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ABSTRACT

Plastic pollution, especially pollution by micro- and nanoplastics, is now considered a potential threat to all
ecosystems, including terrestrial ecosystems such as grassland habitats. This study investigated the impacts of
micro- and nano-sized plastics on Bromus hordeaceus, a common grass species in European grasslands. The micro
and nanoparticles were fossil-based polyethylene (PE) or plant-based polybutylene adipate terephthalate (PBAT),
and these two plastics were used at two different concentrations. Here, we report data on plant development and
plastic-plant interactions from two different experiments, (1) an in vitro experiment to test seed germination and
establishment and (2) a soil experiment to test plant development and plastic-plant interactions specifically
investigated as a form of perforation. Results from the in vitro experiment indicate that while seed germination
success was unaffected by plastic type, the presence of all plastic particle types acted as a stimulant, increasing
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the total length of radicles and sprouts of germinated seeds. Conversely, results from the soil experiment showed
that the growth of Bromus hordeaceus was negatively affected by the presence of microPBAT in the soil during the

pot assay.

Microscopic analysis confirmed that seed and plant structures interacted with all plastic particles via
adsorption or perforation. This study demonstrates for the first time the ability of roots to penetrate plastics,
especially microPBAT particles. Overall, our study concludes that both fossil-based and plant-based micro- and
nano-plastics can influence plant growth, with effects varying based on plastic type, concentration, and plant
growth phase. Further research is crucial to fully understand the intricate interactions between microplastics, soil
properties, and plant development.

1. Introduction

Plastic pollution is considered one of the significant environmental
problems of our time (“UNEP,” 2021). Traditional plastics (fossil-based)
do not biodegrade in the way organic materials do. Instead, they un-
dergo fragmentation, breaking down into particles known as micro-
plastics (MPs) and even smaller nanoparticles (NPs). These microplastics
can accumulate in ecosystems over long time. Microplastics are plastic
particles ranging between 1 and 1000 pm in size made of a plastic
polymer (Hartmann et al., 2019) and nanoplastics are plastic fragments
smaller than 1 pm (Hartmann et al., 2016). They are categorized in two
groups; (1) primary microplastics, industrially produced micro-scaled
particles such as microbeads or pellets (Van Cauwenberghe et al.,
2015) and (2) secondary microplastics, created by the degradation of
larger plastics into smaller fragments through processes like photo-
degradation and weathering, followed by mechanical abrasion
(Andrady et al., 2022), or alternatively through biological fragmenta-
tion (Laskar and Kumar, 2019; Mateos-Cardenas et al., 2020). Secondary
microplastics, such as fragments and fibers, are the most commonly
microplastic type found in the environment (Rochman et al., 2019).
With the rising concern of plastic pollution, some industries have
switched their conventional fossil-based products to plant-based (bio-
plastic) alternatives with similar functional properties but largely un-
clear environmental fate and/or toxicity.

Initially, research on microplastics centered around marine ecosys-
tems (Van Cauwenberghe et al., 2015), until Bank and Hansson (2019)
introduced ‘The Plastic Cycle’. This paper comprehensively illustrated
how these pollutants are transported and where they end up, framing
the problem of plastic pollution at the ecosystems level and as part of
biogeochemical cycles. Moreover, this paper shifted the attention to
terrestrial ecosystems as recipients of microplastics. Previous work
indicated that terrestrial soils, and especially agriculture fields, could be
major sinks of microplastics on the planet, potentially surpassing oceans
as the primary plastic recipient (Nizzetto et al., 2016). Agricultural lands
have been pointed out as one of the largest sinks of plastic in terrestrial
ecosystems (Khalid et al., 2020; Rillig et al., 2017; Rochman, 2018;
Weithmann et al.,, 2018; Yang et al, 2022). This has turned
agro-ecosystems into the main point of focus for research in terrestrial
plastics. Plastics can reach agricultural lands primarily through common
management techniques such as mulching or sewage sludge applications
(Nizzetto et al., 2016). To date, methodological inconsistencies are a
major reason why the exact concentrations of nanoplastics and
bio-microplastics in the environment remain uncertain, as reliable and
standardized data is still lacking (Fojt et al., 2020; Xue et al., 2024).
There is no single, agreed value to indicate the concentrations of plastic
particles in the environment. Plastic concentrations vary per plastic and
sample type, weathering and transport mechanisms in systems, among
other variables (Moeck et al., 2023). However, the meta-analysis by
Biiks and Kaupenjohann (2020) analyzed microplastic concentrations in
agricultural soils located in China and Europe, which have common
agricultural practices such as mulching or application of sewage sludge.
They found that agricultural soils can contain up to 13,000 particles per
kilogram of dry soil, equivalent to 4.5 mg of plastic per kilogram of dry
soil. There was a large variability within and between soil samples in

this meta-analysis, driven primarily due to differences in sampling
methods, polymer extraction, and identification techniques.

