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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Microplastics are small plastic fragments that are widely distributed in marine and terrestrial environments.

While the soil ecosystem represents a large reservoir for plastic, research so far has focused mainly on the impact

Keywords: on aquatic ecosystems and there is a lack of information on the potentially adverse effects of microplastics on soil
Microplastics biota. Earthworms are key organisms of the soil ecosystem and are due to their crucial role in soil quality and
Eart_hwomls fertility a suitable and popular model organism in soil ecotoxicology.

g?::;tr}]’(er Therefore, the aim of this study was to gain insight into the effects of environmentally relevant concentrations

of microplastics on the earthworm Eisenia andrei on multiple levels of biological organization after different
exposure periods. Earthworms were exposed to two types of microplastics: (1) polystyrene-HBCD and (2) car tire
abrasion in natural soil for 2, 7, 14 and 28 d. Acute and chronic toxicity and all subcellular investigations were
conducted for all exposure times, avoidance behavior assessed after 48 h and reproduction after 28 d. Subcellular
endpoints included enzymatic biomarker responses, namely, carboxylesterase, glutathione peroxidase, acetyl-
cholinesterase, glutathione reductase, glutathione S-transferase and catalase activities, as well as fluorescence-
based measurements of oxidative stress-related markers and multixenobiotic resistance activity. Multiple bio-
markers showed significant changes in activity, but a recovery of most enzymatic activities could be observed
after 28 d. Overall, only minor effects could be observed on a subcellular level, showing that in this exposure
scenario with environmentally relevant concentrations based on German pollution levels the threat to soil biota
is minimal. However, in areas with higher concentrations of microplastics in the environment, these results can
be interpreted as an early warning signal for more adverse effects. In conclusion, these findings provide new
insights regarding the ecotoxicological effects of environmentally relevant concentrations of microplastics on soil
organisms.

Oxidative stress

1. Introduction properties such as lightness, durability and hydrophobicity, the pro-

duction of plastic products has increased constantly in the past decades

The rapid growth of plastic production since the 1950s and the
insufficient disposal of plastic waste has resulted in plastic being
considered an emerging contaminant (Geyer et al., 2017; Stubbins et al.,
2021). Due to its versatile applications besides its usage as packaging
material, its low production costs, and overall superior chemical

(Ganesh Kumar et al., 2020). (Borrelle et al., 2020) categorize plastic
pollution as a planetary threat and estimate the growth of plastic waste
exceeding any current efforts to mitigate plastic pollution. This consid-
eration of plastic pollution as a planetary threat can be explained not
only by their highly uncertain half-lives (Chamas et al., 2020; Duan
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et al., 2021; MacLeod et al., 2021) but also the potential impact on
carbon and nutrient cycles, habitat changes within soils, sediments and
aquatic ecosystems with co-occurring biological impacts on endangered
or keystone species due to its ecotoxicity (MacLeod et al., 2021). While
recently biodegradable plastics have been developed, none of the most
commonly used plastics are completely biodegradable and rather need
destructive thermal treatment for complete degradation, and thus so far
accumulate in landfills and the environment (Geyer et al., 2017). Plastic
debris can however break down into smaller micro- (0.1 — 1000 pm) or
nano-sized (<0.1 pm) particles, from herein referred to as micro- and
nanoplastics, respectively, through weathering processes, e.g., biolog-
ical, chemical or physical agents or physical abrasion or fragmentation
(Duan et al., 2021; Gigault et al., 2018; Defu He et al., 2018; Helmberger
et al., 2020; Hidalgo-Ruz et al., 2012),.

Microplastic accumulation and its fate on different ecosystems has
been reported to be potentially hazardous to marine, freshwater and soil
organisms (Chae & An, 2018; Defu He et al., 2018; MacLeod et al., 2021;
Ng et al., 2018). Due to their easy distribution by wind or water to many
remote urban, riparian and agricultural sites, microplastics’ presence in
the environment has become ubiquitous and pervasive (Helmberger
et al., 2020; Rochman & Hoellein, 2020). Microplastics have been
detected in various environmental compartments and scientific research
has overall increased in the last 25 years (de Souza Machado et al.,
2018), especifically in terrestrial ecosystem (Donghui He et al., 2020).
However, research on the occurrence and impact of microplastics in soil
have only accounted for 3.8% of publications between 2004 and 2018
(Defu He et al., 2018). This lack of knowledge regarding microplastics in
soil is alarming, as (Hurley & Nizzetto, 2018) believe soil to be a sig-
nificant and possibly dominant environmental reservoir of micro and
nanoplastic and thus research should not neglect the potential impact on
the soil ecosystem. As in general research on microplastics has been very
limited compared to other environmental contaminants adequate data
on environmental concentrations in soil is missing (Biiks & Kaupenjo-
hann, 2020). What is however known is that there are various potential
entry routes of microplastics in soil: such as degradation of plastic
debris, industry wastewater, fertilizers, irrigation by waste water or tire
abrasion (Chae & An, 2018). The annual emission of tire dust from car
tire abrasions (containing rubber, a mostly synthetic polymer) is esti-
mated at up to 110,000 tons in Germany alone, which enters the road-
side environment via dust or wash-off (Blasing & Amelung, 2018). Once
microplastics such as tire dust reach the soil ecosystem, they can
potentially accumulate, aggregate, persist and affect biota and thus, the
overall soil quality.

