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« Nanoplastics generated via plastic weathering can be taken up by plants.
« Plastics are taken up via endocytosis, apoplastic transport and crack-entry.
« Plastics may cause community, individual and cell-level effects on plants.

« Plastics significantly alter the bioavailability of environmental pollutants in soil.
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ABSTRACT

Particulate plastics (<5 mm), including macroplastics (1 pm to 5 mm), microplastics (100 nm to 1
um) and nanoplastics (<100 nm), have become a global environmental problem due to their
widespread occurrence, distribution and ecosystem risk. Although numerous studies on particulate
plastics have been conducted in aquatic systems, investigations in the soil ecosystem are lacking.
Soil is the main storage place of particulate plastics, conferring significant impacts on plant growth
and development. The impact of particulate plastics on plants is directly related to the safety of
agricultural products. This review comprehensively examines the pollution characteristics and
exposure pathways of particulate plastics in agricultural soils, highlighting plastic uptake process
and mechanisms in plants, and effects of particulate plastics, biodegradable particulate plastics and
combined pollution of plastics with other environmental pollutants on plant performances. This
review identifies a number of future research prospects, including the development of accurate
quantitative methods for plastic analysis in soil and plant samples, understanding the
environmental behaviors of conventional and biodegradable particulate plastics in the presence
and absence of other environmental pollutants, unravelling the fate of particulate plastics in plants,
phyto-toxicity and molecular regulatory mechanisms of particulate plastics, and developing best

management practices for the production of safe agricultural products in plastic-contaminated soils.

Keywords: Nanoplastics; Microplastics; Biodegradable plastics; Toxicity; Uptake; Soil

contamination.
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1 Introduction

Plastics are commonly used in our daily life and majority of the plastic products
(approximately 99%) are discharged into the terrestrial environment following their usage (Van
Sebille et al., 2015). A recent study showed that the global plastic emissions could reach 53
Mt/year by 2030 (Borrelle et al., 2020), of which around 79% would be landfilled or abandoned
in the natural environment (Geyer et al., 2017). The environmental fate, potential impacts and
ecological risks and analytical methods of plastics have been extensively studied in aquatic
environments in the recent years. However, only a small number of studies focused on the
environmental effects of plastics in the terrestrial ecosystem. In the environment, “microplastics”
exist in various particle size fractions, including macro- (1 um to 5 mm), micro- (100 nm to 1um)
and nano-plastics (1 nm to 100 nm) (Wallace, 2016). An alternative phrase “particulate plastics”
is also often used to represent the pollution of the environment with plastics of different particle
sizes (Bolan et al., 2020).

Particulate plastics can enter farmland soils in large quantities through the use of agricultural
films, polymer-based slow release fertilizers, sewage irrigation, compost and biosolids application,
atmospheric sedimentation and surface runoff to form a combined pollution with organic and
inorganic pollutants in soils (Rillig, 2012; Weithmann et al., 2018; Bolan et al., 2020). Preliminary
studies argued that the storage of plastics in the soil could be much more than that in the aquatic
system (Nizzetto et al., 2016). Once in the soil, plastic debris would be fragmented to smaller
particles, such as microplastic particles (with sizes below 5 mm), by mechanical abrasion, UV
exposure and/or biological weathering (Song et al., 2018). Not surprisingly, because of being
highly resistant to degradation, particulate plastics are ubiquitous in the soil, and eventually would

reach levels that could affect the quality of the soil ecosystem (de Souza Machado et al., 2018;
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Kumar et al., 2020). It is a big challenge to investigate the sources, fate and ecological effects of
particulate plastics in the terrestrial environment, especially in agricultural soils where plants might
also take up some of these tiny particles, resulting in a contamination risk in foods. Fig. 1 illustrates
selected reports on particulate plastics in the field of plant science in recent years. Only limited
number of studies are currently available on the accumulation of particulate plastics in plants and
the subsequent effects on plant physiology (Kumar et al., 2020). Due to the universally recognized
ecological risk of particulate plastics to the aquatic environment (Sridharan et al., 2021), it is
necessary to investigate the fate and transformation of particulate plastics in agricultural soils, and
their entry pathways into the plant body with or without plastic-associated contaminants. This
review specifically aims to address the plant uptake of particulate plastics from the soil and
subsequent effects on plants and the food chain. The key objectives of this article are to: (1) outline
the potential routes of particulate plastics entry into the soil, and the distribution characteristics of
particulate plastics in the soil, (2) discuss the particulate plastic contamination in plants and
mechanisms of plant uptake; (3) explore the effects of particulate plastics on plants and associated
physiological and biochemical mechanisms, and (4) outline the interactions of particulate plastics

and other environmental pollutants, and biodegradable particulate plastics with plants.

