potential toxicity of plastic degradation products to soil fauna and flora. Several studies published in the last decade have used toxicity tests following ISO and OECD guidelines to assess the environmental impact of plastic particles by using model species. This includes the study of the response of Eisenia fetida/andrei, as representative earthworms, to conventional polyethylene (oxidative stress and internal lesions) and polyester microfibers, as well as to PLA-based bioplastics (effect on reproduction) [23,24,25]. Lepidium sativum L., as representative terrestrial plants, was also studied, with growth inhibition and physiological parameters shown to be altered in response to conventional polyethylene terephthalate (PET) and polycarbonate (PC) [26,27,28] but also to PLA-based bioplastics [29]. Nonetheless, to our knowledge, few or no studies have used both types of model species to assess the toxicity of plastics or, specifically, of compostable polymers. Another factor for consideration is the potential source of toxicity. To date, most studies conducted in terrestrial ecosystems have overlooked the leaching from plastic structures due to weathering, resulting in the release of compounds such as phthalates and flame retardants that may be toxic to soil organisms [30,31].



The aim of the present study was to assess how samples of different types of certified compostable plastic bags are degraded in vermicomposting systems with two distinct substrates (SS and SCGs). The study also aimed to assess the toxicity of the degradation products, i.e., MPs of different sizes and plastic leachates, to the model plant species L. sativum and the model earthworm species E. andrei following ISO 18763 and OECD 222 standard guidelines [32,33], respectively. We hypothesized that the combination of the composition of the substrate and the composition of the plastic bags would have a role in the degradation rate of the latter [34,35]. On the other hand, we hypothesized that the presence of polylactic acid (PLA) in the plastic bag composition can potentiate negative effects on E. andrei survival and reproduction [23] and that higher degradation can result in higher toxicity due to the release of plasticizers and other unknown by-products of plastic bag degradation into soil [36]. The data obtained were examined by multivariate analysis, to identify key chemical components of compostable bags that should be carefully considered during manufacture due to the potential effects on soil fauna and flora during the decomposition of the compostable plastics.




2. Materials and Methods


2.1. Source, Preparation and Characterization of Commercial Compostable Plastic Bags


Plastic bags showing in their labels compostability certifications were bought from on-line suppliers and local markets and were given identification numbers, for inclusion in the LABPLAS project sample database: 069_LPB-Bag_Pat-GW (hereafter 069), 070_LBP_BagBioTuf_PHA (070), 072_LBP_Bagbrown (072) and 073_LBP_BagBio100 (073). The plastic composition was provided by the supplier and also checked by Fourier Transformed Infra-Red Spectroscopy coupled with Attenuated Total Reflectance (FTIR-ATR) through a Nicolet 6700 FT-IR spectrometer coupled with a Smart Orbit diamond (Thermo Electron Corporation, Waltham, MA, USA). Further characterization was performed for phthalates through Gas Chromatography–Mass Spectroscopy (GC-MS) using an Agilent 5975C TAD series chromatograph (Agilent Technologies, Santa Clara, CA, USA) (methodology published by Abril et al. [37]). All assessments were performed at Centro de Apoio Científico-Tecnolóxico á Investigación (CACTI, UVigo).



Prior to the different tests (degradation or toxicity), the plastic bags were prepared and fragmented according to the test purpose. For the degradation tests, each plastic bag was cut with scissors into square pieces of approximately 25 cm2 in area, and the dry weight was then determined. For the earthworm toxicity test, the samples were further fragmented into pieces in which the largest dimension was less than 2000 µm. For the seedling emergence test, the plastic fragments were micronized into particles of less than 250 µm in size to ensure interaction with the organism in an Ultracentrifugal Mill (ZM 200; Retsch Verder Scientific, Haan, Germany) at 16,000 rpm. Dry ice was added during the micronization process to prevent heating.



To distinguish the potential toxicity of the plastic particles themselves and their leachates, <250 µm fragments were added to distilled water at a concentration of 10 g/L, and the suspensions were thoroughly mixed to extract water-soluble components, as previously described [38].




