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HIGHLIGHTS

e Both conventional and biodegradable
mulching film MPs affected earthworm
E. andrei.

ePE and PBAT microplastics (MPs)
increased soil pH and WHC in high MP
concentration.

o Biodegradable PBAT-MPs increased the
earthworm growth in low
concentrations.

e PE and PBAT microplastics had no clear
effect on the number of produced
juveniles.

e PE and PBAT-MPs induced oxidative
stress in environmentally relevant
concentrations.
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ABSTRACT

Plastic contamination in agricultural soils has become increasingly evident. Plastic mulching films are widely
used in agricultural practices. However, the increased use of biodegradable plastics has, to some extent, replaced
their non-degradable counterparts. The fragmentation of plastics generates microplastics (MPs), posing risk to
soil functions and organisms. In this study the effects of low-density polyethylene microplastics (PE-MP) and
polybutylene adipate terephthalate biodegradable microplastics (PBAT-BD-MP) originating from mulching films
on the earthworm Eisenia andrei were studied. The earthworms were exposed to seven concentrations (0, 0.005,
0.05, 0.1, 0.5, 1, and 5 % w/w) based on environmentally relevant levels and worst-case scenarios on soil
contamination. Survival, growth, reproduction, and biomarkers for oxidative stress [superoxide dismutase
(SOD), catalase (CAT), glutathione reductase (GR), glutathione S-transferase (GST), glutathione (GSH), and lipid
peroxidation (LPO)] were analysed. Additionally, the Integrated Biomarker Response Index (IBR) was calculated
to assess the overall oxidative stress status of the earthworms. Results showed that PE-MP exposure slightly
decreased the biomass of the earthworms towards higher concentrations, whereas PBAT-BD-MPs induced growth
at lower concentrations. MPs did not have a significant effect on Eisenia andrei reproduction; however, a slight
negative trend was observed in juvenile production with increasing PE-MP concentrations. Both PE-MP and
PBAT-BD-MP affected antioxidant system, PE-MPs with changes in CAT and GR levels and PBAT-BD-MPs
inducing effects on SOD and LPO levels. Additionally, both MPs exhibited effects on soil parameters, resulting
in increased soil pH and water-holding capacity at 5 % concentration. Changes in soil parameters can further
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affect soil organisms such as earthworms. This study provides understanding of the ecotoxicological effects of
conventional and biodegradable microplastics on the earthworm Eisenia andrei. It also shows that MP particles of
both conventional and biodegradable mulching films induce oxidative stress, considered as an early-warning
indicator for adverse ecological effects, in environmentally relevant concentrations.

1. Introduction

Global plastic production starting in the early 1950s has led ubiq-
uitous plastic contamination across various environmental compart-
ments. Plastics are extensively used in agriculture aiming to higher
productivity and improved food safety (FAO, 2020). In 2022, worldwide
plastic production reached 400 Mt, of which Europe contributed 59 Mt,
4 % founding its application in the agricultural sector (PlasticsEurope,
2023). Predictions suggest a 50 % increase in global agricultural plastic
demand by 2030 compared to 2018 levels (FAO, 2021).

Plastic mulching films are extensively used in agricultural practices
offering various advantages such as increased crop yields, improvement
water use efficiency and weed control (Abouziena et al., 2008; Gao et al.,
2019). Non-biodegradable low-density polyethylene (LDPE) is widely
used in mulching films. However, challenges arise particularly with
thinner mulching films, which are difficult and time consuming to
collect from soil after application and use (Steinmetz et al., 2016). This
makes them prone to leaving behind plastic fragments in the soil. In a
broader context, the low recovery rates of mulching films can lead to
significant accumulation of plastic in agricultural land through years
(FAO, 2021; Lau et al., 2020). Plastic particles can also breakdown into
microplastics (<5 mm, MPs) that are easily ingested by soil organisms
and potentially causing diversity of impacts on the soil ecosystem (Li
et al., 2022a; Rillig, 2012; Selonen et al., 2020; Yu et al., 2022).

As an alternative to non-degradable plastics, biodegradable mulch-
ing films have started to be utilized in agriculture. Polybutylene adipate
terephthalate (PBAT) is one of the biodegradable polymers commonly
used in biodegradable mulching films. PBAT is fossil-based and it shares
similarities in mechanical properties with LDPE (Burford et al., 2023;
Jian et al., 2020). However, as opposite to conventional LDPE films,
PBAT films are not intended to be collected from the fields after use but
are left to decompose in the soil. Nevertheless, the degradation rate of
biodegradable plastic polymers often varies from the expected degra-
dation rates due to environmental conditions (Campanale et al., 2024).
Thus, concerns have risen that the repeated use of biodegradable
mulching films may lead to accumulation of the plastics in the soil (Miles
et al., 2017). Furthermore, there is an increasing need for research on
the effects of biodegradable MPs on soil systems, given that studies in
this area are even scarcer compared to those on conventional plastics.

Microplastics in soil have demonstrated the potential to alter the
physiochemical properties of soil, thereby impacting its structure,
water-holding capacity, bulk density, soil aggregation and soil-water
distribution (de Souza Machado et al., 2018; Jiang et al., 2017). These
soil properties are vital for soil health and may determine the suitability
of the habitat for various soil organisms (Biinemann et al., 2018).
Furthermore, MPs have the capacity to induce adverse effects on soil
organisms and ultimately move to aboveground food chains e.g., via
consumption of earthworms that have ingested MPs (Huerta Lwanga
et al., 2017). Earthworms contribute significantly to soil-based
ecosystem services, and are often termed as ‘ecosystem engineers’, due
to their impacts on soil structure, nutrient cycling and microbial in-
teractions. Furthermore, earthworms are widely utilized in ecotoxico-
logical research as bioindicators for soil contamination (Calisi et al.,
2013). Moreover, in the field of MP pollution research, earthworms are
employed due to their ability to ingest MPs, burrowing activity, and
their important role in soil decomposition process (Boughattas et al.,
2021; Jiang et al., 2020; Rillig et al., 2017).