The subsequent spread of plastic from agro-ecosystems to sur-
rounding ecosystems, such as grasslands is only a matter of time (Yang
et al., 2022). This raises concerns over grassland biodiversity and food
security (de Souza Machado et al., 2018; Khalid et al., 2020; Rochman
etal., 2019). Although the study of the impacts of bioplastics on plants is
still in its infancy, recent studies are starting to indicate that bioplastics
can be hazardous (Brown et al., 2023; Liwarska-Bizukojc, 2023). How-
ever, little is known about how bioplastic pollution can impact native
plants in terrestrial ecosystems. Grasslands, widespread worldwide,
constitute extensively distributed ecosystems. Among them, European
semi-natural grasslands stand out as one of Europe’s most diverse but
threatened ecosystems (Habel et al., 2013). Grassland vegetation is
comprised of mixtures of grasses, legumes, and forbs (Carlier et al.,
2009), with grasses usually being the most abundant plant functional
group (Gibson, 2009). Grasslands provide a great variety of ecosystem
functions and services (Petermann and Buzhdygan, 2021) with the
plants present there playing key roles in nutrient cycles, carbon
sequestration, and forming the foundation of food webs. Thus, there is
an urgent need for studies investigating the effects of microplastics on
grassland plant species, such as the one presented here.

In this study, we assess the impact of micro and nanoplastics on a
grass species typically found in European grasslands, Bromus hordeaceus.
Thus, B. hordeaceus serves as a phytometer. We exposed B. hordeaceus to
fossil-based polyethyelene (PE) micro- and nanoplastics as well as plant-
based polybutylene adipate terephthalate (PBAT) microplastics. This
study addressed the following questions:

1. Does the presence of fossil- or plant-based micro and nanoparticles
affect the germination and establishment of Bromus hordeaceus?

2. Does the presence of fossil- or plant-based micro and nanoparticles
affect the development and nitrogen uptake of Bromus hordeaceus?

3. Does Bromus hordeaceus interact with plastic particles in the soil?

2. Materials and methods
2.1. Plastic particles

Three different plastic particles made up of two different polymers
were used in this study: (1) 0.2-9 pm white polyethylene nanobeads
(Cospheric) —nanoPE-, (2) 40-48 pm white polyethyelene microfrag-
ments (Sigma) —microPE- and (3) 500 pm polybutylene adipate tere-
phthalate (PBAT) films —-microPBAT-. The PBAT films were made in-
house from Mater-Bi® BioBags (Novamont) using a Rommelsbacher
EGK 200 coffee & spice grinder. Particles for this specific size were
selected by sieving all fragments produced through a series of sieves to
select the 500 pm size (See supplementary information for estimated
concentrations particles per gram).

Two different experiments were carried out to test (1) the in vitro
effects of the presence of plastic particles on the germination and
establishment of B. hordeaceus and (2) the effects of the presence of
plastic particles in soil on the development of B. hordeaceus.

For the in vitro experiment, all plastic particles (microPE and nanoPE
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and microPBAT) were applied independently in a solution with deion-
ized (DI) water. The reasoning behind the selection of the concentrations
for this experiment were to be able to test a low and a high concentration
of particles under controlled conditions. The concentrations in the in
vitro experiment are given in mg/mL because the particles were mixed
with DI water and pipetted onto the filter papers in a petri dish. In the
soil experiment, however, the concentrations are expressed in mg/g, as
the particles were mixed with grams of soil. There are some estimates of
microplastic concentrations in agricultural soils, e.g. 4.5 mg per kilo-
gram of dry soil (Biiks and Kaupenjohann, 2020). For our soil experi-
ment, we established two concentration levels, and our selected low
concentration was actually lower than the one estimated by Biiks and
Kaupenjohann (2020). Our low-concentration fossil-based (PE) micro-
plastic treatment was set at 1 mg/kg of soil. A higher concentration (10
mg/kg of soil) was also used to investigate the potential effects of the
plastics on plant growth. As for the concentrations of nanoplastics and
microplastics of plant-based origin, there are no references for envi-
ronmental concentrations, so the concentrations were adapted to way
they were added to the experiment. Nanoplastics were pipetted from a
solution made with DI water, microplastics were directly added in dry
powder form. It should also be mentioned that the agricultural land from
which the soil was sourced did not practice mulching or apply sewage
sludge. The soil used in this study was not specifically tested for
microplastic or nanoplastic presence, as this was beyond the scope of our
research. We intentionally introduced defined particles to simulate
contamination in our experimental setup. Additionally, the same soil
was employed for control treatments, ensuring that any potential envi-
ronmental contamination would affect all plants uniformly, thereby
maintaining a consistent baseline for comparison.