2 Contamination of particulate plastics in agricultural soils
2.1 Sources of particulate plastics in agricultural soils

Given plastics are widely demanded in people’s daily life, and plastic usage and disposal are
not yet regulated in most of the countries, tracing the origin of particulate plastics in the soil and
unravelling their potential routes to the soil is quite challenging. The soil ecosystem is the most

important driver for human food production. Once particulate plastics enter the soil, they are
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difficult to be degraded, which may result in ecotoxicological effects on soil-based organisms (e.g.,
plants, earthworms, microbes) (Rillig et al., 2017; Lozano et al., 2020; Zhang et al., 2020a).
Therefore, understanding the routes of particulate plastics in the soil is a key to evaluating and
characterizing the extent of soil plastic contamination. Based on literature reports, a number of
routes for the entry of microplastics into the soil can be postulated, such as application of polymer
based slow release fertilizers, composts, biosolids, and sludges (Corradini et al., 2019; Crossman
et al., 2020; Zhang et al., 2020a), plastic mulching (Zhang and Liu., 2018; Li et al., 2020a; Huang
et al., 2020), waste water irrigation (Sighicelli et al., 2018; Wang et al., 2019), and atmospheric
deposition (Liu et al., 2020).

Particulate plastics are universally detected in wastewater treatment plants (WWTPs), and
nearly 99% of particulate plastics are removed from wastewater during the treatment (Lee and
Kim., 2018), which ultimately accumulate in the sewage sludge (Liu et al., 2018a). Sewage sludge
(i.e., biosolids) containing copious amount of particulate plastics are often utilized (approximately
50%) (Nizzetto et al., 2016) as organic soil amendments in many countries (Coors et al., 2016;
Crossman et al., 2020). However, this agronomic practice is identified to contribute a major route
of particulate plastics into the farmland (Corradini et al., 2019). In China, based on the total sewage
sludge applied to soils per year, an average of 22.7 £ 12.1 particles/g particulate plastics are
brought into the soil via sewage sludge alone (Li et al., 2018a). In Europe, the total accumulation
of particulate plastics in the soil via sewage sludge application was estimated to be 63,000 to
430,000 t/year, which is far more than the total plastic enrichment in global oceanic waters
(Nizzetto et al., 2016). However, an accurate estimation of the contribution of sludge-based
biowaste products to soil particulate plastic contamination is challenging because most published

studies have counted only particles bigger than 1 mm (Weithmann et al., 2018). The lack of
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detailed studies regarding the size range, shape, and type of particulate plastics present in the soil
environment also add to the difficulty to precisely estimate the contribution of sewage sludge to
soil microplastic contamination.

Although the removal efficiency of particulate plastics can be high in WWTPs, an abundance
of particulate plastics is detected at the outlet of the sewage treatment plant (Lee and Kim., 2018).
With a 52% removal efficiency of particulate plastics in WWTP, Kalcéikova et al. (2017a)
estimated that the global emission of polyethylene (PE) particulate plastics to river could reach
1,125,500,000 particles per day. Besides, contaminated freshwaters, such as lake (Sighicelli et al.,
2018) and river (Nizzetto et al., 2016) waters, were also found loaded with high concentration of
particulate plastics. For example, a high concentration of particulate plastics was found in
freshwater lake from the Yellow River basin of northern China where particulate plastics numbers
ranged from 1,760 to 10,120 particles/m® (Wang et al., 2019). Irrigation of crops with such
contaminated water would undoubtedly lead to the addition of particulate plastics to agricultural
soils (Nizzetto et al., 2016).

In addition to sewage sludge discharge, biowastes from fermentation and composting also
contribute to microplastic input into agricultural soils. Weithmann et al. (2018) studied the
quantitative contribution of particulate plastics into the soil due to biowastes from fermentation
and composting, and found that all biowaste samples contained different levels of particulate
plastics, bringing in between 35 billion and 2.2 trillion particulate plastics (only counted particles
bigger than 1 mm) into the environment each year in Germany alone. Another study showed that
the total particulate plastics addition to Canadian agricultural soils via biosolids from WWTPs was
up to 3.8 x 10° particles in 2017 (Crossman et al., 2020).