2.2. Degradation Test


To assess how the plastics degrade under vermicomposting conditions, previously weighed and identified samples were placed within the surface layer of two ongoing active vermicomposting systems, one containing SS obtained from a local wastewater treatment plant (WWTP) (Moaña, Pontevedra, Spain) and another containing SCGs obtained from a local cafeteria (Faculty of Biology, University of Vigo). The plastic sheet location within the vermicomposting system was marked for sampling time, and the plastic bag ID was marked with a plastic stick. The main characteristics of each substrate are presented in Table 1.



Each vermicomposting system comprised 680 L containers with a surface area of 1 m2 and a depth of 50 cm, with a bottom layer of vermicompost obtained from the respective original material, serving as a bed, prior to fresh SS or SCG addition, similar to other studies performed by the group [39]. Each system contained approximately 6000 individuals/m2 (5990 ± 53 for SS and 6212 ± 100 for SCGs) of E. andrei at the start of the experiment. Earthworm activity was continued by adding fresh substrate material (SS or SCGs) every two weeks, also promoting upward mobility and interaction with the deposed plastic sheets, and the moisture was maintained by spraying the material with water 3 times a week.



After 15, 30, 60, 90 and 120 days, each vermicomposting system was locally sampled for the corresponding ID and time and at each sampling time by retrieving a vertical sample of the system, minimizing the mixing of vermicomposting system layers. For each sampling time, 4 pieces of each type of plastic were retrieved, washed and dried prior to weighing.



The plastic material was examined for tears, deformation and softening, and the weight loss, calculated as the difference between the initial and final weights, was recorded as indicator of degradation.




2.3. Lepidium sativum Seedling Emergence Test


The L. sativum seedling emergence test was conducted in glass Petri dishes (ø = 80 mm) lined with Whatman #1 filter paper, in an adaptation of the ISO guidelines [32]. Before the start of the test, powdered plastic was added directly to Petri dishes followed by 1 mL of distilled water and 3 mL of a LUFA 2.2 soil extract (1:5 weight/Volume). Soil extracts were used to simulate the existing interstitial soil–water interface for root development and predict more realistically plastic–plant interactions. Other Petri dishes were spiked with leachate solutions by adding 1 mL of serial dilutions of the original 10 g/L leachate solution and 3 mL of soil extract. In addition, control dishes were prepared with 1 mL of distilled water and 3 mL of soil extract. The resulting concentration ranges of powdered plastic were 0.5, 1.25, 2.5 and 12.5 g/L, and the concentration ranges of plastic leachate were 0.25, 0.5, 1.25 and 2.5 g/L. In each replicate (n = 3), groups of 30 L. sativum seeds were added to all dishes, which were then held in the dark at room temperature for 7 days. The germinated seeds were counted on days 1, 2, 3 and 7, and the root and shoot lengths in each germinated seed were measured after 7 days with the use of a caliper (metric scale). Seeds were considered to have germinated when the shoot was longer than 1 mm. The test validity was confirmed when, in the control, the seedling emergence at the end of the test was higher than 70% and the average root length was greater than 30 mm.



The germination index (GI) was calculated after 7 days based on the relative seed germination (RSG), i.e., the ratio of germinated seeds under test and control conditions, and the relative root growth (RRG), i.e., the ratio of the average root length (in mm) of germinated seeds under test and control conditions (Equation (1)). The relative shoot growth (RShG), i.e., the ratio of the average shoot length (in mm) of germinated seeds under test and control conditions, and the root–shoot ratio (RSR), i.e., proportion between the average root length (in mm) and shoot length (mm) under a given condition (test or control), were also calculated.


GI = RRG × RSG



(1)







The germination index (GI) was calculated from the relative root growth (RRG) and the relative seed germination (RSG).




2.4. Chronic Toxicity Test with Eisenia andrei


The response of E. andrei to soil spiked with the different plastics was assessed following the OECD standard guidelines [33], with some modifications. Prior to the start of the test, LUFA 2.2 soil was spiked by adding plastic fragments to dry soil, mixing thoroughly and adding distilled water to at least 50% of the water holding capacity of the soil. Two concentrations of plastics were tested: 2 and 10 g/kg dry weight (dw). Soil without added plastic was used as control.