2.2. Plant species Bromus hordeaceus (soft brome) and soil type

Bromus hordeaceus L. (Poaceae) is a grass species (mono-
cotyledonous) commonly found in meadows, pastures and woodlands
subjected to intensive forestry (FloraWeb-Bundesamt fiir Naturschutz
(BfN), n.d.). It is a monocarpic species, typically annual, and is
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pollinated through either self-fertilization or wind-dispersed pollen
(Kiithn et al., 2004). This plant species was selected due to its ability to
rapidly expand its roots throughout the space in the pot, making contact
with all of the substrate in the area. This characteristic ensured that the
roots quickly encountered the plastics present in the soil.

The selected soil for the soil experiment has characteristics from a
typical of a dry acidic grassland: pH (CaCly) 4.9; organic matter content:
2.3%; total N: 0.07%; total C: 0.98%; C/N: 12.1.

2.3. In Vitro experiment: Seed germination assay

2.3.1. Phase 1: Germination test of seeds spiked with plastics

Four treatments were set up for the germination test: Control,
microPBAT, microPE and nanoPE treatments. The experiment was per-
formed in 90 mm size Petri dishes with five replicates (one replicate per
petri dish) per treatment (Fig. 1). For the control treatment, 5 mL of DI
water was pipetted on four stacked filter papers per replicate. In the case
of the plastic treatments (micro and nano), three 5 mL solutions were
made by mixing DI water with each micro- or nanoplastic, particles,
respectively (Table 1). Next, 15 B. hordeaceus seeds were gently added
on top of the filter papers in each Petri dish. All Petri dishes were sealed
with polyfilm and placed in a tray at a 45° angle. The Petri dishes were
then moved to a growth chamber under controlled conditions (average
temperature = 21 °C/15 h day period — 9 h night period). The number of

Table 1
Polymer and particle types and concentrations applied in water in Petri dishes in
each treatment.

Particle Polymer Plastic amount per Petri dish (mg/
type 5 mL)
Control NA 0 mg
Nano Polyethylene 12.5 mg
Micro Polyethylene 12.5 mg
Micro Polybutylene adipate 2.5mg
terephthalate
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Fig. 1. Graphical representation of the different steps carried out in the in Vitro experiment: seed germination assay.
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germinated seeds was counted at 96 h. Furthermore, at the end of this
experiment (96 h), the seeds that had successfully germinated were
imaged. ImageJ (ImageJ 1.53q) was used to gather radicle and sprout
length data (cm).

2.3.2. Phase 2: Establishment test of spiked germinated seeds

After the germination phase, germinated seeds were identified, and
one random seed per petri dish was transplanted into pots filled with
cleaned soil (Fig. 1). Twenty pots (0.75 L in volume) were filled with
400 g of cleaned soil. Each pot received one seed from a specific treat-
ment group, ensuring an equal representation of treatments (1 seed per
petri dish, 5 seeds per treatment, and 20 seeds in total). Pots were
equally watered with a total of 105 mL throughout the whole experi-
ment. The emergence dates of the first, second and third leaf were
recorded. The endpoint of this establishment test was reached when
each plant had grown three full leaves. The experiment ended after 22
days.

