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With the detection of microplastics in soil, coupled with the various sources
continuously contributing to its delivery to and distribution in soils,
understanding the effects of microplastics on plants are necessary. Plastics
discarded in the environment continually degrade into micro- and nano-sizes,
subsequently leaching hazardous chemicals with time. Not only time but also
environmental factors related to the climate of the area where the plastic is
degrading will contribute to the breakdown process. Thus, this study aimed to
understand the phytotoxic effects of microplastic derived from a frequently
discarded plastic item, i.e., high-density polyethylene soda bottle caps. The
commonly occurring perennial Lolium multiflorum (ltalian ryegrass) was
exposed to microplastic derived from new and artificially aged bottle caps as
well as bottle caps collected from the cities of Lahti, Finland and Ggeberha,
South Africa. Additionally, leachates were prepared from these samples and
used for exposure. Germination, root and shoot growth, and fresh weight were
measured as indicators of adverse effects, and various growth parameters were
calculated. Microplastic and leachates from new and Lahti collected bottle caps
adversely affected the germination and growth of the plant, indicating that
aging and environmental factors affect the phytotoxicity of plastics as
environmental pollutants in soil.
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1 Introduction

Microplastics (MPs), which are regarded as polymer particles
smaller than 5 mm, are abundantly distributed in soils (Scheurer
and Bigalke, 2018; Zhang and Lui, 2018; Yang et al., 2021), where
they are known to affect physical properties such as aggregation
and water holding capacities (de Souza Machado et al, 2019;
Lozano et al., 2021a; Lozano et al., 2021b; Bhatt et al., 2021).
Several aspects may contribute to the amount of MP deposited
into soils, including runoff from roads and urban flooding, plastic
mulching, using contaminated compost and fertilizer, fallout
from the air, precipitation, and irrigation with contaminated
water (Bergmann et al., 2019; Corradini et al., 2019; Kim and An,
2019; Shah and Wu, 2020; Bhatt et al., 2021; Can-Giiven, 2021).
Furthermore, irrespective of delivery, MP can be distributed
within soils through wet-dry cycles, bioturbation, and
agricultural activities (O’Connor et al, 2019; Helmberger
et al.,, 2021).

Chemically, intact plastic polymers are considered inert and
harmless; however, upon degradation, hazardous additives, often
added to the plastics during manufacture to afford desired
properties, may be released (Bridson et al., 2021). Except for
leaching (Rillig et al., 2021; Zhou et al., 2021), MP can also serve
as a vector for concentrating and transporting pollutants
adsorbed to the particles’ surfaces (Tourinho et al, 2019).
Thus, many publications on the toxic effects of MP exposure
highlight the hazardous nature of MP to soil biota (Kim and An,
2019; Kim et al.,, 2020; Rillig and Lehmann, 2020), threatening
biodiversity (He et al., 2018). Organisms have even been shown
to actively avoid MP-contaminated soils (Pflugmacher et al,
2020a). However, studies on the direct effects of MPs and their
leachates on plants are limited.

Among the plastics, high-density polyethylene (HDPE) is
one of the polymers that has the largest annual production
(PlasticsEurope, 2019) and is a significant contributor to MP
pollution in soil (Kawecki and Nowack, 2019). Globally,
approximately 32 million tons of HDPE are produced
(PP)
(45 million tons), low-density (LD) and linear-low-density

every year, exceeded only by polypropylene
(LLD) polyethylene (39 million tons), polyvinylchloride
(PVC) (37 million tons), and polyethylene terephthalate
(PET) (33 million tons). Kawecki and Nowack. (2019)
estimated that 98 + 50 g of HDPE per capita per year is
released into the environment (as estimated for Switzerland).
Although HDPE is considered one of the least hazardous
plastic polymers, plastic additives leaching out of this
material have been found to cause acute toxicity in
crustaceans (Sridharan et al., 2022). Given the distribution
of MPs in soils, the estimated continuous release, as well as
the liberal use of HDPE in the agricultural sector (e.g.,
mulching and irrigation pipes), plants are continuously
being exposed and thus, stimulating the need to gather
more information on the toxicological implications.
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Due to frequent cultivation as a pasture grass and rapid,
competitive growth, Lolium multiflorum (Italian ryegrass) can be
found in temperate regions globally. Previously, Boots et al.
(2019) exposed Lolium perenne (perennial ryegrass) to HDPE,
causing negative growth and development effects. The studies by
Pflugmacher et al. (2020b) and Pflugmacher et al. (2021a)
highlighted that the effects of aging should also not be
neglected when assessing the adverse toxicological effects of
MPs.
exposure materials and not just virgin primary MPs to assess

