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A B S T R A C T   

Microplastics (MPs) have become an emerging threat for organisms. However, the toxicity mechanisms on biota, 
especially soil biota remain largely unclear. This study distinguished the effects of five types of MPs and their 
extractable additives on a typical soil oligochaete Enchytraeus crypticus using a traditional ecotoxicological 
approach combined with gut microbiota analysis. A variety of inorganic and organic compounds were screened 
in extractable solutions. Both MPs and their extractable additives decreased the growth and survival rates of the 
worms and shifted the gut microbiota, and the effects were type-specific. The differences between the effects of 
MPs and their extractable additives on traditional ecotoxicological parameters were insignificant, suggesting that 
extractable additives were the main toxicity pathways on soil fauna. The type-specific effects of MPs were 
attributed to the varied chemical compositions of extractable additives, and the compounds responsible for the 
shift of gut microbiota were further identified. The distinguishable effects on gut microbiota between MPs and 
their extractable additives together with the significant regressions between gut microbiota and traditional 
ecotoxicological parameters confirmed that gut microbiota could be a more sensitive indicator of organism’s 
health conditions. Combined, the study provided an important insight into the toxicity mechanisms of MPs on 
soil fauna and extractable additives of MPs may be a hidden threat.   

1. Introduction 

Plastics are widely used in our daily life because of their broad 
benefits, thus inducing a flourishing industrial production (Kawecki 
et al., 2018; PlasticsEurope, 2018). Unfortunately, a large amount of 
plastic waste is generated and more than 80% ends up in landfills or 
being released into the environment, leading to the current widespread 
pollution of microplastics (MPs, defined as the dimensions of < 5 mm) 
(Barnes et al., 2009). MP pollution has initiated enthusiasm for research 
in aquatic environments, especially in marine environment (Chae and 
An, 2017; do Sul and Costa, 2014; Eerkes-Medrano et al., 2015). How-
ever, MPs in marine environment may originate from terrestrial 
ecosystem, and a growing amount of evidence has demonstrated that 
soil may be the largest reservoir of MPs in the world (Rachman, 2018; 

Rillig and Lehmann, 2020). Hence, the behavior and risks of MPs in 
soils, especially their potential effects on soil biota should receive a great 
concern. 

Toxicity of MPs on marine and freshwater biota has been widely 
reported and the key toxicity mechanisms have been summarized as the 
combined effects of physical damage and chemical toxicity (Nava and 
Leoni, 2021; Schrank et al., 2019; Wright et al., 2013). Compared with 
the large number of studies that focused on the eco-toxicity of MPs in 
aquatic environments, information about the potential effects of MPs on 
soil biota is scare (Chae and An, 2018; Wang et al., 2019b; Wang et al., 
2020). Only few soil fauna including nematode (Kim et al., 2020), 
collembolan (Zhu et al., 2018b), earthworm (Jiang et al., 2020) and 
snail (Song et al., 2019) have been selected to test the ecotoxicity of MPs. 
Both acute and chronic effects including growth inhibition, weight 

☆ This paper has been recommended for acceptance by Yong Sik Ok. 
* Corresponding author. 

E-mail address: mlv@yic.ac.cn (M. Lv).   
1 These authors contributed equally to this paper. 

Contents lists available at ScienceDirect 

Environmental Pollution 

journal homepage: www.elsevier.com/locate/envpol 

https://doi.org/10.1016/j.envpol.2021.118647 
Received 27 September 2021; Received in revised form 24 October 2021; Accepted 5 December 2021   

mailto:mlv@yic.ac.cn
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2021.118647
https://doi.org/10.1016/j.envpol.2021.118647
https://doi.org/10.1016/j.envpol.2021.118647
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2021.118647&domain=pdf