Earthworms have long been used as indicators for soil quality due to
their important role in terrestrial ecosystems (Friind et al., 2010).
Furthermore, they represent a majority of soil biomass of moderate
terrestrial areas and are considered to be major ecosystem engineers due
to their influence on both the structural integrity and the fertility of soil
(Blouin et al., 2013; Jones et al., 1994). By definition, ecosystem engi-
neers influence characteristics of their surroundings and thus affect
other living components in their ecosystem. Earthworms specifically
influence the chemical and physical properties of soil through bio-
turbation, i.e. burrowing, mixing of soil layers and litter, transfer
organic matter and soil particles and thus improve the structural
integrity, stability, aeration and irrigation of the soil (Edwards & Boh-
len, 1996; Eisenhauer, 2010; Lavelle et al., 1998). Due to their crucial
role for most soil ecosystems earthworms have been established as
model organisms in terrestrial ecotoxicology. While there is a clear lack
of studies on the effects of microplastics, recent studies have shown the
adverse effects microplastics can have on earthworms. (Jiang et al.,
2020) observed polystyrene microplastic to induce oxidative stress,
histopathological changes and DNA damage in earthworms, while
(Kwak & An, 2021) showed an inhibition of spermatogenesis and coe-
lomocyte viability after exposure of earthworms to polyethylene
microplastics. However, considering the wide range of plastics and their
highly varying chemical properties, more research is needed to fill this
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immense gap of knowledge surrounding microplastics.

As part of the project “Plastik in Boden- Vorkommen, Quellen, Wir-
kungen” (commissioned by the Umweltbundesamt (German Environ-
mental Agency)) which aimed to establish methods for sampling of
microplastics in soil and determined environmentally relevant concen-
trations of car tire abrasion and polystyrene in German soils (Braun
et al.,, 2021; Miiller et al., 2022), the present study investigated the
ecotoxicological effects of microplastic concentrations that were based
on these findings.

Therefore, the aim of the present study was to thoroughly investigate
the effects of two types of secondary microplastics on the earthworm
Eisenia andrei in a time-dependant manner and on various levels of
biological organization. More specifically, earthworms were exposed to
environmentally relevant concentrations of car tire abrasion and poly-
styrene particles (containing 1% of the flame retardant HBCD). Expo-
sures of various lengths (2, 7, 14 and 28 d) were conducted in natural
soil and multiple apical and mechanistic endpoints investigated.
Namely, mortality, avoidance behavior, subcellular markers and
reproduction were assessed. Enzymatic biomarkers measurements
included carboxylesterase (CES), glutathione peroxidase (GPx), acetyl-
cholinesterase (AChE), glutathione reductase (GR), glutathione S-
transferase (GST) and catalase (CAT) activities. Furthermore,
fluorescence-based measurements of oxidative stress-related markers,
namely reactive oxygen species (ROS) and glutathione (GSH), and
multixenobiotic resistance (MXR) activity were assessed. Based on the
measured responses, this study will help elucidate the potential effects of
environmentally relevant microplastic concentrations and help gain
insight into the potential risks associated with global microplastic
pollution.

2. Material and methods
2.1. Chemicals

The following chemicals were used: acetonitrile (CoH3N, CAS 75-05-
8), p-nicotinamide adenine dinucleotide 2 -phosphate reduced tetraso-
dium salt hydrate (B-NADPH) (C;2H26N7Na4017P3 xH20, CAS 2646-71-
1 (anhydrous)), 9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene-
diethylammonium chloride (thodamine B) (CogH3;CIN2O3, CAS 81-88-
9), CellTracker™ Green CMFDA Dye (Cy5H;17ClO7, CAS 136832-63-8)
(ThermoFisher Scientific), 1-chloro-2,4-dinitrobenzene = (CDNB)
(CegH3CIN2O4, CAS  97-00-7), CM-H,DCFDA (CoyHi19Cl3Og, CAS
1219794-09-8) (ThermoFisher Scientific), hydrogen peroxide (H2Oo,
CAS 7722-84-1), (2-mercaptoethyl)trimethylammonium iodide acetate
(acetylthiocholine iodide) (CH3COSCH2CH,N(CH3s)sl, CAS 1866-15-5),
disodium hydrogen phosphate (NasHPO4, CAS 7558-79-4), 5,5 -dithio-
bis-(2-nitrobenzoic acid) (DTNB) ([-SCgH3(NO2)CO,H]5, CAS 69-78-3),
glutathione disulfide (GSSG) (CyoH32NgO12S2, CAS 27025-41-8), 4-
nitrophenyl acetate (CgH7NO4, CAS 830-03-5), (2S)-2-amino-4-{[(1R)-
1-[(carboxymethyl)carbamoyl]-2-sulfanylethyl]carbamoyl}butanoic
acid (glutathione (GSH)) (C19H;7N30¢S, CAS 70-18-8), sodium dihy-
drogen phosphate dihydrate (NaH,PO4-2H20, CAS 13472-35-0), ethyl-
enediaminetetraacetic acid disodium salt hydrated (C;oH;6N20g, CAS
6381-92-6), dimethyl sulfoxide (DMSO) ((CHj3)2SO, CAS 67-68-5),
glutathione reductase from baker’s yeast (Saccharomyces cerevisiae)
(ammonium sulfate suspension) EC 1.6.4.2. (CAS 9001-48-3), sodium
azide (NaN3, CAS 26628-22-8. Protein concentrations were measured
using the Pierce™ BCA Protein Assay Kit.

2.2. Microplastics

The following microplastics were investigated: (1) car tire abrasion
(abbreviated as MP1) (particle size < 600 um, black in color) from a bulk
product of recycled old tires and (2) Polystyrene-HBCD (abbreviated as
MP2) (particle size < 500 um, white in color). Based on a study by
(Rodriguez-Seijo et al., 2017), which performed exposures of
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microplastic particles of up to 1000 pm sizes in E. andrei, we assumed
that the microplastics in the present study may be ingested by E. andrei.