For the toxicity test, E. andrei specimens were retrieved from culture systems in which they had been fed continuously with SCGs, and they were acclimatized to a batch of fresh LUFA 2.2 soil for one week. At the start of the test, groups of 10 mature specimens of E. andrei, each with a well-developed clitellum and weighing 304 ± 5 mg (average ± standard error), were thoroughly washed and placed in replicate glass vials (n = 3) containing at least 300 g of soil. The tests were carried out at 20 ± 2 °C under a photoperiod of 16:8 h light–darkness for 8 weeks. Pre-moistened non-spiked SCGs (7 g) were spread across the soil surface of the test system as a food source, and water was replenished weekly. After 4 weeks, the surviving adult earthworms were removed, counted, washed and weighed to determine any change in body mass. After 8 weeks, the numbers of juveniles and cocoons were sorted by spreading the soil over a white tray, sorted with tweezers and counted with the aid of a magnifying glass.



The OECD guideline test validity was confirmed when the adult earthworm mortality in the control boxes was less than 10% after 4 weeks; after 8 weeks, the coefficient of variation of reproduction was less than 30%, and more than 30 juveniles were produced per replicate.




2.5. Statistical Analysis


The Shapiro–Wilk test was used to check the normality of the data. For the degradation test data, for each vermicomposting condition, two-way ANOVA was used to detect any significant differences (p < 0.05) between sampling times and plastic types, as well as sampling times and substrate used for each polymer, while three-way ANOVA was performed to additionally assess the role of the substrate in plastic degradation, together with Tukey’s post hoc test.



For the ecotoxicological assessment, one-way ANOVA, together with Dunnet’s post-hoc test, was used to detect significant differences (p < 0.05) between the control and test conditions.



Principal component analysis (PCA) was used to correlate E. andrei toxicity data and plastic degradation data and identify key factors to explain the toxic effects on the organisms. All analyses were performed by using SigmaPlot, version 14.0.





3. Results


3.1. Characterization of Commercial Plastic Bags


The plastic bag material characterization provided by the supplier is presented in Table 2, jointly with the data acquired through FTIR-ATR. The FTIR-ATR analysis identified all compostable materials as polyesters containing a terephthalate group. This is compatible with the PBAT composition provided by the several brands analyzed. In addition, other components were also detected, namely, talc in 070 and other ester groups in 070, 072 and 073 compatible with the aliphatic polyesters PLA and PHA. Through GC-MS, phthalates were identified in extracts obtained from the materials, with the highest concentration of the latter (in µmol/g) being observed in 070 (Table 2).




3.2. Degradation of Commercial Plastic Bags


The maximum degradation recorded in the vermicomposting system was 24.8 ± 0.5% (mean ± standard error), corresponding to bag 073 after 120 days in SCGs (Figure 1). While a significant weight loss corresponding to plastic bag degradation was recorded in all systems after 90 days, in direct contrast, the degradation of bag 070 was almost non-existent (<2%). The degradation of bag 069 reached a maximum after 90 days in SCGs (17.3 ± 0.6%) while for bag 072, maximum degradation was reached after 120 days in SS (16.2 ± 2.9%).



A comparison of the two vermicomposting systems (SCGs and SS) revealed small but significant differences (p < 0.05) in the degradation time of the materials: 070 after 120 days, 072 and 073 after 15 days (SS > SCGs) and 073 after 90 and 120 days (SCGs > SS) (detailed information on significant differences observed when performing three- and two-way ANOVAs in Tables S2 and S3). In addition, the degradation of bag 069 in SCGs reached a plateau between 90 and 120 days (Figure 1).





 





Table 2. Commercial plastic bag identification (ID) codes, physical appearance and composition provided by the supplier and checked by FTIR-ATR analysis and phthalate concentration complemented by GC-MS analysis.






Table 2. Commercial plastic bag identification (ID) codes, physical appearance and composition provided by the supplier and checked by FTIR-ATR analysis and phthalate concentration complemented by GC-MS analysis.