Environmental Pollution 294 (2022) 118647

2

decrease, reproduction problems and even mortality have been observed 
(Li et al., 2020b; Wang et al., 2021). However, the underlying mecha-
nisms of MP toxicity towards soil fauna remain poorly understood. 
Making relevant links to the effects of MPs in aquatic environments 
(Schrank et al., 2019; Wright et al., 2013), it can be inferred that MPs 
may induce direct toxic effects on soil fauna through ingestion, and in-
testine can be a main site for toxic actions of MPs. It has been observed 
that MPs with a fiber shape could be taken in by snails and obstructed 
the digestive tract, further causing damage to the intestinal walls (Song 
et al., 2019). Moreover, the chemical additives of MPs, especially the 
extractable additives could be absorbed by soil fauna, inducing adverse 
effects on soil fauna (Kim et al., 2020). As these additives are not 
chemically bonded to MPs (Hahladakis et al., 2018), they may be easily 
released into the soil or the gut and pose a potential threat to soil fauna. 
These additives have been considered to be the primary mediator of MP 
toxicity on soil fauna (Ding et al., 2020). However, there is no consensus 
about the toxicity mechanism of MPs and more studies are needed to 
further clarify the contribution of physical damage and chemical toxicity 
to MP toxicity on soil fauna. 

Chemical additives are added to plastic material to improve its per-
formance and functionality and prolong its lifespan. More than 400 
additives including heavy metals and organic compounds have been 
used in the plastic production (Gunaalan et al., 2020; Hahladakis et al., 
2018). Generally, these chemicals have biological toxicity and can 
accumulate in environments during the fragmentization, thus causing 
damage to biota. For example, BPA, as the most commonly used additive 
to increase the polymer flexibility, has been reported to induce lyso-
somal disorders, oxidative stress and even changes of organisms’ be-
haviors (Gunaalan et al., 2020). In addition, polybrominated diphenyl 
ethers (PBDEs), commonly used additives of MPs, have been observed to 
accumulate in soil invertebrate organisms (Gaylor et al., 2013). How-
ever, the compositions of additives and their eventual relationship with 
the effects on soil biota for each type of MPs are still unknown and 
should be a research priority. 

Soil fauna plays an important role in nutrients cycling, litter 
decomposition and pollutant transformation (Ding et al., 2019), and 
most of these eco-functions are mediated by the gut microbiota of soil 
fauna (Sun et al., 2020). However, digestive tract of soil fauna can be the 
first to bear the brunt of MPs (Claus et al., 2016; Ding et al., 2020; 
Evariste et al., 2019), and gut microbiota can be shifted by soil pollut-
ants (Ding et al., 2020; Zhu et al., 2018b). Similar to humans, the gut 
microbiota of soil fauna has been reported to be essential to host’s status 
of nutrition, metabolism, and immunization (Berg et al., 2016; Zhu 
et al., 2018b). Hence, traditional ecotoxicological parameters combined 
with the gut microbiota of soil worm Enchytraeus crypticus were 
employed in this study to assess the effects of MPs on organism’s health 
conditions. 

To ascertain the role extractable additives play in MP toxicity and to 
explore the contributing compounds, soil worms (Enchytraeus crypticus) 
were exposed to different types of MPs and their corresponding 
extractable additives through dietary, as depicted by the flow chart of 
the experimental design (Fig. S1). A total of five different types of MPs 
including polyamide (PA), polyethylene (PE), polyvinylchlorid (PVC), 
polypropylene (PP), and polystyrene (PS) were employed since they 
were among the most commonly detected MPs in the environment (Xu 
et al., 2020). Inorganic and organic compounds in the extractable so-
lutions of MPs were screened, and traditional ecotoxicological param-
eters (growth and survival rates) and gut microbiota of soil fauna were 
investigated. 