The environmentally relevant concentrations and particle sizes for
the present study were chosen based on the results of the project “Plastik
in Boden- Vorkommen, Quellen, Wirkungen” commissioned by the
Umweltbundesamt (German Environmental Agency) where different
test sites (e.g., construction sites and road sites) were sampled (Braun
et al., 2021).

Additional information on car tire abrasion composition can be
found in (Miiller et al., 2022). Polystyrene-HBCD was obtained through
cryogenic grinding (Retsch ZM200) of 1x1 cm parts of extruded poly-
styrene containing 2% of the stabilizer calcium stearate and 1% of the
flame retardant hexabromocyclododecane (HBCD) according to the
manufacturer. It can be assumed that the particles were not round as the
polystyrene-HBCD was ground at temperatures below its glass transition
temperature and then behaves brittle and breaks accordingly.

2.3. Test organism

Exposures were conducted using adult earthworms (Eisenia andrei)
showing a well-developed clitellum (average weight: 0.3 g) supplied
from a local earthworm farm and acclimatized at 20 °C prior to all ex-
periments. After selecting adult earthworm, they were thoroughly
washed with distilled water and placed on damp filter paper in petri
dishes. The petri dishes were then covered with aluminum foil con-
taining aeration holes for at least 12 h to empty the earthworms’ gut
contents before the start of the experiments.

2.4. Soil matrix

The used soil originated from a former military test site with an area
of 12 km? For 30 years the site has been used for field trials by the
Federal Institute for Materials Research and Testing (BAM). The closest
road is kilometers away, and the area is mostly covered by pine forest.
The dominant soil is classified as podzolic regosol. A total of 150 kg soil
was collected using stainless steel shovels, mixed, and transported in
tinplate containers. The sampled soil was contained roots and plant
residues and was characterized as fine sand with a silt and clay content
of 4.5%. The organic content of 2.5% was determined by ashing in a
muffle furnace according to DIN 18128. Thermoanalytical in-
vestigations by TED-GC/MS showed no car tire abrasions, polystyrene,
or other microplastic contaminations in the soil matrix (Miiller et al.,
2022).

2.5. Acute toxicity test

Toxicity was determined according to OECD Guideline 207 (OECD,
1984) with changes as described below. All exposures were conducted in
glass containers, with 10 earthworms per container in 400 g soil thor-
oughly mixed with the respective microplastic amount and 40 mL
distilled water. To determine the mortality, limit tests were conducted
using environmentally relevant concentrations (Braun et al., 2021),
namely 1 and 1000 mg/kg MP1 and 0.1 and 100 mg/kg MP2. After the
respective exposures of 2, 7, 14 and 28 d (during which the soil was
watered to avoid drying out), mortality was checked and recorded. All
experiments were conducted in at least three independent replicates
with 10 earthworms per replicate (n = 30) with negative controls (soil +
distilled water) performed in parallel. The glass containers were placed
in constant light at 20 °C.

2.6. Assessment of avoidance behavior

Avoidance behavior (ISO 17512-1:2008) was assessed as described
in detail in (Lackmann et al., 2018). Shortly, two separate chambers
were created in glass containers by using a tray that was placed in the
middle of the glass container. One side of the container was filled with
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the 200 g control soil and the other side with 200 g of treated soil. After
removing the separation tray, 10 earthworms per container were placed
on the middle line and the glass containers then incubated for in a
climate chamber 48 h at 20° C under constant light conditions. At least
three replicates each were performed together with the appropriate
controls. At the end of the exposure period the number of earthworms on
each side was determined by hand sorting. The earthworms that were on
the separating line were sorted depending on the location of their heads.

2.7. Subcellular markers
2.7.1. General measurement preparations

2.7.1.1. Exposures. As no mortality was recorded for the tested con-
centrations during the toxicity tests, all following exposures were per-
formed using the same concentrations, exposure periods and test
conditions. Experiments were conducted in two independent replicates
with 10 earthworms per replicate with appropriate controls performed
in parallel. The glass containers were placed in constant light in a
climate chamber at 20 °C for the respective exposure times of 2, 7, 14
and 28 d.

2.8. Sample preparation

After the end of the respective exposure period earthworms were
removed from the soil, thoroughly cleaned with distilled water, dried
and the weight of each earthworm was determined. Earthworms were
then individually placed in 2 mL tubes and homogenized on ice in cold
sodium phosphate buffer (0.1 M, pH 7.2, in ratio 1:5 w:v) with an Ultra-
Turrax T18 homogenizer. After homogenization, the samples were
centrifuged for 30 min at 9000 g at 4 °C. Then the supernatant (post-
mitochondrial fraction, S9) was transferred to a set of fresh tubes in 3
aliquots per sample and the pellets discarded. The aliquots of the S9
samples were snap frozen and stored at —80 °C until further usage.

2.9. Protein content determination

Measurements of protein concentration were conducted in 96-well
plates using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scien-
tific). For each measurement 1.5 pL of the sample were added to 23.5 pL.
sodium phosphate buffer (0.1 M, pH 7.2) and 200 uL of the working
solution. Absorbance was recorded after a 2 h incubation period at 20 °C
using a Tecan Spark microplate reader at 562 nm. The calibration curve
was constructed using the supplied bovine serum albumin as a standard
to calculate protein concentrations accordingly.

2.9.1. Enzymatic biomarker measurements

2.9.1.1. Glutathione S-transferase (GST) measurements. GST activity
(Habig & Jakoby, 1981) was measured as described in detail in (Lack-
mann et al., 2021). Kinetic measurements of absorbance were performed
using a Tecan Spark microplate reader at 340 nm for 2 min at room
temperature. Protein content was determined and the specific enzyme
activity was calculated and given in nmol of conjugated GSH in one min
per mg of proteins.