Previous studies have shown impacts of various MPs on earthworm
growth rate, reproduction, and survival (Cao et al., 2017; Ding et al.,

2021; Huerta Lwanga et al., 2016, 2017), with polyethylene and poly-
styrene being most common plastic materials used in earthworm eco-
toxicological studies (Guo et al., 2023). Despite the limited number of
conducted studies on biodegradable MPs, Ferreira-Filipe et al. (2022)
employed Eisenia andrei as the test organism with pristine biodegradable
mulching film and observed adverse effects on reproduction rates at
concentration range from 0.0125 to 0.05 %.

Moreover, to understand the effects of MPs on earthworms, further
information is required on their biological impacts, specifically cellular
level responses, known as biomarkers. These biomarkers serve as early
warning indicators for adverse effects in the higher levels of the bio-
logical hierarchy (Lackmann et al., 2022). MPs have been implicated in
triggering oxidative stress in earthworms (Cui et al., 2022). Oxidative
stress refers to an imbalance between the production of reactive oxygen
species (ROS) and the ability of an organism's antioxidant defence
mechanisms to neutralize them. ROS, such as superoxide anion (O3* "),
hydroxyl radical (*OH), singlet oxygen (10,), and hydrogen peroxide
(H205), are highly reactive molecules containing oxygen, which can
cause damage to various cellular components including lipids, proteins,
and DNA (Halliwell and Gutteridge, 2007). When the production of ROS
exceeds the capacity of antioxidants to remove them, oxidative stress
occurs. Antioxidant enzymes help maintain cellular homeostasis by
eliminating excess ROS to prevent the harmful effects of oxidative stress.
Superoxide dismutase (SOD) serves as the first line of defence by con-
verting superoxide radicals into hydrogen peroxide, which then be-
comes a substrate for catalase (CAT). CAT, along with glutathione-S-
transferase (GST) and glutathione peroxidase (GPx), subsequently de-
toxifies these harmful ROS metabolites, transforming them into less
toxic compounds like water and oxygen. Glutathione reductase (GR), in
turn, facilitates the reduction of oxidized glutathione (GSSG) into its
reduced form, glutathione (GSH). Glutathione, a critical antioxidant,
plays a key role in this process by acting as a substrate for GPx and GST,
thereby reducing oxidative stress. Additionally, these enzymes help
prevent lipid peroxidation (LPO), a damaging process where free radi-
cals attack lipids in cell membranes, leading to cell damage and
dysfunction.

Studies addressing the effects of microplastic exposure have shown
significant responses on oxidative stress, histopathological damage, and
neurotoxicity in earthworms (Jiang et al., 2020; Rodriguez-Seijo et al.,
2018). Chen et al. (2020) found that MPs from LDPE mulching film
induced significant oxidative damage with elevating CAT activity and
LPO levels. In comparison, another conventional MP type, polystyrene
(PS) microspheres, significantly changed GSH level and SOD activity
(Jiang et al., 2020).

Currently, there is a need for broader understanding on the ecolog-
ical consequences of the microplastics that originate from conventional
and biodegradable mulching films. This study aims to explore the re-
sponses in reproduction, growth, and oxidative stress of earthworm
Eisenia andrei when exposed to seven different concentrations of con-
ventional polyethylene microplastics (PE-MPs) and biodegradable PBAT
microplastics (PBAT-BD-MPs), ranging from environmentally relevant
concentrations to worst-case scenario of soil contamination. To assess
oxidative stress status, biomarkers of the antioxidant defence system
were evaluated, including superoxide dismutase (SOD), catalase (CAT),
glutathione reductase (GR), glutathione S-transferase (GST), glutathione
(GSH) and lipid peroxidation (LPO). Additionally, Integrated Biomarker
Response Index was derived with the aim of quantitively evaluate the
combined biochemical response.
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2. Materials and methods
2.1. Test materials and test soil

Microplastics originating from conventional mulching films made of
low-density polyethylene (PE-MP; PAPILLONS code: M-PEDE-45-black-
A0, P6) and microplastics originating from biodegradable mulching
films consisting of a blend of starch and polybutylene adipate tere-
phthalate (PBAT-BD-MP; PAPILLONS code: M-BIO1EL-15-black-A0, P5)
were chosen as test materials due to the extensive utilization of these
mulching film types in agriculture. Both materials were produced by
cryomilling, resulting in PE-MPs with size below 3600 pm and PBAT-BD-
MP with size below 500 pm. However, despite the wider size range, PE-
MP material had higher proportion of small particles, 50 % of the par-
ticles being smaller than 57 pm, while 50 % of PBAT-BD-MPs were
smaller than 147 pm (Fig. S1). Detailed description of the production
and characterization of the materials are presented in Hurley et al.
(2024) and in Fig. S1 in the Supplementary material.

Lufa 2.2 standard soil (Lufa Speyer, Germany) was used as test soil.
The soil was dried for 48 h at 40 °C and stored in room temperature. The
detailed properties of the soil are presented in the Table S1.

2.2. Test organism

Earthworms of the species Eisenia andrei were obtained from the
laboratory cultures of the Finnish Environmental Institute Syke. Earth-
worms are recognized as a group of key species in soil due to their
important role in the decomposition process. Eisenia andrei, along with
the species E. fetida, are commonly used as model organisms in eco-
toxicological studies and are also the species used in the standard test
guidelines of OECD (OECD, 2016) and ISO/CEN (ISO, 2023). Earth-
worms were cultured in controlled laboratory conditions with a tem-
perature of 20 °C, photoperiod of 16 h™:8 h®, and room moisture set at
40 %. The earthworms were fed with horse manure which had defau-
nated by three freeze-thaw cycles at — 20 °C, followed by 48 h at 20 °C.
Additionally, it was ensured that the horses had not received any med-
ications or treatments with parasite control products for at least two
months before collecting the manure, as these substances may adversely
affect the earthworms. For the experiment, age-synchronized adult
earthworms with a mass between 400 and 600 mg, and with a fully
developed clitellum, were selected and placed in Lufa 2.2 soil for 48 h to
adapt to the experimental conditions.