2. Materials and methods 

2.1. Preparation and characterization of extractable additive solutions of 
MPs 

The five types of MPs including PA, PE, PVC, PP, and PS with the 

same diameter of 30 μm were purchased from GuanBu Electromechan-
ical Technology Corporation (Shanghai, China). Extractable additive 
solutions were obtained by extracting these MPs using sterilized water in 
clean amber glass bottles with a ratio of 1:12.5 (w/v, MPs/water) ac-
cording to a previous study (Gunaalan et al., 2020). After a 10-day 
extraction at a speed of 150 rpm and at room temperature (25 ◦C) in 
dark, the solutions were filtered through a 0.22 μm cellulose acetate 
filter to remove the MP particles. The concentrations of heavy metals 
including arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), 
copper (Cu), manganese (Mn), lead (Pb), and Zn (zinc) in the solutions 
were directly quantified using the inductively coupled plasma-mass 
spectrometry (ICP-MS). Before the determination of organic compo-
nents, the extractable additive solutions were pretreated according to 
previously reported methods (Capolupo et al., 2020; Lv et al., 2020) The 
concentrations of polycyclic aromatic hydrocarbons (PAHs) were 
quantified using gas chromatography-tandem mass spectrometry 
(GC-MS/MS) in multiple reaction monitoring (MRM) mode with two 
precursor ion/product ion transition pairs (Table S1) (Lv et al., 2020). In 
addition, the other types of organic compounds in the extracted solu-
tions were semi-quantified using non-targeted GC-MS screening (Capo-
lupo et al., 2020). Detailed information about the extraction and 
analysis of organic compounds was provided in the Supplementary 
material. 

2.2. Test animals and exposure treatment 

The worms, which are sensitive to environmental disturbance, 
especially environmental pollutants, have been widely used in soil 
ecotoxicology (Ding et al., 2020; Zhu et al., 2018a). To assess the 
toxicity of MPs and their extractable additives, non-target soil inverte-
brate E. crypticus, donated by the Aarhus University in Denmark, was 
used. The worm has been cultured for four years in agar medium 
amended with inorganic ions (CaCl2 2H2O, MgSO4, KCl, and NaHCO3) in 
our lab. The incubation was conducted at 20 ◦C with a photoperiod of 
16 h: 8 h dark-light cycle according to OECD guidelines (OECD, 2004). 
Oatmeal was served as food for the worms during the whole incubation 
period. 

MPs and their extractable additives were exposed to the worms 
through dietary. 0.05 g of each microplastic was mixed with 5 g of 
sterilized oatmeal and 5 mL of water. Then the mixture was freeze-dried 
and ground. The final MP concentrations were 1% (w/w), which were 
within the concentration range of MPs detected in the environment (Xu 
et al., 2020). To be consistent with MP concentrations, 0.625 mL 
extractable additive solution generated with equivalent amount (0.05 g) 
of each microplastic using the method described above was diluted into 
a volume of 5 mL with water, mixed with 5 g of sterilized oatmeal, 
freeze-dried and ground. Pure oatmeal with no MPs or extractable ad-
ditives added was set as control. A total of eleven treatments including 
control, five types of MPs and their corresponding extractable additives 
were performed in the present study, with each treatment containing 
four replicates. For each replicate, 10 mature worms (with visible 
clitellum) were cultured in a petri dish (inner diameter of 90 mm) 
amended with agar medium for 14 days. The worms were fed three times 
a week, with 30 mg food per dish each time. 

2.3. Survival and growth rates 

The survival rate was characterized by counting living mature worms 
in each dish after the 14-day exposure. The growth rate of the worms 
was represented by average weight change per individual worm before 
and after the exposure, as previously described (Zhu et al., 2018a). 

2.4. Characterization of gut microbiota of the worms 

To obtain the gut microbiota, 5 randomly selected worms from each 
dish were killed by pure alcohol for DNA extraction. Before extraction, 
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sterile PBS buffer was used to wash the worms for three times to remove 
the food, media and alcohol attached on the surface of worm body. 
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) were used to 
extract the worm’s gut microbiota according to the provided protocol. 
The primer pair 515F and 806R with unique barcodes was selected to 
amplify the V4 region of the 16S rRNA gene to characterize the com-
munity structure of the gut microbiota (Ding et al., 2020). The ampli-
fication, high-throughput sequencing and data processing were 
conducted on the Illumina Hiseq 2500 platform of Novogene (Tianjin, 
China). The alpha and beta diversity of the gut microbiota were assessed 
by the observed species, shannon index and principal coordinate anal-
ysis (PCoA) based on the weighted_unifrac and binary_jaccard matrix. 