2.9.1.2. Catalase (CAT) measurements. CAT activity (Claiborne, 1985)
was measured in triplicates in 96-well UV plates. The assay mixture
contained 100 pL sodium phosphate buffer (0.1 M, pH 7.2), 100 uL HyO4
(0.019 M) and 3 pL of the sample (S9). Kinetic absorbance measure-
ments were conducted using a Tecan Spark microplate reader at 240 nm
for 3 min (measuring every 15 s) at 20 °C. After protein content deter-
mination, the specific enzyme activity was calculated and given in pmol
of degraded H303 in one min per mg of proteins.
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2.9.1.3. Glutathione reductase (GR) measurements. GR activity (Habig &
Jakoby, 1981) was measured as described in detail in (Lackmann et al.,
2021). Kinetic measurements of absorbance were performed using a
Tecan Spark microplate reader at 340 nm for 5 min at room tempera-
ture. After the amount of protein was determined for each sample, the
specific enzyme activity was calculated and given in nmol of reduced
GSSG in one min per mg of proteins.

2.9.1.4. Acetylcholine esterase (AChE) measurements. Measurements of
ACHE activity (Ellman et al., 1961) were performed as described in detail
in (Lackmann et al., 2021). Kinetic measurements of absorbance were
performed using a Tecan Spark microplate reader at 412 nm for 2 min
(measuring every 15 s) at 20 °C. After protein content measurements,
the specific enzyme activity was calculated and given in nmol of ace-
tylthiocholine iodide hydrolyzed in one min per mg of proteins.

2.9.1.5. Carboxylesterase (CES) measurements. CES activity (Hosokawa
& Satoh, 2001) was measured as described in detail in (Lackmann et al.,
2021). Kinetic measurements of absorbance were performed using a
Tecan Spark microplate reader at 405 nm for 2 min (measuring every 15
s) at 20 °C. After protein content measurements, the specific enzyme
activity was calculated and given in nmol of 4-nitrophenol produced per
one min per mg of protein.

2.9.1.6. Glutathione peroxidase (GPx) measurements. GPx activity
(Wendel, 1980) was measured in triplicates in 96-well plates. The re-
action cocktail contained 50 mM phosphate buffer with 0.4 mM EDTA
(pH = 7.0), 1 mM sodium azide, NADPH (stock solution), glutathione
reductase (100 U/mL) and GSH (200 mM). For measurements, 3 uL
sample were added to 200 pL reaction cocktail and the mixture left at
room temperature for 5 min before 3.3 uL hydrogen peroxide (0.042%)
were added and measurements started. Kinetic measurements of
absorbance were performed using a Tecan Spark microplate reader at
340 nm for 10 min (every 30 s) at 20 °C. After determination of protein
contents in samples, the specific enzymatic activity was calculated and
expressed as nmol of oxidized NADPH per mg of proteins.

2.9.2. Fluorescence-based assessment of microplastic effects on oxidative
stress markers

Fluorescence-based measurements of oxidative stress-related
markers were measured according to (Lackmann et al., 2021). Two
fluorescent probes are used, namely, CellTracker Green CMFDA for the
detection of thiols and CM-H2DCFDA for the detection of general
reactive oxygen species. The samples were diluted in 1:10 ratio and
added in triplicate to 96-well plates and blanks were performed in
parallel. After a 30 min incubation period at 25 °C, fluorescence was
measured using a Tecan Spark microplate reader at 485 nm (ex.) and
530 nm (em.) with the gain set to 50.

2.9.3. Assessment of multixenobiotic resistance (MXR) activity
Measurements of MXR activity were performed based on a protocol
by (Hackenberger et al., 2012). Namely, the same exposure conditions
were used, but a separate set of exposures was performed. To each glass
container 400 g soil were added, the respective microplastic thoroughly
mixed in with the soil, 40 mL of a 0.5 mg/ml rhodamine stock solution
(prepared in distilled water) added. Ten earthworms were then placed in
each container and covered with aluminum foil to keep the exposure in
the dark due to the light sensitivity of the fluorescent RB solution. The
exposures were conducted at 20 °C for the respective exposure times of
2,7,14 and 28 d. After the end of the exposures, samples were prepared
and protein content measured as described in 2.5.1., but in the dark.
Fluorescence of the S9 samples was measured with a Tecan Spark
microplate reader in triplicates in 96-well plates at 553 nm (ex.) and
578 nm (em.) with gain set to 55. The calibration curve was constructed
using RB (stock solutions were prepared in a 1:2 dilution row starting
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with 0.25 uM RB) and used for calculation of RB content in each. MXR
activity was expressed as nmol RB per mg proteins. The whole experi-
ment was conducted twice to determine the repeatability of the results.

2.10. Reproduction

Assessment of reproduction success was conducted according to
OECD Guideline 222 (OECD, 2016) with slight changes described below.
The exposures were performed similar to the mortality assessment with
the addition of weekly feeding of 3.5 g of cooked potatoes. Ten earth-
worms were placed in each glass container and kept in a climate
chamber at 20 °C under constant light conditions. The exposure was
concluded after 28 d when adult earthworms were removed from the
soil and weighed. The soil was manually searched for cocoons and ju-
veniles and additionally wet sieved. After the cocoons and juveniles
were taken out, they were counted, and the cocoons thoroughly cleaned
with distilled water and placed on damp filter paper in petri dishes for
another 28 d. Hatching of cocoons was observed and recorded daily and
the filter paper regularly moistened to avoid drying out. Exposures were
conducted in 5 independent replicates with 10 adult earthworms per
replicate with an appropriate negative control group run in parallel to
each exposure.