Plastic mulching is a traditional method to enhance crop growth, and more than 128,652 km?
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of agricultural lands are covered with plastic films around the world (Zhang et al., 2019).
Following the use of plastic films, the aged debris remains in the agricultural soil (Steinmetz et al.,
2016). A successive enrichment of plastic fragments in soils following plastic mulching has been
reported in several studies (Ramos et al., 2015; Steinmetz et al., 2016; Saglam et al., 2017; Huang
et al., 2020). Zhang et al. (2020a) presented a nationwide projection in China with more than 3600
soil samples, showing that the accumulation of plastic film residues in croplands could reach as
high as 550,800 ton. Ramos et al. (2015) found that 3 g PE per m?soil was detected in horticultural
soils in Argentina, representing for 10% of the area of total sampled soil. However, the contribution
of particulate plastics to soils from plastic films in China (Zhang et al., 2018) was smaller than that
from soil-applied sludges in Chile (Corradini et al., 2019). It was estimated that the annual
contribution of residual particulate plastics to soils from sludges in Chile was nearly 101 times
higher than that from plastic film mulching in China (Corradini et al., 2019). Addition of
particulate plastics to soils through plastic film mulching and/or polymer-based slow-release
fertilizers is closely related to the agronomic practices of the concerned farmlands, such as the
frequency and area covered by film mulching, and the type and frequency of fertilizer application
(Corradini et al., 2019; Kumar et al., 2020). Nevertheless, the problem of soil particulate plastic
pollution caused by plastic films should not be ignored (Zhang et al., 2020a).

Atmospheric transport is another important source of particulate plastics entering into
agricultural soils (Liu et al., 2020). In the atmosphere over the city of Paris, about 29-280
particles/m? of particulate plastics were deposited each day in 2014 (Dris et al., 2015). Particulate
plastics can be transported long distances from contaminated areas to remote areas (Allen et al.,
2019). As aresult, particulate plastics are ubiquitously present leaving almost no clean agricultural

soil in the world (Allen et al., 2019; Kumar et al., 2020). Moreover, particulate plastics in the
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atmosphere could directly attach on plant leaves, which would greatly interfere with plants’
photosynthetic efficiency, and increase the risk of direct contact of particulate plastics with humans
(Liu et al., 2020). In the top 11 Green Countries (Chen et al., 2019a), around 0.13 trillion particles
of particulate plastics were estimated to be attached to plant surfaces (Liu et al., 2020), suggesting
that the deposition of atmospheric particulate plastics has a great contribution to the agricultural
system.

Another easily overlooked source of particulate plastic pollution in soils is the use of slow-
release fertilizers (Stubenrauch and Ekardt, 2020). Polymer particles are added in traditional
mineral fertilizers to scarify the soil and enhance soil’s water holding capacity (European
Commission, 2017). Moreover, polymers are used for coating fertilizer granules to prevent their
caking in the soil (Pietra, 2019). The above polymers might be released from fertilizers into the
soil with an increase of the residence time of fertilizers, and may end up accumulating in the soil
(Stubenrauch and Ekardt, 2020). According to the European Chemicals Agency (ECHA), banning
the use of plastic particles (polymers) as fertilizer additives or coatings could reduce the average
annual emission of plastic particles in European soils by approximately 262,500 tonnes within 20

years (European Chemicals Agency, 2019).

2.2 Particulate plastic distribution characteristics

Although soils have been recognized as a major sink of particulate plastics, the distribution
characteristics of particulate plastics in soil has been addressed in just a few publications. The
concentration of particulate plastics in soil could be a lot higher than that reported in aquatic
environments (Fischer et al., 2016; Horton et al., 2017; Zhang and Liu, 2018). The concentration,

number, type, and morphology of particulate plastics in the soil are important parameters to assess
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the extent of particulate plastics pollution in the terrestrial environment. With the development of
new analytical methods and deepening of understanding about particulate plastics pollution in the
agroecosystem, research works gradually were extended to agricultural soils (e.g., farmland,
orchard soil) (Zhou et al., 2019a; Kumar et al., 2020; Sridharan et al., 2021).