2.5. Statistical analysis 

The effects of different types of MPs and their extractable additives 
on the survival and growth rates of the worms and community diversity 
(alpha diversity) of the gut microbiota were evaluated by one-way 
analysis of variance (ANOVA) combined with the Tukey HSD test. Dif-
ferences in bacterial community structure (beta diversity) of the gut 
between different treatments were evaluated by Adonis test using 
weighted_unifrac and binary_jaccard matrix. Pearson correlations were 
conducted to reveal the relationships between the traditional ecotoxi-
cological parameters of the worms and bacterial diversity (alpha and 
beta diversity) in their gut microbiota. Redundancy analysis (RDA) was 
conducted to identify additive compounds shifting gut microbiota, and 
only the compounds with P value less than 0.05 were used in the further 
canonical correlation analysis (CCA) to explore the key additive com-
pounds responsible for MP toxicity towards the gut microbiota of the 
worms. 

3. Results and discussion 

3.1. Diverse compounds existed in the extractable additive solutions of 
MPs 

After a 10-day extraction, heavy metals including As, Cr, Cu, and Zn 
were detected in all the extractable solutions of these five types of MPs, 
and high concentrations of Zn were detected in the extractable solutions 
of PP and PS (Table 1). These concentrations were comparable with the 
general observations in the leachate of MPs (Capolupo et al., 2020). In 
the present study, PAH concentrations were also quantified revealing 
that fluorene and phenanthrene widely existed in the extractable solu-
tions of MPs (Table 1). More diverse PAHs have been detected in the 
extractable solution of PA than these of other types of MPs (Table 1). 
Through non-targeted GC-MS screening, a total of 18 organic com-
pounds were identified in the extractable solutions (Table 2). All these 
compounds belonged to four major classes including functional addi-
tives, colorants, fillers and reinforcements. Among the detected com-
pounds in this study, only six compounds including three PAHs, 
benzeneacetic acid, acetic acid, and phenol were also reported in a 
recent study focusing on the composition and ecotoxicity of the MPs 
additives, using the same extraction and detection methods (Capolupo 
et al., 2020). Notably, more harmful additives have been detected from 
PA than other types of MPs (Tables 1 and 2), which was inconsistent 
with results of previous study (Capolupo et al., 2021). These results 
suggested that a diversity of compounds can be used as additives of MPs 
and the compositions of the additives may vary greatly among different 
types of MPs and even MPs of the same polymer type. In addition, the 
leaching conditions including pH, salinity, and temperature could also 
influence the release of the additives of MPs, further determining their 
toxicity (Kolomijeca et al., 2020). Therefore, mapping the profile of the 
additives of MPs should be included in the toxicity studies of MPs to 
better understand the underlying mechanisms. 

3.2. Extractable additives of MPs affected survival and growth rates of the 
worms 

After 14 days of exposure, compared with control, both MPs and 
their extractable additives significantly decreased the survival rates of 
the worms (P < 0.05), except for PP and extractable additives of PE and 
PVC (Fig. 1a). Similarly, MPs and their extractable additives also 
influenced the growth of the worms, slowing down the increase of the 
worm weight, especially for PVC, which decreased the worm weight 
after exposure (P < 0.05, Fig. 1b). Interestingly, different types of MPs 
showed distinct effects on the survival and growth rates of the worms, 
while no significant differences were observed between MPs and their 
corresponding extractable additives (P > 0.05), suggesting that the ef-
fects of MPs on organisms were dependent on their types and extractable 
additives greatly contributed to the adverse effects of MPs. This was 
consistent with previous studies on the ecotoxicity of MPs for both 
marine and terrestrial biota (Kim et al., 2020; Sarker et al., 2020). 
Generally, additives could be released from MPs and generated toxicity 
to organisms (Gardon et al., 2020; Ke et al., 2019). In addition, wet-dry 
cycle in soil environments could intensify the leaching of additives and 
increase the toxicity of MPs to soil fauna (Kim et al., 2020). All these 
results indicated that additives leached from MPs highly contributed to 
MP toxicity. 