2.4. Soil experiment: Pot assay

In order to test development of B. hordeaceus in the presence of
plastic particles in the soil, four treatments were established (Control
and microPBAT, microPE and nanoPE enriched soil) with two plastic
particle concentrations (either high or low) except for the control
treatment, which was free of plastic particles (Fig. 2, Table 2). Micro-
plastic particles were added to the soil in dry powder form. In contrast,
nanoplastics were added to the soil in a solution made by mixing the
nanoplastics in powder form with DI water. Once the soil was spiked
with these particles, the mixture was homogenised in a bucket by
shaking it for 60 s to ensure even distribution of the particles. The
homogenised mixture of soil and plastics was then placed in a pot. This
process was repeated independently for each pot. A total of 35 pots, each
with a volume of 2 L, were filled with 1500 g of soil mixed with the
corresponding plastic particles for each treatment and replicate.
B. hordeaceus seeds were pre-germinated in cleaned petri dishes during
72 h in a growth chamber (average temperature = 21 °C/15 h day period
— 9 h night period). Two pre-germinated seeds per pot were initially
selected to ensure the successful establishment of at least one plant. In
those pots in which both seeds were successfully established, one was
completely removed from the soil during the first week of the
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Table 2
Polymer and particle types and concentrations applied in soil in each treatment.

Particle Polymer Concentration  Plastic amount per pot

type (mg/1500 g)

Control NA NA 0

Nano Polyethylene Low 0.05 mg

Nano Polyethylene High 5mg

Micro Polyethylene Low 15¢g

Micro Polyethylene High 15g

Micro Polybutylene adipate Low 158
terephthalate

Micro Polybutylene adipate High 15g
terephthalate

experiment to avoid confounding effects. Therefore, only one plant was
grown per replicate. All pots were watered equally with a total of 1340
mL water per pot throughout the whole experiment and were kept at an
average temperature = 21 °C/15 h day — 9 h night in a growth chamber.

2.4.1. Nitrogen uptake

At the beginning of the experiment, two 1 mL pipette tips were
inserted in the soil to make a hole to allow the application of N-tracer at
the end of the experiment. The tracer application was intended to be
directly in the soil, avoiding contact with the leaves. Therefore, this step
was conducted early in the experiment to prevent root damage that
could result from inserting pipette tips. During the N-tracer application,
the tips were removed, leaving a hole in the soil where the tracer was
applied.

A total of 6 h before the harvest, the Ny tracer was applied. The ni-
trogen solution consisted of 1.5 mM K;5NOs, prepared by mixing
0.31272 g of K35NO3 (98%, Cortecnet) with 2 L of milliQ water. The
pipette tips were removed from the soil and 3 mL of the solution were
added per pot, 1.5 mL per hole, avoiding contact with the leaves. Har-
vest was done in the same order as the application of the tracer. Delta (5)
15N content in shoots was analyzed with an Elementar analyser as an
indicator of N15 uptake.

2.4.2. Plant growth

After harvesting, the shoots were dried in an oven at 60 °C for 48 h
and weighed to determine their dry mass (g). Roots were separated from
the soil by rinsing with tap water and meticulously cleaned using

Soil + microPBAT [L/H]/microPE [L/H]/nanoPE [L/H]

(

PLASTIC TREATMENTS

Fig. 2. Graphical representation of the different steps carried out in the soil experiment: pot assay. The control treatment is represented with a yellow pot. The low
concentration treatment is represented with a purple pot, and the high concentration treatment is represented with a light blue pot. The plastic particles are color-
coded as follows: orange for microPBAT, mauve for microPE, and dark blue for nanoPE. SEM images below show the plastic particles. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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tweezers and brushes to remove all visible plastic particles and organic
matter (see Supplementary Figs. S1 and S2). Cleaned roots were then
dried in an oven at 60 °C for 48 h and weighed to obtain the root dry
weight (g).

2.5. Microscopy

Eight seeds per treatment were collected randomly from the in Vitro
experiment: seed germination assay, and placed on filter papers for
microscopic analysis. Two plants per treatment (roots and shoots) were
selected from the soil experiment: pot assay, for microscopy analysis. A
combination of Scanning Electron Microscopy (SEM, JEOL JSM-IT100)
and light microscopy were used in this study. For SEM visualization of
samples, they were gold-coated for 30 s using an Agar Scientific sputter
coater with pumping system. SEM images were taken at working dis-
tance (WD) of 9-10 mm at high vacuum (H.V.) of HV = 50 and at x100,
x220, x400, x700, x1500 and x3700 magnification.