Furthermore, the need to consider more relevant
risks was also noted. The preceding research prompted the
present study to delve deeper into the effect of HDPE, its
leachates, and the effects of aging. L. multiflorum reproduces
only by seed, producing large quantities with little dormancy and
high germination rates (Beddows, 1973), and the seedlings
typically thrive. Due to its high degree of phenotypic plasticity
and, thus, high adaptability, L. multiflorum, a model organism in
phytotoxicity studies, was chosen to investigate the effects of MP
on germination and seedling growth. Typically, in plants,
germination and growth are recorded as suitable indicators of
changes in environmental conditions and stress, including
nutrient and water depletion and toxicants (Gvozdenac et al.,
2011).

HDPE used in this study was derived from new as well as
naturally and artificially aged soda bottle caps, i.e., to use MP that
represents “real-life” samples. The naturally aged caps were
collected from two cities with very distinct climates, i.e., Lahti,
Finland (continental climate) and Ggqeberha (previously Port
Elizabeth, PE), South Africa (subtropical oceanic). Therefore, the
study aimed to evaluate the effects of new and artificially aged
HDPE MP as well as naturally aged HDPE MP and leachates
administered to soil on the germination and growth of L.
multiflorum. The study contributes to understanding the
phytotoxic effects of MP by considering real-life plastic
materials collected from the environment.

2 Materials and methods

2.1 Virgin and aged HDPE and leachates

Commercial soda bottle caps marked as high-density
polyethylene (HDPE) (i.e., stamped with a number two inside
the three-arrow recycling symbol) were used as the plastic
material for the experiments. The four HDPE treatments
consisted of four types of caps, i.e., new, artificially aged, as
well as naturally aged bottle caps collected from urban areas in
Lahti, Finland and on a beach in Ggeberha (Port Elizabeth, PE),
South Africa. All plastic materials were first washed with ISO-
reconstituted water (pH 7.2) (International Organization for
Standardization, 1996) and dried at 25°C to remove any
adhering particles. To obtain test material, the bottle caps
were ground to an average size of 4mm + 1mm with an
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SHR3D IT compact plastic shredder (3devo B.V. Utrecht,
Netherlands). The larger size was chosen as this size was
shown to induce the highest response in a study by Bosker
et al. (2019) investigating the adverse effects of MP on
Lepidium sativum.

Artificial aging of the new HDPE MP material was
accomplished according to Fejdys$ et al. (2011) using (PN-EN
12280-1:2002, 1997). In short, the accelerated aging was carried
out in a dynamic climate chamber (TK 720 Binder GmbH,
Tuttlingen, Germany) heated at 70°C = 0.5°C and a humidity
of 50 + 1.5% for 160 days.

To induce leaching, the four HDPE MP samples (new, aged,
Lahti, and PE) were treated according to the Swedish standard
12,457: 2003 (Swedish Standards Institute, 2003), with minor
modifications. Each of the HDPE MP samples (200 g) was mixed
with (pH 7.2)
Organization for Standardization, 1996) in a liquid-to-solid
ratio (L/S) of 10 and leached for 72 h at 50°C; the temperature
based on the surface temperature of plastic material reaching

ISO-reconstituted  water (International

beyond 50°C outdoors (Wypych, 1999). The whole process was
conducted in round bottom flasks on a rotary mixer (Hei-VAP
Valve, Heidolph-Instruments, Schwabach, Germany) at 21 rpm
in the absence of light. After leaching, the liquid was separated
from the solids by vacuum filtration using Whatman borosilicate
glass microfiber filters (grade GF/F; particle retention 0.7 pm),
according to the EPA method TCLP 1311 (United States
Environmental Protection Agency, 1992).

2.2 Lolium multiflorum seeds

Commercially available L. multiflorum var. westerwoldicum
seeds were used for the experiments. The seeds were allowed to
imbibe in tap water for 24 h before sowing to induce germination.
After soaking, whole and undamaged seeds were selected and
used for the exposure experiments.