3.3. Extractable additives of MPs shifted the gut microbiota of the worms 

High-throughput sequencing revealed that Proteobacteria and Fir-
micutes were the dominant phylum in the worm gut (Fig. S2). The di-
versity of gut microbiota was increased by all types of MPs except PS, as 
well as by extractable additives of MPs, especially these derived from PA 
and PS (Fig. 2a and b). A series of studies have observed that exposure to 
MPs could increase the diversity of the gut microbiota for a variety of 
organisms, such as mice (Li et al., 2020a), fish (Jin et al., 2018; Xie et al., 
2021) and even soil fauna (Zhu et al., 2018b). In the present study, the 
effects of the extractable additives of MPs on the diversity of the gut 
microbiota suggested that toxic chemical additives could be released 
from MPs in the environment or in the gut and change the diversity of 

Table 1 
Heavy metal and polycyclic aromatic hydrocarbon concentrations in the 
extractable solutions of different types of MPs.   

Items (μg 
L− 1) 

PA PE PVC PP PS 

Heavy metals As 0.8 1.0 0.7 0.8 0.7 
Cd – – – 0.1 – 
Co – – – 0.1 0.3 
Cr 4.4 0.9 2.7 0.9 1.1 
Cu 0.1 0.3 0.7 0.2 1.0 
Mn 1.5 1.7 0.2 2.9 3.0 
Pb – – 0.1 0.1 0.4 
Zn 7.6 2.6 1.4 20.4 34.3 

Polycyclic aromatic 
hydrocarbons 

Ace – – 0.77 0.55 – 
Flu 0.28 0.29 0.21 0.26 0.23 
Phe 0.21 0.29 0.28 0.32 0.28 
Ant 0.00 – – – – 
Fla 0.19 – – – – 
Pyr 0.13 – – – – 
BaA 0.28 – 0.12 0.24 – 
Chr 0.19 – – – – 
BbF 0.60 – – 0.41 – 
BkF 0.55 – – – – 
BaP 0.00 – – – – 
Ind 0.26 – – – – 
Dib 0.58 – – – – 
Bghip 0.29 – – – – 

Ace: Acenaphthene; Flu: Fluorene; Phe: Phenanthrene; Ant: Anthracene; Fla: 
Fluoranthene; Pyr: Pyrene; BaA: Benz[a]anthracene; Chr: Chrysene; BbF: Benzo 
[b]fluoranthene; BkF: Benzo[k]fluoranthene; BaP: Benzo[a]pyrene; Ind: Dibenz 
[a,h]anthracene; Dib: Indeno[1,2,3-cd]pyrene; Bghip: Benzo[g,h,i]perylene. 
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the gut microbiota. Moreover, PCoA analysis based on the weight uni-
frac and binary jaccard distances was conducted separately to reveal the 
shift of the gut microbial community composition of the worms (Fig. 2c 
and d). Both of the plots showed that most treatments of MPs and their 
extractable additives were separated from the control. Adonis test was 
further conducted and revealed that the differences in gut microbial 
community composition between control and other treatments were 
significant (P < 0.05, Table S2). Thus, these results demonstrated that 
both exposure to the MPs and their extractable additives shifted the 
compositions of gut microbiota of the worms. Similarly, a large number 
of studies focusing on the influence of MPs on the composition of or-
ganism’s gut microbiota have revealed that MPs could induce an un-
balance of the gut microbiota, even at a low concentration (Sun et al., 
2021; Wang et al., 2021; Zhao et al., 2021). Notably, similar to the ef-
fects on survival and growth rates of the worms, type-specific effects 
were also observed on gut microbiota (Fig. 2). For example, exposure to 
PVC’s extractable additives and PS could not induce changes of the gut 
microbial compositions of the worms (P > 0.05), while other MP 
treatments significantly shifted the gut microbiota (P < 0.05, Fig. 2c, 

Table S2). Previous studies showed that variations in concentration, size 
and shape of MPs induced distinct toxic effects (Rillig et al., 2019; Zhang 
et al., 2021). However, the MPs used in the present study were same in 
the concentration, particle size and shape, suggesting that the varied 
chemical compositions of extractable additives of different types of MPs 
caused type-specific effects on the gut microbiota of worms. 