2.6. Statistical analysis

In Vitro experiment: A Generalized Linear Model (GLM) was
employed to analyse discrete variables in the context of assessing the
impact of different plastic types on the germination of B. hordeaceus
seeds. The fixed factor in the analysis was the “Treatment”, encom-
passing both particle size and plastic type, and represented as a cate-
gorical variable with four levels: Control, microPE, microPBAT, and
nanoPE. The response variable in this case was the count of successfully
germinated seeds (GerminationSuccess). Linear models (LM) were also
employed to examine how B. hordeaceus germinated seeds exposure to
different plastics during the germination phase influences production of
radicles and sprouts, establishment success, and emergence speed. The
fixed factor in the analysis was the Treatment, encompassing both par-
ticle size and plastic type, with four levels as previously described.
Response variables in this case were radicle length development (cm) of
germinated seeds (summation of the radicle length of all the radicles
produced by one seed) (Radicle_Length), sprout length (cm) of germi-
nated seeds (Sprout_Length) total number of established plants per
treatment and day in which the first (First_leaf), second (Second_leaf)
and third (Third_leaf) were first reported.

Soil experiment: LM were also utilised to investigate the effect of
different plastic types spiked in soil in two concentrations on the growth
and nutrient uptake of B. hordeaceus plants. Two fixed factors were
included in the analysis. “Particle”, encompassing both particle size and
plastic type, and represented as a categorical variable with four levels:
Control, microPE, microPBAT, and nanoPE, and “Concentration”, which
included two levels: high and low. As response variables were used
SDW._g: shoot dry weight (g), RDW_g: root dry weight (g), PDW_g: plant
dry weight (g), Average Delta (8) of 15 N and Nitrogen accumulation
(Naccum: (N_perc/100)*Shoot_biomass_g).

LMs were fitted using the *lm’ function from the "Ime4” R package
(Bates et al., 2015). Post-hoc tests, when needed, were conducted using
Tukey contrasts, and these tests were performed with the ’lsmeans’
function from the “emmeans” R package (Lenth et al., 2018) or with
’glht’ function from the “multcomp” R package (Hothorn et al., 2016).
Data analysis was performed in R ver. 4.3.0 (<www.r-project.org>). The
R package “tidyverse” (Wickham et al., 2019) was used to organise the
data frames used in the analysis. Plots were created using “ggplot2” R
package (Wickham, 2016), the color blind palette “viridis” (Garnier
et al., 2018) and “ggpubr” (Kassambara, 2020).

3. Results

The results presented here refer to two different experiments. Firstly,
an in Vitro experiment (section 3.1) where seedlings were grown in vitro
in petri dishes in the presence of plastic particles and then transferred to
a pot with clean soil (plastic free). In this test, the following parameters

Chemosphere 368 (2024) 143715

were measured: germination success, average sprout and radicle length
and plant establishment. Secondly, a soil experiment: pot assay (section
3.2). In this test, seedlings were germinated under clean in vitro condi-
tions and then transferred to contaminated soil that was spiked with
plastic particles at two different concentrations (high or low) per poly-
mer type. For this, shoot and root dry weight and nitrogen uptake were
measured.

3.1. In Vitro experiment: Seed germination assay

3.1.1. Phase 1: Germination success

B. hordeaceus seeds were germinated in clean (control) or plastic
spiked conditions to investigate any potential effects of the plastic par-
ticles at the germination stage. However, the presence of plastic particles
did not significantly affect germination success (p-value = 0.7903)
(Supplementary Fig. S4, Table S1).

3.1.2. Phase 1.1: Total sprout and radicle length (cm) of seeds

Sprout and radicle length in B. hordeaceus seeds were significantly
affected by the plastic treatment during in vitro germination, compared
to the control. Total radicle length was significantly higher in seeds
grown in the presence of microPBAT, microPE and nanoPE particles
compared with the Control (p-values <0.001). Total sprout length was
also significantly higher for seeds grown in the presence of microPBAT
(p-value<0.001) and nanoPE plastics (p-value = 0.00538), compared to
control (Fig. 3, Supplementary Table S2).

3.1.3. Phase 2: Establishment of seeds germinated in the presence of plastic
particles

No significant effects were observed in the establishment success of
seeds that were germinated in the presence of plastic particles. However,
on average, plants exposed to the microPBAT treatment exhibited a
trend, with 50% lower establishment success compared to microPE and
nanoPE treatments (Fig. 4). Also, establishment time was unaffected by
any of the plastic treatments. The emergence dates of the first, second,
and third leaves showed no significant variation in response to the
presence of any of the polymers or plastic types.