2.3 Exposure treatments and experimental
setup

Individual imbibed seeds were planted in 16 mm x 100 mm
soda glass test tubes containing soil and the different exposure
treatments. Eight treatments (four MP treatments: new HDPE
MP, artificially aged MP, Lahti MP, PE MP; four leachate
treatments: leachate from new HDPE MP, leachate from aged
HDPE MP, leachate from Lahti collected HDPE MP, and
leachate from PE collected HDPE MP) were conducted in
parallel to untreated controls (n = 24). For the four HDPE
MP treatments, 9 g of soil was used per test tube containing
3% w/w of each of the HDPE MP treatments, respectively, and
watered with 4 ml of tap water. The MP concentration applied to
the soil in the treatments was based on MP concentrations
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(ranging from 0.03% to 6.7% (w/w)) reported for highly
2016). For the
leachate treatments, 9g of soil (without MP) was watered
24).
The control consisted of pure garden soil (9 g) irrigated with 4 ml

contaminated sites (Fuller and Gautam,
with 4 ml of leachate from each of the treatments (n =

of tap water. For each exposure treatment, a total of 24 replicates
were used. The seeds were allowed to germinate for 7 days at
23°C + 1°C, a light intensity of 1,500 lux, and a light-dark cycle of
14:10 h.

2.4 Measured parameters

The germinated seeds per exposure treatment were
counted every day for 7 days since planting. Each seedling
was carefully removed from the test tube on day seven and
gently washed. The root and shoot lengths were manually
measured with a digital caliper, and the fresh weight of each
seedling was recorded.

Based on the data recorded, germination parameters were
calculated, including total Germination Percentage (G%), Mean
Germination Rate (MGR), (2),
Germination Index (GI), and Time to 50% germination (T's).

Synchronization Index

2.4.1 Total germination percentage (G%)

The total germination percentage (G%) measures the
proportion of seeds germinating within a given time, in this
case, 7 days. The total G% was calculated according to the
following formula by Dastanpoor et al. (2013):

G%=%x100

where n is the number of germinated seeds in 7 days and N is the
total number of seeds in the population (n = 24).

2.4.2 Mean germination rate

The mean germination rate is the inverse of the mean
germination time (MGT), defined as when 50% of all
germinating seeds have completed germination (Bewley et al,
2013; Soltani et al,, 2015). MGR was calculated as described by
Bewley et al. (2013):

n
2(t-n)

MGR =

where t is the time in days, and n is the number of seeds
germinating on day t.

2.4.3 Synchronization index (Z)

The synchronization index (Z) measures the degree of
overlap in the germination of two seeds within the same
replicated treatment (Ranal and De Santana, 2006). The
synchronization index (Z) was calculated according to Ranal
and De Santana. (2006):
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where Cni,2 = ni, (ni — 1Y2and N =) ni (} ni— 1/2).Cni, 2 isa
combination of the seeds germinated in the time i, two together,
and ni is the number of seeds germinated in the time i.

2.4.4 Germination index

The germination index (GI) is a measure of both quantity
and rate of germination. The GI of L. multiflorum was
determined according to the calculation proposed by the
Association of Official Seed Analysts. (1983):

_ Noof germinated seeds

Gl Noof germinated seeds
" Dayof first count

dayof final count

2.4.5 Half germination time (Tsq)

The Ts describes either time to 50% germination of the final
germination percentage within a given period or time until 50%
germination of the total seed population (Bewley et al., 2013).
The formula used to calculate Tsy (Farooq et al., 2005) in the
present study utilizes the time to 50% germination of the total
germination percentage as described below:

(Y+m)x (t-t)

Tso=t; +
n; — l’l,‘)

where N is the final number of germination and ni, nj cumulative
numbers of seeds germinated by adjacent counts at times ti and tj,
respectively, when n; < N/2 < n;.

2.4.6 Root to shoot ratio (R/S ratio)

The R/S ratio was calculated for every seedling by dividing
the root length by the shoot length. Non-germinated seeds were
excluded from this calculation.

2.5 Statistical analysis

The means and standard deviations were calculated for all
recorded empirical data. The ungerminated seeds were
considered in the calculations as having root and shoot
lengths of 0 mm and fresh weight of 0 g.

Statistical analyses were conducted using IBM® SPSS
Statistics version 28.0.0.0 (190) (SPSS Inc. IBM). The data
pertaining to the percentage of germinated seed with time
were analyzed by Repeated measures analysis of variance
(ANOVA) with Bonferroni correction, followed by Tukey
The the
germination and growth on the seventh day were analyzed

posthoc  analysis. remaining data comparing
with non-parametric Kruskal-Wallis and pairwise comparison
using the Bonferroni correction. The alpha value used for

designating significance was 0.05 (Kruskal and Wallis, 1952).
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FIGURE 1

Percentage of germinated seeds with time exposed to eight
treatments against an untreated control. Data represent mean
germination percentages + standard deviation (n = 24).