2.3. Earthworm reproduction test

Earthworm reproduction test was performed according to the stan-
dard protocol ISO 11268-2:2023 (ISO, 2023). Lufa 2.2 soil was spiked
with MP test materials in concentrations of 0 % (control), 0.005 %, 0.05
%, 0.1 %, 0.5 %, 1 %, and 5 % (w/w of dry soil weight) in five replicates.
The exposure concentrations represented environmentally relevant
levels and worst-case scenarios of microplastic contamination in soil.
High concentrations are needed to assess and compare the effective
concentration levels of the two MP types. MPs were mixed in Lufa 2.2.
soil in metal bowls using metal spoons to ensure a homogeneous
mixture. Moisture was adjusted to 50 % of maximum water-holding
capacity of Lufa 2.2 soil. Each concentration of the spiked soil was
divided into five 1.5 L glass jars, the mass of soil in each jar equalling to
500 g dry soil. Subsequently, 10 adult earthworms with fully developed
clitellum were washed, gently dried, weighed, and transferred into each
test jar.

The test jars were incubated for four weeks under laboratory con-
ditions at 20 °C, photoperiod of 16 h':8 h®, and room moisture set at 40
%. Throughout the exposure period, soil moisture was maintained
weekly by adding the same amount of MilliQ-H2O that had evaporated.
The earthworms were also fed in the beginning of the test and once a
week with moistened horse manure until week 4, equalling to 5 g of dry
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mass, and spiked with MP at the same concentration as the test soil.

After four weeks of exposure, all adults were removed from glass jars,
counted, washed, gently dried, and weighed. From each replicate jar,
three earthworm individuals were randomly taken into Eppendorf tubes,
snap frozen in liquid nitrogen, and stored at —80 °C for biochemical
biomarker analyses. The test was continued for an additional four
weeks, with moisture levels checked weekly. At the end of the test, the
jars were immersed into 50 °C water bath gradually. After 30 min, the
juvenile earthworms emerged to the soil surface where they were
removed to Petri dishes, counted, gently dried, and weighed.

2.4. Water-holding capacity and pH measurements

Water-holding capacity (WHC) was initially measured in Lufa 2.2
from freshly spiked soils to ensure the correct moisture content of the
test soils (n = 5). Additionally, WHC was measured from all concen-
trations after spiking microplastics to evaluate the effects of MPs on
WHC (n = 3). WHC measurement followed the Annex E in ISO 1268-
2:2023 (ISO, 2023) protocol with a few adjustments. More detailed
description of performing WHC measurements can be found in Method
S1.

Soil pH was measured from all MP concentrations from the initial
spiked test soils (n = 3) and at the end of the test (n = 5). The mea-
surement followed the protocol of OECD (2016). 5 g of soil and 25 mL of
0.01 M CaCl; solution was added into 50 mL Falcon tubes. Samples were
placed on a shaker for 2 h at 200 rpm and pH was measured next day.

2.5. Biomarker assays

The levels of superoxide dismutase (SOD), catalase (CAT), gluta-
thione reductase (GR), glutathione S-transferase (GST), glutathione
(GSH) and lipid peroxidation (LPO) were measured as biomarkers for
oxidative stress in earthworms after a four-week exposure to PE-MPs and
PBAT-BD-MPs in six concentrations: 0 % (control), 0.005 %, 0.05 %, 0.1
%, 1 %, and 5 % (w/w). Three earthworms from every test replicate jar
were collected, resulting in total 15 earthworms per concentration that
were analysed for biomarkers individually. Concentration 0.5 % was left
out from the analysis due to time limitations.

To prepare earthworm tissues for homogenization, the earthworm's
posterior part behind the clitellum was homogenized using the OmniTip
Homogenizator in a solution containing 0.1 M potassium phosphate
buffer with 0.15 M potassium chloride (pH 7.4), with a sample:buffer
ratio of 1:4. The resulting mixture was centrifuged at 10,000 xg for 15
min at 4 °C. Before centrifugation, subsamples were taken for LPO
measurements, diluted 1:2 with the homogenization buffer and 4 %
butylhydroxytoluene (BHT) was added to inhibit peroxidation. Super-
natants were aliquoted and stored at —80 °C until analysis.

The activity of CAT was assessed based on its capability to break
down hydrogen peroxide (Hy05) (Claiborne, 1985). The assay was
performed using UV-transparent microplates with absorption at 240 nm.
The reaction mixture consisted of diluted H,O5 and 100 mM potassium
phosphate buffer (pH 7). SOD assay was performed with Superoxide
Dismutase Activity Assay Kit (Sigma-Aldrich) and measured at 450 nm.
The SOD activity was expressed as the percentage of SOD inhibition. The
activity of GR was determined from reduction of oxidized glutathione
(GSSG) to GSH, where GSH undergoes a spontaneous reaction with 5,5-
dithiobis (2-nitrobenzoic acid) (DTNB) leading to the formation of 5-thio
(2-nitrobenzoic acid) (TNB). Additionally, the GR assay included 100
mM potassium phosphate buffer with 2 mM ethylene diamine tetraacetic
acid (EDTA) (pH 7.5), 2 mM GSSG, 2 mM nicotinamide adenine dinu-
cleotide phosphate (NADPH), and 3 mM DTNB, and reaction was
measured spectrophotometrically at 412 nm (Smith and Johnson,
1988). GST activity was defined using a reaction mixture composed of
Dulbecco's phosphate buffered saline, 100 mM 1-chloro-2,4-dinitroben-
zene (CDNB), and 100 mM GSH, with absorbance measured at 340 nm
(Habig et al., 1974). Analysis of GSH was performed with Glutathione
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Colorimetric Detection Kit (Invitrogen, ThermoFisher Scientific) and the
GSH activity was measured at 510 nm with excitation at 380 nm. Levels
of LPO were determined by quantifying malondialdehyde (MDA) in the
samples as described in Ohkawa et al. (1979). The reaction mixture
consisted of 12 % trichloroacetic acid (TCA), 0.73 % thiobarbituric acid
(TBA), 60 mM Tris-HCl, and 0.1 mM diethylenetriaminepentaacetic acid
(DTPA) at pH 7.4. Results were expressed as TBA reactive substances
(TBARS), and absorbance was measured at 535 nm. The protein con-
centrations were determined using the Bradford (1976) method,
employing a bovine serum albumin standard, and measuring absorbance
at 595 nm. The assays were conducted utilizing a microplate reader
(TECAN Spark®) and Magellan software (TECAN).