3.2. Soil experiment: Pot assay

3.2.1. Plant development

Overall, the presence of microPBAT negatively affected B. hordeaceus
shoot, root and plant dry weight, especially at high concentrations.
Shoot and root dry weight were significantly lower when plants were
exposed to the high concentrations of microPBAT particles compared to
the control and the rest of the treatments. In addition, the presence of
microPBAT in low concentrations also decreased shoot and root pro-
ductivity compared to microPE and nanoPE treatments (Fig. 5, Sup-
plementary Table S4 and Table S5, respectively). Likewise, when pulling
all the productivity data together (SDW + RDW), plant dry weight was
significantly less for all plants grown at the high concentration of
microPBAT particles compared with the rest of the treatments. Plant dry
weight was slightly higher for plants from the nanoPE treatment
compared to the control treatment (Fig. 5c, Supplementary Table S6).

3.2.2. Nitrogen uptake

Average delta (8) "15 N values were higher for plants growing in soil
spiked with microPBAT (Figure S5, Fig. 6a, Table S7). However, when
comparing the nitrogen accumulation per gram of shoot biomass, a ni-
trogen dilution effect was detected, meaning that when growth rates
decreased, the accumulation of nitrogen decreased as well. This was
particularly the case for plants growing in soil spiked with microPBAT
compared with high concentrations of microPE and nanoPE, with this
effect more pronounced in soil with high concentrations of microPBAT
(Fig. 6b, Table S8).
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3.3. B. hordeaceus seeds interacted with all plastic particles and their
roots perforated plant-based PBAT films

Plastic particles were detected adhering to the seed coat, radicles,
and sprouts of seeds coming from the in vitro experiment (Fig. 7). A
remarkable finding from the soil experiment is that roots were able to
perforate plant-based PBAT films. This finding was first visually detec-
ted at the root cleaning stage of the plants and then imaged during

microscopic analysis (Fig. 8 and Supplementary Fig. S3).
4 Discussion
4.1. In Vitro experiment: seed germination assay

Overall, no significant effects of plastics were observed on germi-
nation success; however, there was a notable variation in total radicle
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Fig. 5. (a.) Shoot dry weight (g), (b.) root dry weight (g) and (c.) plant dry weight (g) of B. hordeaceus plants growing in soil spiked with two concentrations of
different plastic types and particles. The x-axis lists the different treatment to which the plants were exposed: control (plastic-free soil), microPBAT in soil
(microplastics of polybutylene adipate terephthalate - bioplastic), microPE in soil (microplastics of polyethylene - fossil-based) and nanoPE (nanoplastics of poly-
ethylene - fossil-based). Different colors represent the plastic particles concentration: yellow for the Control treatment with no plastic presence on the soil, blue for
High concentration and purple for Low concentration. Bigger dots represent the mean and lines the bootstrap confidence interval. Different letters indicate significant
differences (p < 0.05) between treatments. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. (a.) Average delta (8) "15 N of B. hordeaceus plants growing in soil spiked with two concentrations of different plastic particles. (b.) Nitrogen concentration of
B. hordeaceus plants growing in soil spiked with two concentrations of different plastic particles. Control (in yellow): no plastic present, microPBAT: presence of PBAT
microplastics (Polybutylene adipate terephthalate, plant-based), microPE: presence of PE microplastics (polyethylene, fossil-based), nanoPE: presence of PE nano-
plastics (fossil-based). High concentrations are represented in blue and low in purple. Bigger dots represent the mean and lines represent the bootstrap confidence

interval. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and sprout length of seeds exposed to the different plastic. Seeds
exhibited higher total radicle and sprout length across all plastic treat-
ments compared to the control. Microscopy analysis visualized plastic
particles adhered to the seed coat and radicles.