3 Results and discussion
3.1 Germination

3.1.1 Growth percentage

The percentage of L. multiflorum seeds germinating with
exposure to the eight HDPE MP and leachate treatments over
time is shown in Figure 1. After 3 days, the first seeds started
germinating in the control and treatments with aged MP, aged
leachate, PE MP, and PE leachate (Figure 1). On the fourth day,
seedlings exposed to new MP, Lahti MP, and Lahti leachate
started germinating. In contrast, the first seeds from the group
treated with new leachate did not start germinating until day five.
The results indicated that exposure to leachate from new HDPE
significantly retarded germination.

On the seventh day, there was a clear division among the
treatments where exposures to new MP and new leachate, as
well as Lahti MP and leachate, resulted in significantly
reduced germination compared to untreated seeds in the
control and seeds exposed to aged and PE MP and
leachates (p < 0.05). The lowest germination percentage
was observed in seeds exposed to new MP, which was 75%
lower than the control (p < 0.001) (Figure 1; Table 1).
However, exposure to aged MP (p = 0.264) and aged
leachate (p = 1), as well as exposure to PE MP (p = 0.073),
did not significantly lower the germination percentage
compared to the control over time (Figure 1).

In accordance with Figure 1, the G% and MGR values
calculated on the seventh day (Table 1) were significantly
reduced when L. multiflorum seeds were exposed to new MP,
new leachate, Lahti MP, and Lahti leachate (p < 0.05). Similarly,
Boots et al. (2019) reported that exposure to virgin HDPE (0.1%
w/w) reduced the number of germinating L. perenne seeds
compared to the control.
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TABLE 1 Calculation of parameters related to germination; germination percentage (G%), mean germination rate (MGR), synchronization index (Z),
germination index (Gl), and 50% germination time (Tso), expressed as mean + standard deviation (n = 24).

Treatment G% MGR (per
day)

Control 99 + 4.082 0.238 + 0.010

New MP 24 + 17.673* 0.135 + 0.081**

New leachate 25 + 15.880** 0.150 £ 0.060**

Aged MP 100 + 5.898 0.222 + 0.021
Aged leachate 100 + 0.001 0.225 + 0.012
Lahti MP 49 + 16.659** 0.185 + 0.021**

Lahti leachate 53 + 12.740%* 0.171 + 0.013**

PE MP 89 + 14.421 0.237 £ 0.014

PE leachate 95 + 8.847 0.217 + 0.019

Z GI (day) Tso (day)

0.194 £ 0.075 1.224 + 0.056 3.719 £ 0.199

0.056 + 0.212** 0.217 £ 0.159** 4.855 + 1.295*

0.056 + 0.212** 0.215 + 0.140** 4.719 + 1.916**

0.154 + 0.082 1.159 + 0.117 4.010 + 0.445

0.133 + 0.064 1.179 £ 0.0.65 3.927 £ 0.325

0.125 + 0.237* 0.462 + 0.163** 4.958 + 0.584**

0.118 + 0.159* 0.460 + 0.115** 5417 + 0.421**

0.154 + 0.077 1.097 + 0.153 3.729 £ 0.283

0.124 £ 0.064 1.084 + 0.164 4.073 + 0.400

Significant difference compared to control *p < 0.05; **p < 0.001.

There were no significant differences in the G% between
seeds exposed to MP particles or MP leachates of the same source
(new, aged, Lahti, or PE, respectively) (p > 0.05).

The MGRs of the L. multiflorum seeds (Table 1) were 29%
lower with exposure to new leachate, 28% lower with Lahti
leachate, 25% lower with new MP, 23% lower with Lahti MP,
and 9% lower with PE leachate (p < 0.05), indicating more offset
and spread germination compared to the control with these
exposures. Again, there was no statistical effect on the MGR
between MP and leachate samples from the same origin
(p > 0.05).