The shift of the gut microbiota was further demonstrated in detail by 
changes of microbes at family and genus levels (Fig. 3, S3 and S4). 
Notably, compared with control, PA, PP, PS PE, and extractable addi-
tives of PA and PP significantly decreased the relative abundances of 
Xanthobacteraceae, while PVC, PP, PS, PE and extractable additives of 
PVC, PP, PS and PE significantly decreased the relative abundances of 
Aeromonadaceae (P < 0.05, Figs. S3 and S4). Correspondingly, the 
relative abundances of Ancylobacter (belongs to the family of Xantho-
bacteraceae) and Aeromonas (belongs to the family of Aeromonadaceae) 
in most treatments, especially in the treatments of PP’ extractable ad-
ditives and PA, were significantly decreased (P < 0.05, Fig. 3), indi-
cating these bacteria in the gut were sensitive to the exposure of MPs and 
their extractable additives. The decline of these families in gut of 

Table 2 
Organic compounds tentatively identified in the extractable solutions of different types of MPs with the percentage match to NIST.17 library spectra specified.  

CAS Compounds Uses/Type Match (%) to NIST spectra Normalized peak areaa 

PA PE PVC PP PS 

56797-40-1 (Z)-7-Hexadecenal Fragrance 84.8 0.96 0.78 0.98 1.00 0.74 
19780-11-1 (2-Dodecenyl) succinic anhydride Adhesives 74.6 0.56 0.93 0.94 0.55 1.00 
20576-56-1 3,7,11-Trimethyldodeca Fragrance 61.8 1.00 0.80 0.91 0.76 0.82 
3900-93-4 Benzeneacetic acid Antimicrobial 60.2 0.76 0.78 1.00 0.79 0.40 
373-49-9 (Z)-Hexadec-9-enoic acid Surfactant 65.6 0.32 0.45 0.64 1.00 0.60 
540-97-6 Dodecamethylcyclohexasiloxane Crosslinker 88.6 1.00 0.42 0.51 0.21 0.31 
97094-19-4 Corymbolone  74.3 0.84 – 1.00 – – 
38146-99-5 Tetrasiloxane  84.2 1.00 0.45 0.52 0.34 0.31 
128-39-2 Butylphenol Antioxidant 91.0 0.48 0.21 1.00 0.20 0.15 
20797-56-2 Acetic acid Antimicrobial 64.3 1.00 0.81 0.64 – 0.32 
556-68-3 Hexadecamethylcyclooctasiloxane Crosslinker 87.7 0.84 0.71 1.00 0.32 0.46 
80419-01-8 Chloromethyl  76.8 1.00 – – 0.14 – 
19546-31-7 Phenol Antioxidant 77.4 1.00 0.94 – – – 
52-31-3 Cyclobarbital Colorant 64.1 0.93 0.65 1.00 0.44 0.54 
556-68-3 Hexadecamethylcyclooctasiloxane Crosslinker 78.5 1.00 0.39 0.66 – – 
541-01-5 Hexadecamethylheptasiloxane Crosslinker 70.1 1.00 – 0.73 – – 
5508-47-4 Propanamide Antimicrobial 61.2 0.12 – 1.00 0.08 0.04 
18919-94-3 Tetracosamethylcyclododecasiloxane  70.3 1.00 0.48 0.52 – – 

“–” means no detection. 
a The normalized peak area of each compound was obtained by dividing the peak area by the maximum peak area of the compound among different MPs. 