2.11. Data analysis

Prior to further analysis procedures, data was prepared in Microsoft
Office Excel 2016. Data of the subcellular markers and reproduction
assessment were analyzed using GraphPad Prism 9 (GraphPad Software,
Inc., California, USA). Firstly, data were checked for equality of vari-
ances (Bartlett test) and normality (Shapiro-Wilk test). Whenever a
normal distribution of data was shown, one-way ANOVA was applied
followed by the Dunnett’s multiple comparison test to determine the
significance levels reached in comparison to the control. If data was not
normally distributed, Kruskal-Wallis test was performed. Avoidance
behavior data was analysed for significance using students’ t-test. The
level of significance was set to p < 0.05 throughout the study.

3. Results
3.1. Toxicity of polystyrene-HBCD and car tire abrasions

After 2, 7, 14 and 28d exposures of earthworms E. andrei
polystyrene-HBCD and car tire abrasions in soil, no mortality was
recorded for any of the tested concentrations. Thus, no dose-response
curves and lethal concentrations could be established (data not shown).

3.2. Avoidance behavior

The results of the assessment of avoidance behavior of E. andrei after
exposures to polystyrene-HBCD and car tire abrasion are shown in
Table 1. None of the tested microplastic concentrations significantly

Table 1

Effect of two types of microplastics on the avoidance behavior of E. andrei in soil
48 h exposures to the respective microplastics (MP1 — car tire abrasion, MP2 —
polystyrene-HBCD, NC-- negative control) in soil for the determination of
avoidance behavior. NRHF: no reduced habitat function is considered when >
20% of earthworms in treated soil, n = 3.

Microplastic ~ Concentration Distribution (%) Net Toxicity
(mg/kg) Control  Treated  TESPomse evaluation
(%)
NC 0 43 57 13.33 NRHF
MP1 1 60 40 10 NRHF
1000 55 45 20 NRHF
MP2 0.1 53 47 6.67 NRHF
100 53 47 6.67 NRHF
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affected the avoidance behavior of the earthworms.

3.3. Biomarker responses

The results of the 2 d exposures showed no significant changes in
enzymatic biomarker activities, multixenobiotic resistance activity or
oxidative stress- related markers (Fig. 1).

After the 7 d exposures, significant changes were observed for AChE
activity and fluorescence related to ROS levels (Fig. 2). The higher
concentration of polystyrene-HBCD, namely, 100 mg/kg polystyrene-
HBCD, significantly inhibited the AChE activity compared to the
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negative control. Fluorescence related to ROS levels was significantly
decreased compared to the negative control after exposures to 1 mg/kg
car tire abrasion.

The results of the 14 d exposures (Fig. 3) show a change in affected
biomarkers, with significant changes observed for both ROS and GSH
levels. Relative fluorescence for ROS level determination was decreased
for both lower concentrations of the investigated microplastics. The
concentration of 1 mg/kg car tire abrasion also significantly decreased
relative fluorescence related to GSH levels, while 0.1 mg/kg
polystyrene-HBCD only caused a slight non-significant decrease.

After 28 d, significant changes could only be observed for CAT

2 d exposure
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Fig. 1. Subcellular responses after 2 d exposures of earthworm E. andrei to two types of microplastics. Specific activities of: acetylcholinesterase (AChE),
carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPx) and relative fluorescence of
reactive oxygen species (ROS), reduced glutathione (GSH) and rhodamine B (MXR) after 2 d exposures of car tire abrasions and polystyrence-HBCD to E. andrei (mean
+ standard deviation; N = 20). Abbreviations: NC: negative control, MP1C1: 1000 mg/kg car tire abrasion; MP1C2: 1 mg/kg car tire abrasion; MP2C1: 100 mg/kg

polystyrene-HBCD; MP2C2: 0.1 mg/kg polystyrene-HBCD.
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Fig. 2. Subcellular responses after 7 d exposures of earthworm E. andrei to two types of microplastics. Specific activities of: acetylcholinesterase (AChE),
carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPx) and relative fluorescence of
reactive oxygen species (ROS), reduced glutathione (GSH) and rhodamine B (MXR) after 7 d exposures of car tire abrasions and polystyrence-HBCD to E. andrei (mean
+ standard deviation; N = 20). Abbreviations: NC: negative control, MP1C1: 1000 mg/kg car tire abrasion; MP1C2: 1 mg/kg car tire abrasion; MP2C1: 100 mg/kg
polystyrene-HBCD; MP2C2: 0.1 mg/kg polystyrene-HBCD. Significant differences between control and microplastic treatments (ANOVA followed by Dunnett’s

multiple comparison test) are labeled with * (p < 0.05) and *** (p < 0.001).

activity (Fig. 4). The CAT activity was decreased after exposure to both 1
and 1000 mg/kg car tire abrasion, but a significant decrease was only
observed for the higher concentration.

3.4. Reproduction

During all exposures for the determination of reproduction success,
no mortality was observed after the 28 d of exposure. Results of repro-
duction success are summarized in Fig. 5. No significant differences
occurred in any of the tested concentrations for either cocoons pro-
duction or juveniles hatched. A decrease in cocoon production could be
observed for exposures to 1 mg/kg car tire abrasion, but these changes
were not significant compared to the negative control.