Z values closer to one indicate that seeds exposed to a
given treatment germinated simultaneously, whereas a Z value
closer to zero represents at least two seeds germinating at
different times (Ranal and De Santana, 2006). In general, the Z
value was closer to zero for all treatments, including the
control (Table 1). The new and Lahti MPs and leachates
treated samples had statistically lower Z values than the
control (p < 0.05). Nevertheless, based on these data,
considerably more seeds germinated simultaneously in the
control group than with new and Lahti MPs and leachates.

A higher GI value indicates a large number of seeds
germinating at a faster rate. Thus compared to the control,
exposure to new and Lahti MPs and leachates caused reduced
and slower germination as the GI values were significantly lower
(p < 0.05). GI values for seeds exposed to MP particles or the
corresponding leachate for the same respective bottle caps were
the same (p > 0.05). The GI values obtained for the seeds treated
with the aged and PE samples (both MP and leachate) did not
significantly differ (p > 0.05).

The Ts, values, or time to germination of 50% of the seeds,
were 25.1% + 4.4% higher for seeds treated with both new and
Lahti MP and leachate compared to the untreated controls (p <
0.05). As with the other parameters, treatment with either
particles or leachate originating from the same source
produced indistinguishable Ts, values (p > 0.05).
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In this experiment, higher values for total G%, MGR, Z, and
GI correlate with lower Tsq values and vice versa. Exposure to
new and Lahti MPs and leachates results in lower and slower
germination indicated across the calculated germination
parameters for these exposures. Exposure to aged MP, aged
leachate, and PE MP and leachate did not significantly affect
any germination parameters compared to the controls. These
results indicate significant inhibition in the germination of L.
multiflorum when exposed to MP particles and leachates of new
bottle caps and bottle caps collected in Lahti. Studies by
Pignattelli et al. (2020) and Bosker et al. (2019) reported
reduced inhibition in seedlings with exposure to MP.
Furthermore, Bosker et al. (2019) found that in L. sativum,
adverse effects were directly related to increasing plastic sizes;
however, in their study, adverse effects were evident after 8 hours
but no longer detectable after 24 h. Even though studies on
plastic leachates are scarce, Schiavo et al. (2020) demonstrated
that the leachates of oxo-degradable PP negatively affect Sorghum
saccharatum germination, and Pflugmacher et al. (2020b)
demonstrated that the leachates of PC affected L. sativum
germination.

Because treatment with MP particles resulted in a similar
total G% as treatment with MP leachates, the particles themselves
likely have little to no effect on the extent of germination. Instead,
findings imply that the substances leaching out of the MPs are
responsible for their ecotoxicity. Pflugmacher et al. (2021b)
showed that L. sativum exposed to new and short-term aged
polycarbonate (PC) suffered more severe germination reductions
than with exposure to long-term aged PC, and the adverse effects
associated with PC exposure were reduced as a function of aging
of the exposure material. The authors similarly hypothesized that
the toxicological effects may be attributed to leached chemicals.
Pflugmacher et al. (2021a) showed that climate affected the
phytotoxicity of MP, where MP from HDPE bottle caps
collected from a cooler climate caused a higher percentage of
inhibition on Triticum aestivum (wheat) growth compared to
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FIGURE 2

(A) Root and (B) shoot length of L. multiflorum seeds exposed

to the eight treatments versus an unexposed control. Bar graphs
represent mean length (in mm) + standard deviation (n = 24).
Significant differences are indicated by the letter above the

bars (p < 0.05).

MP from caps collected from a warmer climate. The authors
postulated that inherently toxic chemicals had already been
prompted to leach out of the MP, accelerated by the ambient
conditions, into the environment from where it was collected.
Their findings agree with the data presented here, showing that
the PE MP and leachate were less toxic than the Lahti MP and
leachate in terms of germination. The reduced effect of PE MPs
on germination compared to Lahti MPs could be explained by the
warmer climate in South Africa, which contributed to quicker
degradation of the toxic components than in the colder
environment of Lahti. Another reason could be that the bottle
caps collected in Gqeberha (PE) were older than those collected
from Lahti.