	Short Code ID
	Full Code ID
	Appearance
	Composition According to Supplier
	FTIR-ATR Analysis
	% Match
	Σ Phthalates (µmol/g)
	Certification/Labeling





	069
	069-LPB-Bag Pbat
	[image: Microplastics 03 00020 i001]
	PBAT with cornstarch
	Terephthalate polyester
	86.60
	2768
	Certified EN-13432 and “home” compostable by TÜV (Austria) [40]



	070
	070_LBP_BagBioTuf
	[image: Microplastics 03 00020 i002]
	PBAT + PHA
	Terephthalate polyester

+ talc + other esters
	83.37
	3876
	BPI certified compostable. Conforms to ASTM D6400 Standard [41]



	072
	072_LBP_BagBrown
	[image: Microplastics 03 00020 i003]
	Mater-Bi + cornstarch
	Terephthalate polyester

+ other esters
	84.32
	2255
	Certified compostable by TÜV (Austria) (S2096) [42]



	073
	073_LBP_BagBio100
	[image: Microplastics 03 00020 i004]
	PBAT with potato starch
	Terephthalate polyester

+ other esters
	85.18
	1037
	Certified EN-13432 and “home” compostable by TÜV (Austria) [40]







PLA: polylactic acid; PBAT: polybutylene adipate-co-terephthalate; PHA: polyhydroxyalkanoates.












3.3. Response of Lepidium sativum to Microplastics and Leachates from Commercial Plastic Bags


The L. sativum seedling test fulfilled the performance criteria outlined in the ISO guidelines, with percentage germination reaching 81.2 ± 0.8% (mean ± standard error) after 7 days under control conditions and the root length control reaching 60.4 ± 1.5 mm (mean ± standard error) in the control replicates. The results contradict the hypothesis that the degradation of compostable plastic could lead to the release of toxic compounds to plants. No overall effect on seedling emergence after 7 days was observed when the L. sativum seeds were exposed to either powdered microplastics (<250 µm) or leachates from the four types of plastic bags, even at a concentration of 12.5 g/L. No significant differences in RSG were observed after 7 days (Figure S2). However, a significant decrease (p < 0.05) in RRG was observed for exposure to 0.25 and 0.5 g/L of bag 073 as leachate (Figure 2) and a significant decrease in GI was observed for the same material at 0.25 mg/L (Figure 3) (detailed information in Table S4). Regarding RRG, there was a positive tendency with the increase in concentration from 0.25 to 2.5 g/L, while the GI values for higher concentrations (2.5 g/L) were as high as the control.




3.4. Earthworm Response to Microplastics from Commercial Plastic Bags


The chronic toxicity test fulfilled the validity criteria outlined by the OECD standard guideline [33], with adult mortality of 6.7% in controls, the number of juveniles produced reaching 35.3 ± 1.8 in controls and a coefficient of variation of 8.6%.



As expected, the survival of E. andrei adults was not affected after 28 days. However, after 56 days, there was a significant decrease in the numbers of juveniles and cocoons produced (p < 0.05) relative to the controls (detailed information in Table S5). For the exposure to the highest concentration of fragments for all plastics, the number of juveniles produced was significantly lower than in the controls. This was also observed for exposure to bags 070 and 072 at a concentration of 2 g/kg. The number of cocoons produced was also significantly lower for exposure to bags 069 and 073 at a concentration of 10 g/kg (Figure 4).




3.5. Multivariate Analysis


The PCA identified two principal components (eigenvalue > 1), which together represented 77.1% of the variance (PC1: 54.5%; PC2: 22.6%). For PC1, the main factors (loadings ≥ |0.7|) were bag characterization (terephthalate group and other ester groups), earthworm response (juveniles) and degradation in SCGs and SS, whilst for PC2, bag characterization, in particular the use of additives (talcum and phthalate sum), was the most important factor. Regarding the bag characterization, the presence of the terephthalate group was correlated with degradation in SS after 120 days. On the other hand, the same factor, together with other esters and the sum of phthalates, was negatively correlated the reproduction of E. andrei, similar to the plastic concentration. In addition, the degradation results at all timepoints in different vermicomposting systems were highly correlated (Figure 5, Table S1).