4. Discussion

Microplastics have become ubiquitous in soils with terrestrial eco-
systems being major sinks for microplastic pollution (Biiks & Kau-
penjohann, 2020; Hurley & Nizzetto, 2018). Microplastics are highly
persistent pollutants, that can interact with the abiotic environment,
impact terrestrial organisms directly or indirectly and function as car-
riers for other contaminants (Baho et al., 2021). Therefore, under-
standing their toxic mechanisms is important to gain insight into the
possible negative effects this global threat poses to the environment. In
this study two types of commonly found secondary microplastics were
investigated, namely, car tire abrasion and polystyrene-HBCD. As the
name suggests, car tire abrasions get emitted in urban areas through
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Fig. 3. Subcellular responses after 14 d exposures of earthworm E. andrei to two types of microplastics. Specific activities of: acetylcholinesterase (AChE),
carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPx) and relative fluorescence of
reactive oxygen species (ROS), reduced glutathione (GSH) and rhodamine B (MXR) after 14 d exposures of car tire abrasions and polystyrence-HBCD to E. andrei
(mean =+ standard deviation; N = 20). Abbreviations: NC: negative control, MP1C1: 1000 mg/kg car tire abrasion; MP1C2: 1 mg/kg car tire abrasion; MP2C1: 100
mg/kg polystyrene-HBCD; MP2C2: 0.1 mg/kg polystyrene-HBCD. Significant differences between control and microplastic treatments (ANOVA followed by Dun-

nett’s multiple comparison test) are labeled with * (p < 0.05), ** (p < 0.01) an

traffic and are mainly a mixture of different polymers, additives, and
metals and highly vary in shape, size and chemical composition. In a
previous study, it was for example determined that the car tire abrasion,
that was also used in the present study, contained around 11.7 g/kg zinc
(Miiller et al., 2022).

Polystyrene, a main component of insulation boards, is commonly
found on construction sites in form of extruded polystyrene foam. While
also highly variable in shape and size, it is mostly of a highly pure grade
and not mixed with other synthetic polymers. However, it often does
contain additives, in the case of the here investigated polystyrene, 1% of
the flame retardant HBCD. This 1% HBCD concentration represents a
rather high substance concentration. Due to its persistent, bio-
accumulative and toxic properties, HBCD is regarded as substance of

% (p < 0.001).

very high concern and the production, use and marketing of products
with contents > 100 mg/kg has been gradually banned in the EU since
2016 (European Commission, 2016). However, materials used before
2016 are still in use and constitute a possible source for microplastics
with high HBCD contents. The variable composition and shape of plas-
tics and the possible leaching of chemicals increase the need to thor-
oughly investigate the potential adverse effects of microplastics, which
could be either of physical or chemical nature (Campanale et al., 2020).

4.1. Mortality

None of the investigated microplastic concentrations showed acute
or chronic toxicity in earthworms, i.e., no mortality or morphological
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Fig. 4. Subcellular responses after exposures for 28 d of earthworm E. andrei to two types of microplastics. Specific activities of: acetylcholinesterase (AChE),
carboxylesterase (CES), catalase (CAT), glutathione S-transferase (GST), glutathione reductase (GR), glutathione peroxidase (GPx) and relative fluorescence of
reactive oxygen species (ROS), reduced glutathione (GSH) and rhodamine B (MXR) after 28 d exposures of car tire abrasions and polystyrence-HBCD to E. andrei
(mean =+ standard deviation; N = 20). Abbreviations: NC: negative control, MP1C1: 1000 mg/kg car tire abrasion; MP1C2: 1 mg/kg car tire abrasion; MP2C1: 100
mg/kg polystyrene-HBCD; MP2C2: 0.1 mg/kg polystyrene-HBCD. Significant differences between control and microplastic treatments (ANOVA followed by Dun-

nett’s multiple comparison test) are labeled with * (p < 0.05).

changes were observed. While research on the ecotoxicological effects of
microplastics is limited, a study by (Jiang et al., 2020) has observed
mortality of earthworms (Eisenia fetida) after exposures to 0.1 mg/kg
polystyrene for 14 d. However, this observation was not made after
exposures to higher concentrations of 1 mg/kg polystyrene, which fits
more with the results of the present study. Other studies confirm this low
acute toxicity with no observed mortality after even higher concentra-
tions of PS or exposures to other microplastics such as polyethylene
(Rodriguez-Seijo et al., 2018a; 2018b; Wang et al., 2019). A study by
(Sheng et al., 2021) investigated effects of car tire abrasions on the
earthworm E. fetida after exposures of 14 and 28 d in artificial soil and
only observed changes on enzymatic biomarkers but no mortality.
Overall, this shows that research so far has not observed high mortality

rates associated with microplastic exposures, thus suggesting that other
endpoints might be more suitable to determine microplastic toxicity.

4.2. Avoidance behavior

Avoidance behavior is considered to be of high ecological relevance
and also a highly sensitive endpoint (Hund-Rinke et al., 2003). The
range of behavioral responses in earthworms is rather limited but gives
important insight into potential effects on the soils habitat function due
to earthworms important function as ecosystem engineers (Pelosi et al.,
2014). Behavioral changes can be a first response to altered environ-
mental conditions (Wong & Candolin, 2015) and as (Ford et al., 2021)
argue should thus be a part of ecotoxicological assessments.
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In the present study, no changes of avoidance behavior could be
observed for any of the tested microplastics. While studies on avoidance
behavior after exposures to more commonly investigated pollutants such
as pesticides are rather common (de Sousa & de Andréa, 2011; Garcia-
Santos & Keller-Forrer, 2011; Lackmann et al., 2018; Marques et al.,
2009; Pereira et al., 2010), there are only a small number of studies on
avoidance behavior after microplastic exposures, therefore only allow-
ing limited comparisons to current literature. A study by (Baeza et al.,
2020) investigated the effects of microplastic mixtures (2.5%; 5%, and
7% w/w) on the avoidance behavior of Lumbricus terrestris and while
similarly to the present study the microplastics showed no effects on
earthworm behavior, they did cause morphological changes in the
earthworm in the form of lesions. This suggests that microplastics might
cause mechanical or biological damages when the defense mechanism of
avoidance behavior is not triggered in plastic polluted areas. (Judy et al.,
2019) investigated the effects of municipal waste organic outputs mixed
with microplastic on the avoidance behavior of E. fetida and though for
some exposure scenarios avoidance behavior was observed, the authors
concluded that these behavioral changes are most likely not to be
attributed to the addition of the microplastics. Similarly, a study by
(Hodson et al., 2017) observed no avoidance behavior after exposures of
L. terrestris to Zn-adsorbed microplastics.