3.2 Growth

3.2.1 Root and shoot length

The root and shoot lengths for the different exposure
treatments are presented in Figure 2. The root lengths of L.
multiflorum seedlings were significantly reduced after 7 days of
exposure to new MP and leachate, aged leachate, as well as Lahti
collected MP and leachate compared to the untreated controls
(p < 0.05). The seedlings most severely affected were exposed to
new MP and new leachate, and their root lengths were 84.3% (p <
0.001, new MP) and 91.4% (p < 0.001, leachate from new MP)
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shorter than the controls. The reductions in root length were
73.2% for Lahti MP (p < 0.001) and 66.8% for Lahti leachate (p <
0.001), and 23.9% for aged leachate (p = 0.023). Soil containing
3% w/w new MP particles and 4 ml leachate from bottle caps
collected in PE, as well as aged MP were thus the only treatments
that did not significantly reduce the root lengths of L.
multiflorum. As observed for germination, there was no
statistically significant difference in root growth whether the
seedlings had been exposed to MP particles or MP leachate of the
same origin for any group (p = 1). Reduced root lengths were also
demonstrated for the plant Vicia faba when exposed to 5 pm
polystyrene MPs at concentrations of 50 and 100 mg/L (Jiang
et al,, 2019). In another study by Bosker et al. (2019), significant
differences in the root growth of L. sativum were observed after
24 h but not after 48 or 72 h of exposure to MP particles. The
effects on the root lengths were both positive and negative
depending on the particle size, and there was little effect on
the shoot growth.

In the present study, the shoot growth was significantly
inhibited on day seven for seedlings treated with all exposure
treatments (p < 0.05), except aged and PE MP and leachate (p >
0.05), compared to the controls. The shoot lengths were most
severely reduced when exposed to MP and leachate from new
bottle caps, followed by MP and leachate from Lahti collected
bottle caps. Seedlings exposed to new MP and new leachate had
an average reduction in shoot length of 86.1% (p < 0.001) and
91.2% (p < 0.001). For the Lahti MP and leachate, the shoot
length was reduced by 73.6% (p < 0.001) and 70.9% (p < 0.001).
No statistically significant differences were observed in shoot
length between seedlings treated with MP particles and leachate
of the same origin (p = 1). Similarly, Boots et al. (2019) and
Pignattelli et al. (2020) reported reduced shoot length of L.
perenne exposed to polylactic acid (PLA) MPs and L. sativum
exposure to various MPs polymer types, respectively.

According to these findings, MP particles and leachate could
adversely affect the root and shoot growth of plants. The
difference between new and aged MP and leachates indicates
that aging drastically decreases the toxicological effect on root
and shoot growth. Again, the findings agree with studies by
(2020b); Pflugmacher et al. (2021a);
Pflugmacher et al. (2021b), showing that the reduction in

Pflugmacher et al.

phytotoxicity was directly related to aging.

In this experiment, the root and shoot growth inhibition was
similar regardless of exposure to particles or leachates from the
same MPs. Interestingly, even though the study by Pflugmacher
etal. (2020b) did not directly compare the root and shoot lengths
of L. sativum with exposure to PC MP and leachate, there is a
visible difference in the length distinguishable between the two
exposure types. It may indicate that this observation is species-
specific and related to the resilience and adaptability of the plant
species and probably also the variant in question.

The mechanisms through which MP particles affect plant
growth are largely unknown; however, Rillig et al. (2019)
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FIGURE 3

Ratio of the root and shoot lengths. Data represent mean +
standard deviation (n = 24). Significant differences are indicated by
the letter above the bars (p < 0.05).

postulated, among others, that this could be related to changed
soil properties affecting water availability and microbes, MP
acting as vectors for other pollutants or uptake by the roots
leading to physical damage. Due to the MP particle size used in
the present study (4 mm) and the fact that particles and leachate
from the same MP caused the same magnitude of effects, uptake
and altered soil properties seem unlikely.

3.2.2 Root to shoot ratio

The ratios of the roots to the shoots per treatment are
presented in Figure 3. This ratio represents the relationship
between the amounts of tissue with supportive functions
versus those with growth functions. A more significant root
proportion indicates a more effective uptake of nutrients,
whereas higher fractions of shoots are associated with more
light energy uptake (Allaby, 2019).

Stress is known to induce changes to the R/S ratio in plants;
however, no consistent evidence exists on whether the ratio
increases, decreases, or remains unaffected under certain stress
conditions (Agathokleous et al, 2019). In the presented study,
none of the treatments differed from the ratio of the control (p >
0.05). Nevertheless, the exposure to PE MP resulted in a significantly
lower R/S ratio than new MP (23.4%; p = 0.002) as well as Lahti MP
(16.3%; p = 0.006) and leachate (22.9%; p < 0.001).