Previous studies showed a decrease in seed germination in different
plant species exposed to different plastic types, concentrations and
particle size (Bosker et al., 2019; Dong et al., 2022; Guo et al., 2022; Liao
et al., 2019; Shi et al., 2022). Furthermore, in Dong et al. (2022) this
negative effect was further reported in root and sprout length of seeds
exposed to nanoparticles of polymethyl methacrylate (PMMA) with a
decreased of both with an increased in concentration. These effects were
related to the impediment of water and nutrient uptake due to the
physical obstruction of pores by plastic particles. In contrast, in Lozano
et al. (2022) despite observed differences in seed germination velocity,
final seed germination percentage was unaffected by plastic presence in
the soil, which was also observed for seeds exposed to bio-plastics
(Liwarska-Bizukojc, 2023). Contrary to this, here we observed a stimu-
latory effect on the length of radicles and sprouts in seeds exposed to

plastics. Potters et al. (2007) described various morphogenic responses
in plants as acclimation strategies to cope with stressful environments,
such as localised stimulation of cell division. This phenomenon may
explain the results observed in our study. While the presence of micro-
plastics did not affect germination success, germinated seeds exhibited
increased radicle and sprout length, potentially as a strategy to cope
with the presence of plastics. Upon transplanting these seeds, plastic
exposure did not show significant differences in establishment success.
However, a trend was noted: seeds exposed to microPBAT had a 50%
lower establishment success rate compared to those exposed to microPE
and nanoPE. We also observed an adsorption of the plastic particles on
the seed coat and structures. Despite the lack of direct evidence that
plastics adhering to plant structures are stressors or stimulants, it can be
surmised that when plastic particles are present near plant structures,
they could affect plant development through physical or chemical in-
teractions with plant tissues (Mateos-Cardenas et al., 2021; Roy et al.,
2022). Although we did not investigate the uptake of plastic by plants in
this experiment, previous studies have reported the uptake of plastic
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Fig. 7. SEM images of B. hordeaceus seeds from the seed germination assay under different treatments, (A) microPBAT particles adhering to seed coats, (B) microPE
particles adhering to seed coats and (C) nanoPE particles adhering to seed coats. The color of the images (orange, purple and blue) has been artificially added to
facilitate the visualization of plastic particles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 8. MicroPBAT films perforated by B. hordeaceus roots, and observed at the end of the plant development assay. Arrows indicate microPBAT films in pale green.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

nanoparticles by plants (Giorgetti et al., 2020; Wang et al., 2022) which
could also trigger morphological strategies in plants depending on the
plastic type but also on the growth phase of the plant.

4.2. Soil experiment: Pot assay

The presence of high concentrations of microPBAT particles in soil
decreased B. hordeaceus’s productivity, while plants growing in the
presence of high concentrations of nanoPE increased.

On the one hand, previous studies have shown adversely effects on
plant development of traditional plastic (fossil-based) presence in
grassland species (Gentili et al., 2022; Kleunen et al., 2020) and cultivars
such as pumpkin, wheat or tomato (Colzi et al., 2022; Kleunen et al.,
2020; Liao et al., 2019; Shi et al., 2022). Liwarska-Bizukojc (2023) also
observed this negative effect for bio-plastics on root growth, and they
also found a stimulation of shoots depending on the type of bio-plastic.
Microplastics can affect root growth and elongation by adhering to roots
surface (Boots et al., 2019; Wang et al., 2023) or clogging the pores
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hindering water and nutrient uptake (Gao et al., 2021) which affects the
total development of the plant. On the other hand, microplastics have
been reported as disruptors of soil physicochemical properties, and can
diminish soil bulk density or increase soil water-holding capacity (de
Souza Machado et al., 2018), modify soil aggregation (Liang et al., 2019;
Lozano et al., 2021), soil pH (Zhao et al., 2021) or soil structure and,
consequently, impact the soil water cycle (Wan et al., 2019).

Despite the fact that soil water content was not measured since it was
not the objective of this study, it was observed that pots containing
microPBAT particles in the soil were always wetter than the rest of the
treatments, despite all pots having received the same amount of water
during the whole experiment. Water retention studies, especially those
that include bioplastics in their experimental design, are still scarce. It is
known that fossil-based microplastics can affect the soil’s evaporation
dynamics and its ability to absorb and distribute moisture effectively
(Cramer et al., 2023). For example, the presence of PE and PVC micro-
particles in sandy soil decreased pore size in the soil matrix and thus
affected soil water storage (Jannesarahmadi et al., 2023). Furthermore,
Shafea et al. (2023) showed the capacity of PET and PS microplastics to
clog soil pores, hence affecting infiltration and water availability. It is
reasonable to hypothesise that contrary to polyethylene, which is hy-
drophobic in nature (Bumbudsanpharoke et al., 2022), the ester groups
in PBAT’s molecular structure may induce a higher hydrophilicity.
Magbool et al. (2023) concluded that the degradation of biodegradable
plastics can lead to an increase in soil water content at field capacity.