Fig. 1. Effects of different types of MPs and their extractable additives on the survival (a) and growth rates (b) of E. crypticus. Significant differences between 
treatments were compared using Tukey HSD (P < 0.05). The letters L and P indicated the treatments of extractable additives and raw MPs of each type of MPs. 
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Enchytraeus crypticus was also observed after the exposure of nano-MPs 
at the concentrations of 10% (Zhu et al., 2018a). These bacteria are 
generally involved in important ecological process for the worms 
including organic matter decomposition and nutrient cycling (Zhu et al., 
2018a), and the decline of their abundances may profoundly threaten 
soil ecological process. Moreover, a number of genus, such as Escher-
ichia-Shigella (belongs to the family of Enterobacteriaceae) and Micro-
bacterium (belongs to the family of Microbacteriaceae) which are 
connected with intestinal inflammatory disorders of host (Ma et al., 
2020; Rigottier-Gois, 2013), were significantly increased by some MPs 
including PE and PP and extractable additives from PP and PS (P < 0.05, 
Fig. 3). Therefore, exposure to MPs and their extractable additives might 
lead to adverse effects and even influence the ecological process of the 
worms through shifting their gut microbiota, thus threatening soil fauna 
and soil ecosystems. 

Notably, significant correlations were observed between the worm 
weight and their gut microbiota (both diversity and community struc-
ture) (Table S4), suggesting that gut microbiota was closely connected 
with the host health conditions, even for soil fauna. More importantly, 
while no significant variations in growth rate were observed between 
the extractable additives treatments and raw MPs treatments (P > 0.05, 
Fig. 1b), MPs and their corresponding extractable additives were not 
clustered together as revealed by the effects on gut microbiota (Fig. 2c 
and d), indicating that MPs and their corresponding extractable 

additives exhibited varied effects on gut microbiota and gut microbiota 
may be a more sensitive indicator than traditional ecotoxicological in-
dicators such as worm weight. Therefore, gut microbiota can be widely 
used in ecotoxicological studies in the future. 

3.4. Toxicological mechanism of MPs on the worms 

To discriminate the effects of extractable additives of MPs on the gut 
microbiota of worms, RDA analysis was conducted revealing that three 
heavy metals (As, Cr, and Mn) and most organic compounds ((Z)-7- 
hexadecenal, 3,7,11-trimethyldodeca, phenol, acetic acid, cyclobarbital, 
tetrasiloxane, dodecamethylcyclohexasiloxane, tetracosamethylcyclo-
dodecasiloxane, chloromethyl, 4- to 6-ring PAHs, hex-
adecamethylcyclooctasiloxane, hexadecamethylheptasiloxane, and 
corymbolone) significantly contributed to the variations of the gut 
microbiota (P < 0.05, Fig. 4 and Table S3). Some of these extractable 
additives have been observed to exert toxicity on soil fauna. For 
example, As exposure disturbed the gut microbiota of earthworms and 
decreased their body weight (Wang et al., 2019a). Moreover, PAHs, 
especially those with high rings were considered as important toxic 
components of MPs’ additives in the respect of adverse effects on or-
ganisms, though their concentrations were low (Ding et al., 2020; 
Kolomijeca et al., 2020). The present study firstly determined the effects 
of extractable additives on soil fauna and further confirmed the potential 

Fig. 2. Effects of different types of MPs and their extractable additives on the community diversity (a,b) and structure (c,d) of the gut microbiota of E. crypticus. The 
diversity of gut microbiota was calculated using Observed species (a) and Shannon index (b). Significant differences between treatments were compared using Tukey 
HSD (P < 0.05). The differences in the community structure between different treatments were revealed by the PCoA based on the weighted unifrac (c) and binary 
jaccard (d) matrix, respectively. The letters L and P indicated the treatments of extractable additives and raw MPs of each type of MPs. 
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Fig. 3. Heatmap showing the significantly shifted gut bacteria taxa in the family level of the E. crypticus, induced by exposure to different types of MPs and their 
extractable additives. The letters L and P indicated the treatments of extractable additives and raw MPs of each type of MPs. 