In a study by Boots et al. (2019), L. perenne planted in soil
containing 0.1% w/w HDPE MP (size range 0.48-316 um)
resulted in seedlings with a 35% higher R/S ratio than the
controls. Treatment with synthetic fibers (acrylic and nylon
mixture) and biodegradable polylactic acid (PLA) did not
significantly affect the R/S ratio (Boots et al., 2019), indicating
that the ecotoxicity of MPs varies depending on the polymer type.
In the present study, however, a higher concentration of 3% (w/
w) HDPE with larger particles (4 mm) did not elicit a response in
terms of the R/S ratio.
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FIGURE 4

Fresh weight of the seedlings exposed to the eight different
treatments compared to an unexposed control. Bars represent
mean fresh weight (in grams) + standard deviation (n = 24).
Significant differences are indicated by the letter above the
bars (p < 0.05).

3.2.3 Fresh weight

In Figure 4, the fresh weights of the seedlings are
presented. Seedlings exposed to all MP particles and
leachates had reduced weights (p < 0.05) compared to the
control, except for seedlings exposed to aged MP and Lahti
MP. Exposure to new MP and leachate caused L. multiflorum
seedlings’ fresh weights to decrease by 83.4% (p < 0.001) and
82.6% (p < 0.001), respectively. Treatment with Lahti MP and
Lahti leachate also resulted in severe reductions in seedlings’
fresh weight, amounting to 76.8% (p < 0.001) and 78.5% (p <
0.001). The fresh weight of seedlings exposed to aged MP
remained unaffected (p = 1); however, exposure to aged
leachate caused a 38.5% reduction (p = 0.004). For PE
leachate, the fresh weight was 42.3% lower than the
controls (p = 0.001), and the seedling exposed to PE MP
remained unaffected (p = 0.126).

Previous experiments measuring plant weights after exposure
to MPs have demonstrated varying effects. In a study on T.
aestivum (wheat) by Qi et al. (2018), the shoot biomass was lower
than the controls when exposed to starch-based biodegradable
MPs but not when exposed to LDPE MPs after a period of
14-40 days. The biodegradable MPs negatively affected the shoot
biomass also after 2 months. Both plastic materials resulted in
lower root biomass after 2 months, but neither exhibited lower
root or shoot biomass after 4 months, indicating that the adverse
effects in terms of weight may only be observable after a longer
exposure time than was used in the present study. In support of
this, Pignattelli et al. (2020) reported that the shoot biomass of L.
sativum was negatively affected when exposed to polyethylene
and PP MPs (0.02% w/w) smaller than 0.125 mm during chronic
exposure (21 days). However, Jiang et al. (2019) found that
exposure to 5 um polystyrene MP in concentrations of 10, 50,
and 100 mg/L resulted in reduced fresh weight of V. faba roots
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after 48 h. On the contrary, in a study by Boots et al. (2019),
exposure to HDPE MPs (0.1 w/w; size 0.6-363 pm) resulted in
higher root biomass of L. perenne after an exposure period of
30 days. Therefore, the effect and onset time of the effect may be
species-specific; therefore, more data is needed to understand
how plants are affected by MP exposure.

The results generally indicated that plastics are the most
phytotoxic in their virgin state due to little exposure to the
elements to facilitate breakdown and leaching. Because
exposure to the particles and leachate from the same origin
caused the same adverse effects, chemicals released from the
polymer are likely responsible for the inhibited germination and
growth observed.

Life completely devoid of plastics is currently inconceivable
due to the ubiquitous use of plastics in quotidian products and
activities. However, harmless alternatives must be sought to curb
the adverse phytotoxic effects. Additionally, development in the
approaches to removing plastic pollution from terrestrial and
aquatic environments, such as bioremediation, seems promising
(Bhatt et al., 2021). Using natural packaging materials may also
alleviate the burden of plastic pollution on the various
ecosystems.

4 Conclusion

This study showed that new HDPE MP particles and leachates
severely inhibit the germination and growth of L. multiflorum.
Similar adverse effects were recorded on germination and growth
with exposure to MP and subsequent leachate from HDPE bottle
caps collected from a location with a cooler climate. Adverse effects
were reduced with artificial aging. When exposed to bottle caps
collected from a warmer climate, toxic chemicals had already
leached from the material prior to exposure. Compared to the
existing literature, various responses were observed among the
species exposed, indicating that the phytotoxicity of MP may be
species-specific, and additionally depend on the polymer type and
size. Thus, more data need to be collected to assess the risk posed
to plants with exposure to MPs in soil.
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