The Integrated Biomarker Response Index (IBR) was determined
following the original protocol of Beliaeff and Burgeot (2002), with
adjustments based on Broeg and Lehtonen (2006). A higher IBR value
indicates a stronger response in the treatment, reflecting activation or
inhibition of a biomarker. The IBR value was normalized by dividing it
by the number of biomarkers used (SOD, CAT, GR, GST, GSH, and LPO,
n==6).

2.6. Data analysis

R software (R Core Team, 2023) was used to perform statistical an-
alyses. Normality and homogeneity of variance were tested, and when
the assumptions of normality and homoscedasticity were met, the data
were submitted to one-way analysis of variance (ANOVA) followed by
Dunnett's post hoc test to compare the MP treatments with the control.
When data were not normally and homogenously distributed, a non-
parametric Kruskal-Wallis Test followed with Wilcoxon Rank Sum test
was employed. p-Values below 0.05 were considered statistically sig-
nificant. All data are graphically expressed as mean =+ standard error.

3. Results
3.1. Soil properties

After spiking the MPs in soil, the soil pH increased in the highest 5 %
concentration compared to control groups in both PE-MPs and PBAT-
BD-MP treatments (PE-MP: Fg14 = 3.76, p = 0.019, Dunnett's p =
0.07; PBAT-BD-MP: Fg14 = 24.52, p < 0.001, Dunnett's p < 0.001;
Fig. 1). However, pH increased during the test in all MP concentrations,
and no differences between the highest concentrations and control were
detected when the test was ended. Instead, in the end of the test the soil
pH was higher at 0.005 % PE-MP concentration (Fe 14 = 6.89, p < 0.001,
Dunnett's p < 0.001) and at 0.1 % PBAT-BD-MP concentration (Fg 14 =
12.65, p < 0.001, Dunnett's p < 0.001) when compared to control

A) B)
* e Start OEnd *
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Oo 05 ) A A A i
5.9 5.9 *
A
I
[s%
5 5.7 % 5.7 |
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Fig. 1. pH levels of A) PE-MP and B) PBAT-BD-MP in Lufa 2.2 soil spiked with

test concentrations (0, 0.005, 0.05, 0.1, 0.5, 1, and 5 % w/w). pH was measured

at the start and at the end of the experiment. Microplastic concentrations are

presented in logarithmic scale and the results are expressed as mean + SE.

Asterisk (*) indicates a significant difference (p < 0.05) compared to the control
(0 %).
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(Fig. 1).

Increased soil water-holding capacity was observed in PE-MP and
PBAT-BD-MP at the highest 5 % concentration when compared to the
control groups (PE-MP: Fg 14 = 30.0, p < 0.001, Dunnett's p < 0.001;
PBAT-BD-MP: Fg 14 = 159.4, p < 0.001, Dunnett's p < 0.001). PBAT-BD-
MP exhibited a greater increase between the control and 5 % than PE-
MP (Fig. 2).

3.2. Earthworm survival, biomass and reproduction

Based on the requirements of ISO 11268-2:2023 test guideline (ISO,
2023), the results obtained from the present study are considered valid,
as the production of juveniles in the control treatment exceeded 30, the
coefficient of variation did not exceed 30 %, and mortality in the con-
trols was <10 %.

The four-week exposure of E. andrei to PE-MPs and PBAT-BD-MPs
treatments showed no effect on survival (Table 1.). In the PE-MP
exposure, there were no statistically significant differences observed
between treatments regarding the change in earthworm growth,
although a declining trend was noted (Fe 28 = 0.66, p = 0.681; Fig. 3). In
the PBAT-BD-MP exposure, an increase in earthworm growth was
observed (Fg 28 = 6.23, p < 0.001) at concentrations of 0.005 % (p <
0.01), 0.1 % (p = 0.046) and 0.5 % (p < 0.001) relative to the control
group (Fig. 3).

No significant differences in earthworm juvenile production were
observed across all concentrations for both MP types (PE-MP: KW, p =
0.087, and PBAT-BD-MP: Fg 53 = 0.39, p = 0.88; Table 1). However,
there was a declining trend in the number of juveniles as PE-MP con-
centrations increased, beginning from the lowest exposure concentra-
tion 0.005 % (Fig. 4). Decrease in the biomass of an individual juvenile
was observed in the 5 % concentration of PBAT-BD-MP (Fg 28 = 4.40, p
< 0.01, Dunnett's p < 0.001). In PE-MP treatments no differences be-
tween the control were detected, although overall the differences among
the treatments were found (Fg 28 = 4.09, p < 0.01; Fig. 4).

3.3. Biomarker responses

In PE-MP exposure, CAT exhibited significantly higher activity at a
concentration of 0.1 % compared to control group (Fsg4 = 3.43, p <
0.01, Dunnett's p < 0.01), while a significant increase in GR activity was
also noted at the same 0.1 % concentration compared to the control
group (F5g4 = 6.24, p < 0.001, Dunnett's p < 0.001; Table 2). Further-
more, activities of GSH showed a slight increase, however not being
statistically significant. Conversely, no apparent trends were observed in
the activities of SOD, GST, and LPO.

Exposure to PBAT-BD-MP resulted in decreased SOD activities,
showing significant differences at concentrations of 0.05 %, 1 %, and 5

56
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Fig. 2. Water-holding capacity of Lufa 2.2 soil spiked with PE-MPs and PBAT-
BD-MPs in concentrations of 0, 0.005, 0.05, 0.1, 0.5, 1, and 5 % (w/w).
Microplastic concentrations are presented in a logarithmic scale, and the results
are expressed as mean + SE. Asterisk (*) indicates a significant difference (p <
0.05) compared to the control (0 %).
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Table 1

Science of the Total Environment 948 (2024) 174667

Survival (%), growth per adult earthworm (mg), number of juveniles, biomass of juveniles (g) and biomass per juvenile (mg) of earthworms exposed to PE-MPs and
PBAT-BD-MPs at concentrations 0, 0.005, 0.05, 0.1, 0.5, 1, and 5 % (w/w). Results are expressed as mean + SE, and statistically significant differences relative to the

control are indicated as follows: p < 0.05%, p < 0.01**, p < 0.001

Concentration of microplastics (% w/w)