4. Discussion


The aims of the present study were to examine whether the composition of compostable plastic bags and the composting substrate determine how the bags degrade and to assess the potential toxicity of plastic and its degradation products to soil organisms. When SS or SCGs were used as vermicomposting substrate, the rate of degradation of the plastic bag samples after 120 days (measured as weight loss) reached approximately 20%, with the highest value being observed for 073 in SCGs (25%). However, one of the plastics (070) was not significantly degraded even after 120 days (Figure 1). This could be attributed to the composition of the plastic. According to the manufacturer, bag 070 is made of the biodegradable polymer PHA, but the FTIR analysis also detected talc as a major component. None of the other bags tested in this study contained talc (Table 2). Mineral talc is used in plastics as a functional filler to improve the rigidity, impact strength, flexural modulus and thermal stability of the final product [43]. Biodegradable polymers in particular need additives to improve their mechanical properties, and talc is frequently added, contributing to lower rates of degradation [44,45].



On the other hand, the highest rate of degradation was observed in the plastic containing potato starch, PBAT (according to the manufacturer), with additional ester groups (determined by FTIR), which was highly correlated in the PCA. The addition of potato starch to biodegradable polymers such as PBAT has been shown to increase the degradation rate [46], and the degree of degradability increases as the percentage of starch increases [47,48].



Weight loss has been used as an endpoint in previous studies intended to assess degradability of biopolymers in aquatic (e.g., [49,50,51]) and terrestrial [52] environmental compartments. Another study examining the presence and abundance of MPs in vermicomposted SS reported an increase in MPs in a similar range to the weight loss values obtained in the present study (approximately 20%) [53].



Furthermore, few differences between the degradation rates according to the substrates employed were observed, despite clear differences in their physical–chemical characterization, namely, in pH, in electrical conductivity and more so in the percentage of organic content (much higher in SCGs). This indicates that the impact of earthworm activity, given its high density (6000 individuals per m2) in a continuous vermicomposting system can override the influence of the used substrate. A significant level of degradation was observed after 15 days in SS spiked with bags 072 and 073, while in SCGs, significant differences were only observed in later stages. As both materials are aliphatic–aromatic co-polyesters, carboxylesterase activity may differ significantly in each substrate in this early stage (15 days). Previous studies have shown that carboxylesterase activity in earthworms (Eisenia fetida) is enhanced by the presence of plastics [35] and can also alter the microbial communities of organic waste [39,54]. This is important, given that the role of bacteria in the degradation of MPs in different substrates has become the focus of several studies [55]. Indeed, the incubation of different types of MPs in WWTP effluents has been shown to enhance the selection of some bacterial strains [56].



Regarding the potential toxicity of degradation products, no dose–response effects were observed for L. sativum after exposure to <250 µm MPs (Figure 2 and Figure 3). In contrast, polycarbonate and polystyrene MPs inhibited seedling germination, with a particular effect on root and seedling length after 7 days under similar conditions [26,27]. In addition, significant effects have also been observed in seed germination tests performed in soil spiked with PET [28,57]. However, exposure to PLA did not induce changes in seed germination but affected root growth [29,58]; short-term exposure (3 days) to leachates from plastic bags only induced changes in morphology but did not affect germination [59]. This corroborates our observations at lower concentrations of leachates for 073 of a decrease in root growth but not in seedling emergence. On the other hand, no effects were observed when exposing poly(3-caprolactone) with adipate-modified starch in rice plantlets grown in a soil microcosm over 14 days and for L. sativum exposed to PLA-based (similar to 072) plastics in a soil mesocosm system for 28 days [14,60]. The different levels of response in the aforementioned studies suggest that the type of exposure matrix (leachate vs. powder) has a relevant role in the toxicity of plastics due to the release and availability of additives used in their manufacturing.