Fig. 4. Canonical correlation analysis (CCA) 
discriminating the effects of MPs and their 
extractable additives (including inorganic 
and organic compounds) on the gut micro-
biota of the E. crypticus. The letters L and P 
indicated the treatments of extractable ad-
ditives and raw MPs of each type of MPs. 
C1–C15 represented (Z)-7-hexadecenal, 
3,7,11-trimethyldodeca, phenol, acetic acid, 
cyclobarbital, tetrasiloxane, dodeca-
methylcyclohexasiloxane, 5-ring PAHs, tet-
racosamethylcyclododecasiloxane, chlor-
omethyl, 4-ring PAHs, 6-ring PAHs, 
hexadecamethylcyclooctasiloxane, hex-
adecamethylheptasiloxane and cor-
ymbolone, respectively.   
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toxic compounds responsible for the shift of the gut microbiota (Fig. 4 
and Table S3). To our knowledge, only two studies have investigated the 
additives of MPs and suggested that zinc and benzothiazole leached 
from tire particles contributed to the toxicity of MPs to soil fauna due to 
their high concentrations, which were above the predicted no-effect 
concentration (PNEC) in soils (Ding et al., 2020; Selonen et al., 2021). 
These studies have pointed out that the concentrations of most MPs’ 
additives were low and may not cause toxicity or even death to soil 
fauna (Ding et al., 2020; Selonen et al., 2021). However, the toxicity of 
MPs arises from the combined effects of diverse additives rather than 
from a single compound, which could be revealed by the 
multi-correlations between the additives and gut microbiota in the 
present study (Fig. 4 and Table S3). Moreover, each type of MPs and 
their corresponding extractable additives had a coincident effect on the 
gut microbiota (Figs. S3 and S4), suggesting that extractable additives 
greatly contributed to the changes of gut microbiota after MP exposure. 
Combined, it can be concluded that the toxicity effects of MPs on soil 
fauna were mainly caused by the extractable additives and the differ-
ences in concentration and composition of the extractable additives 
further decided the direction and magnitude of the type-specific effect of 
MPs on the gut microbiota of soil fauna. 

As revealed by CCA, the extractable additives treatments were 
clustered together and separated from the raw MPs treatments (Fig. 4), 
suggesting that except for extractable additives, other factors might also 
influence the gut microbiota. A number of studies have observed the 
physical damage of MPs on the gut of soil fauna (Jiang et al., 2020; Lei 
et al., 2018), and the scraping of intestinal parietal cells by MPs has been 
reported to cause inflammation of gut and dysbiosis in the gut micro-
biota of a variety of organisms (Li et al., 2020a; Wright et al., 2013). 
Therefore, the physical effects of MP particles might contribute to the 
variations in gut microbiota between the extractable additives treat-
ments and raw MPs treatments in this study. 

4. Conclusions 

This study explored the role extractable additives played in MP 
toxicity by systematically investigating the effects of five different types 
of MPs and their extractable additives on traditional ecotoxicological 
parameters and gut microbiota of soil fauna. Both MPs and their 
extractable additives significantly affected the growth and survival rates 
and gut microbiota of the host, and the differences between the effects of 
MPs and their extractable additives on growth and survival rates were 
insignificant, indicating that extractable additives highly contributed to 
the toxicity of MPs. By further mapping the profile of the extractable 
additives, their relationship with the effects on soil biota was explored, 
revealing that the type-specific effects of MPs were highly attributed to 
the varied compositions of MPs’ extractable additives. The key com-
pounds responsible for MP toxicity were identified. In addition, the 
separated cluster between MPs and their corresponding extractable 
additives revealed by gut microbiota suggested that gut microbiota of 
soil fauna could be a more sensitive parameter compared with tradi-
tional ecotoxicological parameters including survival and growth rates. 
These findings extend our understanding of the underlying mechanisms 
of MP toxicity on soil fauna, highlighting that gut microbiota and 
extractable additive characterization are important tools in under-
standing MP toxicity. 
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