0 0.005 0.05 0.1 0.5 1 5
PE-MP
Survival (%) 100 100 100 98 100 100 100
Growth per adult earthworm (mg) —1.0 +£19.8 —28.2+ 229 —27.0 £12.5 —21.0 £ 16.2 —39.9 +11.3 —41.4 +£21.2 —39.3 +£15.8
Number of juveniles 158.2 +13.8 178.6 + 5.6 168.2 +13.2 164.4 + 4.1 158.2 + 8.3 165.2 + 7.7 137 £ 8.1
Biomass of juveniles (g) 1.95 + 0.07 2.12 £ 0.04 1.98 + 0.06 2.01 £ 0.03 2.03 £ 0.06 1.88 + 0.05 1.79 + 0.04
Biomass per juvenile (mg) 12.6 + 0.8 119+ 0.3 12.0 +£ 0.7 12.2 £ 0.1 129+ 0.4 11.5+ 0.7 13.3+1.0
PBAT-BD-MP
Survival (%) 100 100 100 98 100 100 100
Growth per adult earthworm (mg) 124.6 + 3.9 173.5 + 10.7** 148.7 + 8.5 158.3 + 6.6* 178.2 4 11.2%** 153.1 £ 6.3 123.24 +£10.5
Number of juveniles 120.6 + 5.3 117.6 £ 13.4 117 £ 1.6 107.6 +£5.9 112.2 +£ 8.3 113.8+ 7.5 120.2 + 4.9
Biomass of juveniles (g) 1.61 + 0.07 1.46 + 0.08 1.54 + 0.06 1.42 £ 0.06 1.45 £ 0.08 1.46 + 0.06 1.14 £ 0.07***
Biomass per juvenile (mg) 13.3+0.1 12.8 £1.0 13.2+ 0.5 13.3+0.7 13.1 £0.9 129 £ 0.4 9.5 + 0.3*
A) . B) Table 2
. 35 N * Biomarker responses measured in earthworm E. andrei exposed to PE-MP and
2 2 R 30 4 % * % PBAT-BD-MPs at concentrations of 0, 0.005, 0.5, 0.1, 1, and 5 % (w/w). the
(72}
& 04 § 25 | % i measured biomarkers included catalase (CAT, pmol min~! prot™1), superoxide
(E“ E ; % dismutase (SOD, inhibition rate %), glutathione reductase (GR, nmol mg’1 prot
2 21 ‘g 204 min’l), glutathione S-transferase (GST, nmol min ! prot’l), glutathione (GSH,
o -4 2 15 pmol/g), and lipid peroxidation (LPO, nmol TBARS/g). Values are presented as
E . { 240 mean =+ SE, with n = 15 for each biomarker except for GSH, where n = 8. Sta-
% g tistically significant differences compared to the control are indicated as p <
£ -8 1 é 51 0.05%, p < 0.01%%, p < 0.001%**,
Q2 .10 | e e ———— 3 0 v v v :
T T T = C trati %
© 000 001 010 100 1000O 000 001 0.0 1.00 10.00 oncentration (% w/w)
Concentration (% w/w) Concentration (% w/w) 0 0.005 0.05 0.1 1 5
Fig. 3. Adult earth th relative to initial bi d PEMP
ig. 3. ;1 earthworm growth rela 1ve' o initial biomass, expr'esse as per- CAT 5324 62.8 & 64.2 4 68.5 4 615 4 50.6 &
centages (%) in exposure to A) conventional PE-MPs and B) biodegradable 4.2 3.8 3.2 3.5%% 4.6 2.4
PBAT-MPs in concentrations of 0, 0.005, 0.05, 0.1, 0.5, 1, and 5 % (w/w). SOD 76.1 + 79.2 + 70.7 + 76.5 + 76.6 + 80.8 +
Microplastic concentrations are presented in a logarithmic scale, and the results 1.4 1.2 2.2 1.9 1.3 0.6
are expressed as mean =+ SE. Asterisk (*) indicates a significant difference (p < GR 0.99 + 1.08 + 1.23 + 1.38 + 1.28 + 0.90 +
0.05) compared to the control (0 %). 0.1 0.1 0.1 0.17%** 0.1 0.0
GST 64.5 + 74.3 = 72.5 + 76.8 + 73.6 61.6 +
3.4 4.4 2.7 4.7 2.4 3.2
A) B) GSH 16.7 £ 16.9 + 18.1 £ 17.0 £ 18.6 + 20.1 +
1.2 1.2 0.09 0.08 0.09 0.13 0.08 0.07
° } 2 LPO 108+ 107+ 12.3 + 10.0 + 9.8+£06 109+
g 114 z 11 0.9 0.8 0.8 0.8 0.9
g ¢ °
© 109 o 108
8= Ts PBAT-BD-MP
=0 g8
SE 0.9 % 3 ‘cé" 0.9 - CAT 46.1 £ 50.0 £ 49.0 £ 48.9 + 48.5 +
538 @ © 4.6 2.6 3.2 3.1 2.7
5 081 5 081 * SOD 745+  77.0+ 71.6 + 58.0 + 64.4. +
2 ] 1.4 1.0 1.2 2.2%%% 1.6%*
E 5 GR 095+ 095+ 0.87 + 118+ 1.00 +
% 06 e & 06 0.0 0.1 0.1 0.2 0.1
0.00 0.01 0.10 1.00 10.00 0.00 0.01 0.10 1.00 10.00 GST 66.3 £ 68.6 + 61.7 £ 66.5 + 64.0 +
Concentration (% w/w) Concentration (% wiw) 3.2 2.3 3.0 1.9 2.2
GSH 231 + 21.6 + 22.0 £ 21.9 + 19.2 +
Fig. 4. A) Number of juveniles and B) biomass of a juvenile relative to the 0.2 0.1 0.1 0.1 0.1
control after the exposure of earthworm Eisenia andrei to conventional PE-MPs LPO 842+  9.04+ 12.6 + 10.7 £ 11.6 +
0.3 . 0.3%* -,

and biodegradable PBAT-MPs in concentrations of 0, 0.005, 0.05, 0.1, 0.5, 1,
and 5 % (w/w). Microplastic concentrations are presented in a logarithmic
scale, and results are expressed as mean =+ SE. Asterisk (*) indicates a signifi-
cant difference (p < 0.05) compared to the control (0 %).