Avoidance behavior is a crucial defense mechanism in many organ-
isms and the lack of avoidance of microplastics could potentially facil-
itate the uptake of other pollutants that might otherwise be avoided such
as pesticides or leachates of additives. While this shows that there is still
an immense knowledge gap regarding the influence on earthworm
behavior in plastic-contaminated soils, it is also clear that avoidance
behavior can be a valuable endpoint in effect assessments.

4.3. Subcellular markers

In contrary to the lack of effects observed on a whole-organism level,
the obtained results show significant changes on multiple subcellular
markers during different exposure times. Both enzymatic and non-
enzymatic methods were used to investigate sublethal effects and gain
insight into potential modes of action of the two investigated types of
microplastics. None of the chosen subcellular markers showed any sig-
nificant changes after the shortest exposure period of 2 d. This might
suggest that the microplastics were not ingested in a sufficient amount
yet to cause any effects or that the microplastics only affect earthworm
after longer exposure periods. Overall, time-dependent changes could be
observed with most biomarkers showing a recovery after 28 d.

Acetylcholinesterase, a commonly used enzymatic biomarker for

neurotoxicity, was inhibited only after exposure to 100 mg/kg
polystyrene-HBCD for 7 d. After an exposure period of 14 and 28 d AChE
activity was not affected significantly by any microplastic exposures. In
contrary to these results, (Y. Chen et al., 2020) investigated the effects
on the AchE activity in earthworm E. fetida after exposure to micro-sized
low-density polyethylene during similarly chosen exposure periods.
They observed increases in AchE activity after exposures to 1 and 1.5 g/
kg and only after 21 and 28 d. Studies on aquatic organisms investi-
gating the effects of polystyrene microplastic show an inhibition of AchE
activity (e.g. exposures of the Chinese mitten crab Eriocheir sinensis to
polystyrene microbeads) (Yu et al., 2018) agreeing more with the results
in the present study. As the study by (Y. Chen et al., 2020) investigated a
different type of microplastic, this might also indicate varying mode of
action depending on the plastic type, but also the shape, size and po-
tential influence of additives. The CES activity was investigated as a
biotransformation enzyme involved in the xenobiotic metabolism but
overall was not significantly affected by the microplastics during
investigated exposure periods. Again, only very few studies investigated
the effects of microplastics on CES activity. A study on the effects on fish
however similarly showed no effect after exposures to polystyrene
microplastic (Schmieg et al., 2020). As another enzyme involved in
xenobiotic metabolism and part of the glutathione system, GST activity
was investigated. However, it also was not significantly affected in the
present study suggesting that no mechanisms of the xenobiotic meta-
bolism were induced. A study by (Rodriguez-Seijo, da Costa, et al., 2018)
showed an increase in GST activity after exposures of E. fetida to low-
density polyethylene microplastics, again as already argued for
changes in AchE activity, suggesting that the modes of action differ
depending on the microplastic type due to their different chemical
properties.

As enzymatic biomarkers related to oxidative stress induction, CAT,
GR and GPX activity were investigated in the present study. A fairly
commonly used oxidative stress biomarker, CAT activity has been
investigated after exposures of both aquatic and soil organisms to
various environmental pollutants. As the obtained results show, expo-
sures to 1 mg/kg car tire abrasion caused an inhibition of CAT activity,
but only after 28 d of exposure. Both increases and decreases of CAT
activity have been reported after microplastic exposures (Y. Chen et al.,
2020; Rodriguez-Seijo, da Costa, et al., 2018) and show the potential of
microplastics to induce oxidative stress. However, both other investi-
gated biomarkers for oxidative stress, GR and GPx, did not show sig-
nificant changes in activity after any of the exposure periods. In the case
of GR activity, this seems to fit with results from (Scopetani et al., 2020)
who investigated the effects of polyethylene microplastics on Tubifex
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tubifex and observed no significant changes in GR activity. However,
using GPx as a biomarker for oxidative stress, (Yu et al., 2018) have
indeed observed changes in GPx activity after crabs were exposed to
polystyrene microplastic. Results from (Q. Chen et al., 2017) however
agree with our findings, as no changes in GPx activity were observed
after exposures of Danio rerio larvae to micro- and nano-sized poly-
styrene. As the mentioned studies that investigated changes in GR and
GPx activity investigated effects in aquatic organisms, it is not clear
whether these different responses could be attributed to different
toxicity responses and uptake routes.

As non-enzymatic markers for oxidative stress, a fluorescence-based
assay was used to measure ROS and GSH levels that has been shown to
be a fairly sensitive method before (Lackmann et al., 2021). The results
of the present study showed a decrease in GSH levels after 14 d of
exposure to car tire abrasion. However, during all other exposure times
GSH levels did not significantly differ from the negative control. We
observed no significant effects of polystyrene-HBCD on GSH levels,
where in contrary (Jiang et al., 2020) showed increased GSH levels after
exposures of lower concentrations of polystyrene to earthworm E. fetida.
However, due to the complex interaction of antioxidants and oxidants,
these differences in observed effects on GSH levels after exposures to the
same microplastic are not unlikely.