A key finding of this study is the fact that B. hordeaceus’s roots have
the capacity to penetrate microPBAT films. Root foraging behaviour has
been extensively detailed (Lynch, 2022) and it is known that roots can
alter their growth patterns to explore the surrounding environment and
exploit available resources. In our study, the presence of microPBAT
particles in the soil appears to disrupt this root exploration and increase
the plant’s energy expenditure, which may have contributed to the
observed lower development of these plants. This finding implies that
roots have no mechanism to sense and avoid such plastics. To the best of
our knowledge, this is the first study to show the ability of roots to
actually perforate plastic fragments, of any polymer origin. It can be
speculated that when part of the root surface is in direct contact with
plastics, this acts as a barrier, preventing the absorption of water and/or
nutrients, thus slowing the growth of the plants. Previous studies have
detected an effect of microplastics on the nutrient bioavailability in soil,
which can have a cascading effect on plant growth (Zhao et al., 2021).
Microplastic presence can influence key ecological functions such as
nutrient cycling including mineralisation and denitrification (de Souza
Machado et al., 2018; Seeley et al., 2020). Although the results for the
average delta (§) "15 N content were significantly higher in plants
exposed to microPBAT particles, the reduced biomass production in
these plants caused a dilution effect. This dilution effect prevented
definitive conclusions about the relationship between "15 N uptake and
plant development. However, when considering both the quantity of
nitrogen and the amount of plant material produced, the nitrogen
accumulation per plant was lower in plants exposed to microPBAT
compared to those in other treatments and this effect was stronger at
higher concentrations of this plastics.

Altogether, the adsorption of the plastic particles to the roots and the
perforation of the microPBAT plastics by roots may have led to a
decrease in the effective root surface area for water and nutrient uptake,
potentially also aggravated by changes in soil water content soil due to
the hydrophilicity of the microPBAT, resulting in reduced plant growth
when exposed to microPBAT. On the contrary, the possibility that the
nanoplastics may have been able to penetrate the plant tissue may have
triggered a stimulatory reaction in the plant, as occurred in the in vitro
experiment during the development of radicles and sprouts of germi-
nated seeds. Hormesis (Kendig et al., 2010) has previously been pro-
posed as a mechanism that could generate this type of response to low
doses of plastics (Liwarska-Bizukojc, 2023). The absorption and
adsorption of nanoplastics to roots could have incentivised a greater
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biomass in these plants as a morphological strategy of adaptation to the
environment. However, it is still unknown how this effect could persist
or change with longer study times. Plastic size, polymer type and growth
phase influence the effects of the presence of plastic particle on plants,
making it difficult to determine ecological risk assessments on the effects
of their presence (Kumari et al., 2022). Further research on plant
mechanisms to cope with microplastic stress, toxicity and plant-plastic
interactions are needed to understand the risk of the plastic presence
in natural systems.

5. Conclusions

This study provides important insights into the effects of micro- and
nanoplastics on a grassland species, Bromus hordeaceus, across different
developmental stages. Our findings reveal that the presence of poly-
ethylene (PE) and polybutylene adipate terephthalate (PBAT) plastic
particles may stimulate early seed development, particularly by
enhancing radicle and sprout length. However, we observed distinct
plastic-specific effects as plant development progressed. While nanoPE
particles promoted plant growth, microPBAT particles negatively
impacted plant establishment and overall growth performance. It is
important to note that the particle concentrations used in this study
were selected based on practical considerations and to facilitate testing
under controlled conditions. These concentrations may not reflect
environmental levels, as the precise concentrations of nanoplastics and
bioplastics in soil have yet to be determined. Independently on con-
centration levels, a novel and significant discovery was that
B. hordeaceus roots were able to perforate PBAT microplastics, demon-
strating a previously unreported plant-plastic interaction. This finding
highlights the complex and potentially disruptive nature of plant re-
sponses to microplastic exposure. These results emphasize the need for
further research to explore the broader ecological implications of plant-
plastic interactions, particularly in natural ecosystems where micro-
plastics are increasingly prevalent. Understanding these dynamics will
be essential for predicting how plastic pollution could influence terres-
trial ecosystems, plant health, and ecosystem processes.
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