% (KW = 45.13, p < 0.001; Table 2). Notably, an increasing trend was
observed in LPO levels, with significant differences recorded at con-
centrations of 0.005 %, 0.05 %, 0.1 %, 1 %, and 5 % compared to control
group (KW = 54.90, p < 0.001; Table 2). Meanwhile, activities of CAT,
GR, GST, and GSH were similar within each treatment group, showing
no statistical differences.

Integrated biomarker response index results of PE-MP exposure

showed responses across all concentrations relative to the control group
(Fig. 5). The responses remained relatively similar level at concentra-
tions of 0.005, 0.05, 0.1, and 1 %, with a subsequent decrease observed
at 5 %. In contrast, earthworms exposed to PBAT-BD-MP exhibited a
bell-shaped response, where the highest response level was observed at
0.05 %, followed by a decrease in activity levels thereafter (Fig. 5).
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Fig. 5. The Integrated Biomarker Response Index for earthworm Eisenia andrei
exposed to PE-MP and PBAT-BD-MP at concentrations of 0, 0.005, 0.05, 0.1, 1,
and 5 % (w/w). Biomarkers used for IBR calculation included SOD, CAT, GR,
GST, GSH, and LPO (n = 6). Microplastic concentrations are presented in a
logarithmic scale, and all values are expressed as mean + SE.

4. Discussion

In this study, we investigated the effects of conventional and
biodegradable mulching film microplastics on the earthworm Eisenia
andrei to better understand the potential ecological impacts of soil
contamination with these two types of plastics. Both plastic types
induced effects on E. andrei, albeit in different ways. This study
encompassed a wide concentration range, including environmentally
relevant concentrations, but also providing the advantage of observing
results in more detail with dose-response approach, facilitating the
comparison of the two plastic types.

In the present study, no mortality related to the MP treatments was
observed, which is consistent with findings from studies by Angmo et al.
(2023) and Rodriguez-Seijo et al. (2017). In contrast, Huerta Lwanga
et al. (2016) reported earthworm mortality in PE-MP exposure,
observing a 25 % mortality rate in earthworm Lumbricus terrestris when
exposed to 1.2 % PE-MPs (<150 pm) for 60 days. The different outcome
of the studies may arise e.g. from different earthworm species, longer
exposure time, or differences in microplastic characteristics. The di-
versity of plastic types, sizes, shapes, as well as their chemical and
physical properties, complicates direct comparison of the results of
different studies. Recognizing these aspects is crucial when interpreting
the results. For instance, the size of MP particles influences toxicity, as
highlighted by Cheng et al. (2024), who found that 13 pm sized particles
were more toxic to the earthworm E. fetida compared to 130 pm PE-MPs,
highlighting the increased risk of ingestion associated with smaller
particle sizes.

In this study, an increase in PE-MP concentration led to a slight
negative trend in earthworm biomass. Previous studies have not
demonstrated effects on earthworm growth in respect to lower MP
concentrations (<0.1 %) (Angmo et al., 2023; Ding et al., 2021; Hol-
zinger et al., 2023). However, higher concentrations have been shown to
impact earthworm biomass. For instance, exposure to PS-MPs at con-
centrations of 1 % and 2 % (with a size of 58 pm) inhibited earthworm
growth (Cao et al., 2017), as did exposure to PE-MP at concentrations of
25 % and 50 % (with an average size of 120 pm; Ding et al., 2021).
Nevertheless, it is important to emphasize that the concentrations re-
ported by Ding et al. (2021) do not reflect environmentally relevant
levels in agricultural soils.

In our study, exposure to biodegradable PBAT-BD-MP demonstrated
a positive impact on earthworm growth at concentrations 0.005 %, 0.1
%, and 0.5 % compared to the control group. This result may be
attributed to the consumption of PBAT-BD-MP or the increased micro-
bial biomass by the earthworms. Microbial biomass may have increased
when micro-organisms have utilized the biopolymers as an additional
carbon source (Morro et al., 2019). However, at the highest concentra-
tion of PBAT-BD-MPs, growth remained at the same level as in the
control treatment, suggesting that 5 % concentration of biodegradable
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MPs did not further promote earthworm growth. This, along with the
negative trend in biomass change observed in PE-MP exposure, could
result from the ingestion of microplastics by the organism and their
subsequent accumulation in the gut. Accumulation may lead to damage
to the intestines, disruption of antioxidant regulatory systems, and al-
terations in microbial composition in the digestive tract. These effects
were observed from exposure of PE-MP pellets (250-1000 pm; Rodri-
guez-Seijo et al., 2017) and polystyrene microbeads with sizes 5 pm and
20 pm (Li et al., 2022b). However, Holzinger et al. (2023) did not
observe changes in biomass of earthworm E. fetida exposed to biode-
gradable poly(i-lactide) (PLLA) and polycaprolactone (PCL) MPs (size
range 45-200 pm).

Earthworm growth is a widely used parameter in ecotoxicology ex-
periments. However, it does not consider the amount of soil and
microplastics in the digestive tract of the earthworms when they are
weighed. It is possible that a fuller gut due to intestinal obstruction
caused by MPs may result in an increased earthworm mass in micro-
plastic exposure studies. However, in the present study, this was likely
not the case since the biomass did not increase at the highest MP
concentrations.

In the present study, it is also possible that the potential increase in
microbial activity at the highest PBAT-BD-MP concentration has resul-
ted in poorer oxygen conditions for the earthworms, although the lids of
the jars were allowing the aeration, and the jars were opened every
week. This could explain the findings that in the highest PBAT-BD-MP
concentration the juveniles were smaller, and the growth of the earth-
worms was not promoted as in the lower PBAT-BD-MP concentration.
Oxygen conditions should be carefully considered in further studies
when testing biodegradable plastics.