Observations of ROS levels are important to gain insight into this
very sensitive redox balance. In the present study, significant changes in
fluorescence and thus ROS levels could be observed for both micro-
plastic types. Namely, after 7 d of exposure ROS levels were increased
after the exposure to 1 mg/kg car tire abrasion but afterwards ROS levels
stabilized and showed no more significant changes after exposure to car
tire abrasion. For exposures to polystyrene-HBCD a decrease was only
observed after the 14 d exposure to the concentration of 100 mg/kg.
These changes can be explained through upregulations in gene expres-
sion or an inhibition of ROS scavengers (antioxidants) and indicate an
induction occurrence of oxidative stress. As both ROS and GSH levels
were significantly influenced after 14 d exposures to car tire abrasion,
there is a clear indication for changes in the normal redox balance of the
cells. This conclusion is further supported by the inhibition of catalase
activity after 28 d showing the importance of using different methods for
the evaluation of molecular effects.

As a first line of defense, MXR activity is an important cellular de-
fense mechanism and can be a valuable endpoint to understand micro-
plastic toxicity. The results of this study show no significant changes in
RB concentrations and thus MXR activity. If a decrease in RB content is
observed, it indicates an induction of MXR activity, whereas increased
RB accumulations indicate an inhibition of MXR activity. To the best of
our knowledge, no other study has investigated the effects of micro-
plastics on MXR activity in earthworms or other soil organisms. How-
ever, studies on aquatic organisms have shown the inhibition of MXR
activity after exposure to micro and nano-sized polystyrene particles of
Mediterranean mussels Mytilus galloprovincialis and the monogonont
rotifer Brachionus koreanus (Franzellitti et al., 2019; C. B. Jeong et al.,
2018).

4.4. Reproduction

Reproductive success is an ecologically highly relevant and simul-
taneously sensitive endpoint. Due to the size of microplastic particles
and often reported histopathological damages (Jiang et al., 2020;
Rodriguez-Seijo et al., 2017), it is likely that microplastics might influ-
ence the reproductive output. In this study, however, no significant
changes to the reproductive output of E. andrei were observed after
exposures to the two selected microplastic types. A slight decrease in
cocoon number after exposure to car tire abrasion was observed, but it
was not statistically significant. As mentioned, due to potential histo-
pathological changes, microplastics have been reported to cause a
decrease in reproductive success (Huerta Lwanga et al., 2016; Lahive
et al., 2019). (Kwak & An, 2021) observed damaged gonads in E. fetida
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after exposures to polyethylene. As we did not investigate histopatho-
logical changes, it is not clear whether the reproductive organs of the
earthworms were influenced in any way. However, in agreement with
our study, (Rodriguez-Seijo et al., 2017) also did not observe any impact
on reproductive success after exposures of E. andrei to polyethylene
pellets even though histopathological changes were observed. As the
exposure period recommended in the OECD guideline can still be
considered rather short, it might also be possible that changes in
reproductive success will only be observed after longer exposure periods
and should thus be reconsidered in future studies.

4.5. Knowledge gaps

Secondary microplastics such as car tire abrasion have been shown to
be of highly dynamic particle properties (Klockner et al., 2020), thus
making research on the possible effects even more difficult. However as
current literature suggests leachings of the additives or sorbed con-
taminants to be the major drivers of microplastic toxicity (Capolupo
et al., 2020; Zimmermann et al., 2020), it is important to study these
complex microplastics compared to pure microplastic particles. Large
data sets on soil toxicity are still very scarce, thus various apical and
mechanistic endpoints and both short and long-term exposures were
chosen in this study. Overall, the results of subcellular markers suggest
oxidative stress as a potential mode of toxicity of the investigated
microplastics. Also, stronger effects of the car tire abrasion than the
polystyrene-HBCD, where a complete recovery of all subcellular markers
occurred, were observed after 28 d. The investigated apical endpoints in
this study did not show any effects of the microplastics, however the
mechanistic endpoints helped to gain insight into effects on a molecular
level. The extensive biomarker data over various time points elucidate
potential time-dependent toxicity mechanisms and help fill a large data
gap concerning terrestrial toxicity. However, so far it can be mostly
considered a first step in the right direction. Promising tools such as
putative Adverse Outcome Pathways are in desperate need of larger data
sets to link toxicity mechanisms and adverse outcomes to understand the
potential impact of microplastic pollution on various ecosystems. While
first attempts by (J. Jeong & Choi, 2019) suggest ROS formation as the
molecular initiating event for observed adverse outcomes (e.g. mortal-
ity, decreasing rates of growth, and reproduction failure) which would
support the results of our study, our chosen biomarkers were mostly
related to oxidative stress, thus future studies should further investigate
other potential toxicity mechanisms.

5. Conclusions

In conclusion, this study demonstrated the time-dependent effects of
two types of secondary microplastics on the earthworm E. andrei on
multiple levels of biological organization in a realistic scenario consid-
ering previously determined German exposure levels. Our results
showed that while there were no significant effects on behavior or
reproduction, environmentally relevant concentrations can cause time-
dependent changes on a subcellular level which is often viewed as an
early-warning signal. Both types of microplastics induced changes on a
subcellular level, however, only car tire abrasion caused significant ef-
fects after 28 d. The chosen test battery provides a wide range of valu-
able insight into the effects of microplastics on earthworm and
emphasizes the importance of a more integrative ecotoxicological
assessment of microplastics, especially considering the immense
knowledge gaps of the effect of these emerging contaminants on soil
ecosystems. Overall, this study determined only minor, almost negli-
gible, effects of the investigated secondary microplastics during the
chosen exposure scenarios. For a further insight into the effects of
microplastics on soil ecosystems, future studies should thus include a
wider range of microplastic types, composition, shapes and sizes, chose a
more diversified biomarker battery and further investigate the main
drivers of microplastic toxicity.
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