Regarding the response of E. andrei exposed to plastic bag fragments, no effects on survival were observed (Figure 4A). This was expected given the demonstrated resilience of earthworms in plastic-polluted environments, e.g., including SS [61], and the low mortality observed in standard toxicity tests in soil [62]. However, reproduction performance (measured as the number of juveniles and cocoons produced after 56 days) was affected by plastic concentration, as revealed by the PCA (Figure 4B,C and Figure 5 and Table S2). While the number of juveniles was significantly affected at the highest concentration tested (10 g/kg, equivalent to 1% weight/weight), this was only true for bags 070 and 072 at 2 g/kg (0.2% w/w). This indicates that the use of additives, such as PHA or talc (in 070), as well as other esters (in 070 and 072) or phthalates (070 and 072—see Table 1) may affect the reproductive process [63]. The mechanisms underlying plastic toxicity remain unknown, given the uncertainty regarding the source of toxicity (particle size, leaching of adjuvants and vector for other contaminants) [64].



Interesting enough is the fact that exposure to 072, which is Mater-Bi and starch, induced effects on reproduction, while another study did not show significant differences in this parameter when using soil in which Mater-Bi-based plastics were already biodegraded [65]. Differences in using “fresh” particles versus degraded plastics may be key to explaining the observed toxicity.



Nonetheless, it appears that earthworms can ingest plastic particles [66], thus potentially affecting their internal functioning, e.g., through lesions or induction of stress at the cellular level [24,67], the latter as a result of the release of additives (phthalates) or even other plasticizers, such as Bisphenol A [68,69], and potentially affecting their reproductive capacity [70,71]. Earthworms may produce non-viable cocoons in response to exposure to plastics or their chemical additives, not covalently bond to the polymer chains. This would explain why the number of cocoons produced by E. andrei exposed to bag 070 was not significantly lower than in the control worms, even though fewer juveniles were produced. Previous studies have shown that PLA-based plastics do not induce mortality but can significantly decrease the number of juveniles produced [23]. On the other hand, the lower toxicity to E. andrei of starch- and PBAT-based bags is consistent with the findings of a study in which no significant effects were observed on survival and growth of Lumbricus terrestris exposed to PBAT microplastics [72].



The least degradable bag (070) was also considered one of the most toxic to earthworms, although seedling emergence in L. sativum was not affected. Given that it was shown that these biodegradable plastics contain phthalates and other substances as additives, it could be hypothesized that their low degradation rate can lead to a small but continuous release of more available hazardous substances over time, thus having a larger effect on long-term reproduction.



This indicates that the production of truly biodegradable plastics demands that not only the polymeric matrix (e.g., PLA) but also major chemical additives (talc, other ester and phthalates) be susceptible to microbial and enzymatic degradation in a safe manner.




5. Conclusions


This study addressed the lack of information regarding how the composition of compostable plastic bags affects the degradation of plastic under vermicomposting conditions and the potential toxicity of the fragmentation and degradation products to soil organisms. It was observed that additives, more than the biodegradable polymeric matrix, can modulate the degradation rate of compostable bags in vermicomposting systems.