Earthworm reproduction is an ecologically relevant parameter,
making it a useful indicator for observing impacts of environmental
stress (Jiang et al., 2020). The results of this study are consistent with
some previous findings indicating that conventional MPs did not
significantly affect earthworm reproduction in variety of concentrations
(Holzinger et al., 2023; Huerta Lwanga et al., 2016; Judy et al., 2019;
Rodriguez-Seijo et al., 2017). In contrast, Ding et al. (2021) reported a
10 % reduction in juvenile production in E. fetida exposed to PE-MP
concentrations at 0.053 % and 0.097 %, along with a 50 % decrease
at concentrations at 34.7 % and 50 %.

In the case of biodegradable microplastics, both positive and nega-
tive responses in the reproduction of earthworms have been observed.
Holzinger et al. (2023) demonstrated a positive correlation between the
number of cocoons produced and an increase in the number of juveniles
when exposed to PLLA and PCL MPs at concentrations of 1 % and 2.5 %
(w/w). In contrast, Liwarska-Bizukojc et al. (2023) observed a decline in
E. andrei reproduction when exposed to concentration at 12.5 % of
biodegradable polylactic acid (PLA) MPs. Moreover, biodegradable PLA
exhibited a more detrimental impact on reproduction compared to
conventional PE-MPs on E. fetida (Ding et al., 2021). Ding et al. (2021)
further concluded that the concentration of microplastics was a more
significant factor than the type of microplastic itself. Additionally, dif-
ferences in responses can be attributed to variations in energy invest-
ment strategies on organism exposed to pollutants (Calow, 1991).

In the present study, despite the lack of responses in the number of
juveniles, the biomass of the juveniles was significantly lower in the
highest (5 %) PBAT-BD-MP concentration compared to the control. The
results exhibited considerable variation, as is customary due to the
distinctive nature of each experimental arrangement in earthworm
testing. Although, the juvenile biomass parameter is not included in the
standard test protocol, it may be a suitable indicator of energy invest-
ment allocation under environmental stress.

Oxidative stress responses indicated by biomarkers were observed in
both MP exposures, but in different ways. Previous studies have also
documented responses in the earthworm antioxidant system, and
investigating this aspect offers valuable insights into the interactions
between MPs and earthworm physiology and cellular processes. The
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antioxidant system operates as a balanced system, where both activation
and inhibition play a role, ultimately indicating a response to oxidative
stress. Antioxidant enzymes protect the cells against oxidative damage
and are widely acknowledged as sensitive indicators of environmental
contamination (Liang et al., 2017).

In this study, a clear dose-dependent pattern of LPO was observed on
earthworms exposed to PBAT-BD-MPs, indicating an excess production
of ROS, which has led to oxidative damage. This was also supported by
the significant inhibition of SOD observed with increasing concentra-
tions of PBAT-BD-MPs. Furthermore, elevated levels of lipid peroxida-
tion have been previously reported in relation to PE-MPs, underscoring
the importance of exposure duration. Chen et al. (2020) observed
increased lipid peroxidation levels in E. fetida exposed to LDPE-MP at
concentration 0.15 % on day 7 and then on day 28 of exposure.

Decreasing trend in SOD activity was observed when E. fetida were
exposed to 20 % concentrations of PE and PS-MPs (Wang et al., 2019).
However, this concentration reported by Wang et al. (2019) is consid-
erably high and not present naturally in the environment. In contrary,
significant SOD activation have been discovered on E. fetida at 0.25 %
concentration of high-density polyethylene (HDPE) and polypropylene
(PP; Li et al., 2021). The results of the current study indicates significant
effects to the antioxidant defence system already in low, environmen-
tally relevant MP concentrations and the accumulation of superoxide
radicals and other ROS in earthworm tissues at high PBAT-BD-MP levels
resulting in increased LPO levels. Regarding changes observed in CAT
activity, no clear trend was noted. However, Liwarska-Bizukojc et al.
(2023) reported an increase in CAT activity E. andrei when exposed to
biodegradable MPs at a concentration of 12.5 %. Thus, this concentra-
tion is remarkably higher than those utilized in the present study, which
can impact the results shown.

Earthworms exposed to 0.1 % (w/w) PE-MPs showed a significant
increase in CAT and GR activities. A significant increase of CAT activity
in this study, might indicate the excess production of HyO4, to which the
enzyme responds by upregulating its activity to defend the organism
from oxidative stress. In the higher exposure concentrations, PE-MPs
exhibited decreased CAT activities, when E. fetida was exposed to1%
and 10 % concentrations for 14 days (Zhang et al., 2022).

Increased GR activity suggests an imbalance in GSH levels caused by
PE-MPs. However, in the case of exposure to 5 % (w/w) PE-MPs, the GR
level was even lower than that of the control group. This might indicate
an over-production of ROS, leading to the antioxidant capacity being
exceeded and reduction in GR activity, thus creating a “bell-shaped
response” as a function of exposure levels (Dagnino et al., 2007). In
contrast, a slight increase in GSH levels were observed, although it was
not statistically significant. Consistent with our findings, comparable
responses of increased GR activities were recorded by Angmo et al.
(2023) when E. fetida was exposed to increasing concentrations of LDPE-
MPs. Conversely, the freshwater oligochaete Tubifex Tubifex did not
show changes in GR activities under PE exposure (Scopetani et al.,
2020), nor did E. andrei when exposed to car tyre abrasion and poly-
styrene particles (Lackmann et al., 2022).

Oxidative stress responses can provide valuable insights into an or-
ganism's physiological condition, yet antioxidant enzymes and mole-
cules work together in defence system with overlapping functions
(Ledford and Niyogi, 2005). Therefore, it is not unusual that significant
changes were not observed in the levels of SOD, GSH, LPO, and GST
following exposure to PE-MPs, and similarly for CAT, GSH, GR, and GST
levels in PBAT-BD-MPs. Therefore, the utilization of the Integrated
Biomarker Response Index provides an additional perspective for visu-
alizing biomarker responses in dose-response concentrations. PBAT-BD-
MP showed a bell-shaped response where the presence of MPs can
upregulate the amount of ROS produced in organism, therefore disturb
the antioxidant system functions (Dagnino et al., 2007). The bell-shaped
response is most evident when a wide range of concentrations is
included, as clearly demonstrated in this study.

Both types of microplastics induced effects on the earthworm
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antioxidant system, however different biomarkers were affected. The
increase in lipid peroxidation observed in PBAT-BD-MP exposure in-
dicates more extensive damage in the earthworm defence system, sug-
gesting that oxidative damage may already be occurring. However,
drawing direct conclusions from biomarker responses combined with
earthworm growth and reproduction results proves challenging. This
limitation may be attributed to the exposure duration, highlighting the
importance of focusing on long-term exposure tests in future research.

Especially concerning plastic mulching films, the quantity of plastic
present in agricultural soils is influenced by the agricultural practices,
duration of application and prevailing climatic conditions (Sa'adu and
Farsang, 2023). Sa'adu and Farsang (2022) observed 225 + 62 pieces
kg~ ! of microplastics within both soil layers (0-20 cm and 20-40 cm) of
greenhouse farmland in southern Hungary, and similarly, Zhang and Liu
(2018) documented 18,760 particles kg™! in the Chai Valley of China.
These findings underscore the location-specific nature of microplastic
concentrations, highlighting considerable variations in environmentally
relevant levels (Sa'adu and Farsang, 2023), in addition to the influence
of the analytical methods on the detected MP concentrations (Jemec
Kokalj et al., 2024).

Microplastics may induce effects on soil organisms, not only through
ingestion of plastic particles, but also due to changes in the properties of
the surrounding soil. Soil parameters such as water-holding capacity,
pH, aggregate formation, hydraulic conductivity, and bulk density can
be affected by the presence of microplastics (de Souza Machado et al.,
2018; Wang et al., 2023). In the present study, a significant increase in
soil pH was observed at a 5 % for both microplastic types. Likewise, Qi
et al. (2020) observed an elevation in pH after exposure to LDPE-MPs at
concentration 1 % over two months, and Zhang et al. (2022) reported
similar findings with the same test material at concentrations of 1 % and
10 % after 28 days. In contrary, previous studies have also reported
decline in soil pH resulted from exposure to HDPE, polyamide (PA), and
PS MPs (Boots et al., 2019; Wen et al., 2022). Varying effects of MPs on
soil pH in different studies may reflect the differences in the surface
charge and functional groups on the surface of the MPs, which can affect
the ion exchange dynamics in the soil (Ma et al., 2023; Song et al., 2024;
Zhang et al., 2024). However, in the present study soil pH increased
during the eight-week incubation in all treatments, likely due to natural
biological activity of the earthworms. Thus, it is unlikely that the
increased pH in the highest test concentrations at the beginning of the
tests would have posed any major effect on the earthworms, considering
that the pH is still below the pH detected at the end of the test and within
the optimal pH range for E. andrei (ISO, 2023).

The other important soil parameter, water-holding capacity (WHC),
was significantly increased at concentration of 5 % (w/w) for both
plastics in the current study. Wang et al. (2023) also reported an increase
in WHC at high concentrations of PE-MPs. Both positive and negative
changes in soil water-holding properties have been reported, depending
the size and shape of the MPs as well as on the soil structure (de Souza
Machado et al., 2018, 2019; Jazaei et al., 2022; Mbachu et al., 2021;
Wang et al., 2023). The change in WHC was found to relate to the MP-
derived alterations in the pore-size distribution in the soil, but the hy-
drophobicity of the MP surfaces have also been suggested to play a role
(Chia et al., 2022; de Souza Machado et al., 2018, 2019; Jazaei et al.,
2022; Mbachu et al., 2021). In any case, it is possible that the increased
WHC in the highest test concentrations of the present study have
affected the responses seen in E. andrei in the highest concentrations of
the MPs. The moisture of the soils was adjusted to the 50 % of the
maximum WHC of Lufa 2.2 soil, meaning that in the highest concen-
trations with higher WHC, the soil was relatively drier compared to
other concentrations, i.e. requiring more water to reach the 50 % of the
WHOC of the soil. This illustrates a mechanism of indirect effects of MPs,
which may at least partly explain the lower growth and lower biomass of
the juveniles in the 5 % PBAT-BD-MP exposure. In any case, further
research is needed to explore the relationship between microplastics,
soil parameters, and earthworms.
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Another crucial consideration is that mulching films contain a vari-
ety of chemicals such as plasticizers, colour pigments, and UV stabi-
lizers, which may include harmful substances (Scopetani et al., 2023).
These plastic additives may potentially contribute to the observed ef-
fects (Sridharan et al., 2022). Further studies should focus on gaining a
deeper understanding of the direct and indirect effects of both conven-
tional and biodegradable plastics, as this study has provided valuable
insights in this regard.

5. Conclusion

In this study, we evaluated the effects of two types of microplastics,
conventional LDPE and biodegradable PBAT derived from commonly
used mulching films, on earthworm Eisenia andrei. In addition to growth
and reproduction, oxidative stress response was analysed across a wide
range of concentrations to reveal possible dose-dependent relationships
between the MP concentrations and the measured endpoints.

Both types of MPs induced effects on E. andrei. Earthworms exposed
to PE-MPs exhibited a decreasing trend in biomass towards higher
concentrations, whereas PBAT-BD-MP increased earthworm growth in
lower concentrations. The MP exposure did not influence the number of
juveniles produced. However, a slight negative trend was observed in
juvenile production with increasing PE-MP concentration, and the
biomass of the juveniles exposed to 5 % PBAT-BD-MP was lower than in
control. Significant biomarker responses were observed in earthworms
exposed to both plastic types; CAT and GR being the most responsive
parameters of PE-MP exposure, while SOD and LPO were affected by
PBAT-MP exposure. Additionally, both PE and PBAT increased soil pH
and water-holding capacity at the highest MP concentrations, which
may contribute to the observed responses in earthworms exposed to
these concentrations.

This study highlights the complexity of MP interactions in soil sys-
tems, influenced by factors such as plastic type, concentration, envi-
ronmental conditions as well as microbial biomass and activity.
However, to better understand the potential ecological risks of micro-
plastic pollution in the environment, further research is needed to
explore the diverse range of environmentally relevant microplastic types
with varying properties and their interactions with soil organisms.
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