As for the potential impact of the degradation of compostable bags on soil biota, it should be highlighted that negative effects were observable even at lower concentrations when organisms were exposed to plastics with a low degradation rate. As the low degradation rate should indicate a low release rate of additives (with or without toxic potential) to the soil system, this represents an issue that should attended to. Although the biological mechanisms underlying the effects on E. andrei reproduction in response to plastic exposure remain unclear, a closer look at the additive composition of compostable bags could be a way to explain and explore the benefits and mitigate the hazardous potential of these products to soil systems.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/microplastics3020020/s1, Figure S1: Representation of the degradation of the 4 types of plastic films, represented as % weight loss, in two vermicomposting systems, one containing spent coffee grounds and another containing sewage sludge, Figure S2: Representation of the Relative Seed Germination (RSG) in L. sativum after exposure to powdered microplastics (< 250 µm) and leachates of 4 types of plastic bags for 7 days. Values are expressed as number of germinated seeds relative to control after 7 days (mean ± standard error), Table S1: Descriptors of the principal component analysis model (component loadings, explained variance and component fitted correlation). Component loadings and correlation > |0.7| marked in bold. Table S2: Descriptors of the three-way ANOVA performed on the plastic weight loss in vermicomposting systems. DF–Degrees of Freedom, SS–Sum of Squares, MS–Mean of Squares. p < 0.05 values highlighted in bold. Table S3: Descriptors of the two-way ANOVA performed on the plastic weight loss in vermicomposting systems for each plastic type (069, 070, 072, 073). DF–Degrees of Freedom, SS–Sum of Squares, MS–Mean of Squares. p < 0.05 values highlighted in bold. Table S4: Descriptors of the one-way ANOVAs performed on the Lepidium sativum germination test parameters (Relative Seed Germination, Relative Root Growth, Relative Shoot Growth, Root to Shoot Ratio, Germination Index) after exposure to plastic bag as powder and as leachate, for each plastic type (069, 070, 072, 073). DF–Degrees of Freedom, SS–Sum of Squares, MS–Mean of Squares. p < 0.05 values highlighted in bold. Table S5: Descriptors of the one-way ANOVAs performed on the Eisenia andrei survival and reproduction test parameters (Number of surviving adults, number of juveniles and number of cocoons) after exposure to plastic bag as powder and as leachate, for each plastic type (069, 070, 072, 073). DF–Degrees of Freedom, SS–Sum of Squares, MS–Mean of Squares. p < 0.05 values highlighted in bold.
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Figure 1. (A) Degradation of the 4 types of plastic films in vermicomposting systems, represented as % weight loss. Significant differences compared with the initial timepoint (T = 0) are indicated by *, while differences between vermicomposting systems are identified by #. (B) Visual appearance of sheets from each of the 4 types of plastics sampled after 120 days in a vermicomposting system with sewage sludge, post-washing and drying steps, from left to right: 069, 070, 072 and 073. 
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Figure 2. Representation of relative root growth (RRG) in L. sativum after exposure for 7 days to powdered microplastics (<250 µm) and to leachates from 4 types of plastic bags. Values are expressed as the ratio between the mean root length in seedlings growing under test conditions and the mean root length in control seedlings after 7 days (mean ± standard error). Significant differences relative to the control (p < 0.05) are indicated by *. 
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Figure 3. Representation of germination index (GI) of L. sativum after 7 days of exposure to powdered microplastics (<250 µm) and to leachates from 4 types of plastic bags. Values are expressed as the germination index, i.e., relative seed germination (RSG) multiplied by relative root growth (RRG) after 7 days (mean ± standard error). Significant differences relative to the control (p < 0.05) are indicated by *. 






Figure 3. Representation of germination index (GI) of L. sativum after 7 days of exposure to powdered microplastics (<250 µm) and to leachates from 4 types of plastic bags. Values are expressed as the germination index, i.e., relative seed germination (RSG) multiplied by relative root growth (RRG) after 7 days (mean ± standard error). Significant differences relative to the control (p < 0.05) are indicated by *.



[image: Microplastics 03 00020 g003]







[image: Microplastics 03 00020 g004] 





Figure 4. (A) E. andrei survival, represented by the number of adults after 28 days, (B) E. andrei reproduction, represented by the number of juveniles after 56 days and (C) the number of cocoons after 56 days of exposure to microplastics (<2000 µm) from 4 types of plastic bags. Significant differences relative to the control (p < 0.05) are indicated by *. 
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Figure 5. Representation of the component scores and loadings of the 2 principal component axes (eigenvalue > 1) obtained from the principal component analysis of E. andrei reproduction data and exposure concentration, plastic composition (according to FTIR-ATR and GC-MS analyses) and degradation data at 30, 60 and 120 days. 






Figure 5. Representation of the component scores and loadings of the 2 principal component axes (eigenvalue > 1) obtained from the principal component analysis of E. andrei reproduction data and exposure concentration, plastic composition (according to FTIR-ATR and GC-MS analyses) and degradation data at 30, 60 and 120 days.



[image: Microplastics 03 00020 g005]







 





Table 1. Main characteristics of the initial substrates in each vermicomposting system used to assess the degradation of the plastic samples. EC: electric conductivity; OM: organic matter.
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	SS
	SCGs





	pH
	5.48 ± 0.12
	6.76 ± 0.08



	EC (µS/cm)
	592 ± 1.7
	124 ± 11



	% OM
	58.1 ± 0.2
	93.4 ± 3.8



	% humidity
	77.3 ± 1.2
	71.1 ± 2.0
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