Data in Table 1 shows examples of high concentration of particulate plastics in agricultural
soils (Chen et al., 2019b). Zhang and Liu (2018) found that the concentration of particulate plastics
in farmland from southwest China was ranging from 7,100 to 42,960 particles/kg. Compared to
the Chinese scenarios, a remarkably lower particulate plastic contamination level was found in
German farmlands, which contained an average of 0.34 + 0.36 particles/kg (Piehl et al., 2018). The
high levels of particulate plastic contamination in China were related to plastic mulching and
biosolid application in soils. The reason for such significant difference between Chinese and
German scenarios might be that the clean agricultural soil in Germany would never have received
biowastes and agricultural plastic films (Piehl et al., 2018; Harms et al., 2020). Human activity is
also an important factor affecting the distribution of particulate plastics in agricultural soils (Chen
et al., 2019b). The suburban areas of a city store garbage from the urban areas, concentrating a
large number of plastic particles in the peri urban soils and leading to a serious pollution problem.
For example, particulate plastics pollution in vegetable soils adjacent to suburban roads in China
was about 1.8 times higher than that in residential areas (Chen et al., 2019b).

Many recent studies reported that agricultural soils are polluted with particulate plastics that
are mainly less than 1.0 mm in size (Liu et al., 2018b). In southwest China, 82% particulate plastics
in agricultural soil samples were in the size range of 0.05 to 0.25 mm (Zhang and Liu, 2018).
Particulate plastics of different size distributions and variety of shapes were observed in

agricultural soils in the study by Zhou et al. (2019a), who found that the size distribution of most
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plastic films and fragments (approximately 70%) were <1.0 mm, while most plastic fibers size was
in 0.2-0.5 mm range. These results imply that the size distribution of particulate plastics may
depend on shapes of the plastic particles. The main shapes of particulate plastics in agricultural
soils are fibers, fragments, and films (Zhang and Liu, 2018; Chen et al., 2019b). Polyethylene (PE),
polypropylene (PP), polyester (PES), polyethylene terephthalate (PET), polyamide (PA),
polyvinyl chloride (PVC), polymethyl methacrylate (PMMA), and polystyrene (PS) are the
dominant types of particulate plastics found in agricultural soils (Table 1). The distribution
characteristics of particulate plastics in agricultural soils are related to many factors, such as the
contamination sources, land use practices, soil tillage patterns, soil erosion and so on (Piehl et al.,

2018; Chen et al., 2019b; Zhou et al., 2019a).

3 Plant uptake
3.1 Particulate plastics in plants

Particulate plastics are likely to stick strongly on plant root surfaces due to the strong
adhesiveness of the polymer particles, and then be taken up into plant roots (Li et al., 2019, 2020b).
Nanoscale particulate plastics have similar characteristics to that of nanoparticles, including very
large specific surface area. A large number of studies show that plants can take up nanoparticles
(Durgesh et al., 2016; Zhang et al., 2016). However, the distribution of nano-/microplastics in
plants is poorly understood (Bosker et al., 2018; Li et al., 2019; Sun et al., 2020). Particulate
plastics might be absorbed into the plant roots, and then transferred from the roots to stems and
leaves via the transpiration flow, resulting in the accumulation and redistribution of particulate
plastics in plant tissues (Li et al., 2019). The uptake of particulate plastics has been observed in

some plant species, as shown in Table 2. Bandmann et al. (2012) showed the uptake of
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nanoplastics into plant cells via a cell culture study. They found that BY-2 cells had taken up 20
nm nanobeads that were exposed for 15 min. However, the study was based on a plant cell culture
experiment, which could not fully prove whether living whole plants would take up nanoplastics.
A recent study by Li et al. (2019) found that PS beads with the size of 200 nm were transferred
from the roots to stems and leaves of lettuce (Lactuca sativa L., Rosa) plants, which indicated that
the whole plant could accumulate particulate plastics. The above results were supported by Sun et
al. (2020) who observed that both negatively charged (PS-SOsH, 557 nm) and positively charged
(PS-NH», 71+6 nm) PS nanoplastics were taken up by Arabidopsis thaliana, providing direct
evidence that nanoplastics could be absorbed and accumulated inside terrestrial plant bodies.
Early studies believed that micrometer and sub-micrometer plastic particles were difficult to
be taken up by plants, and most of the particulate plastics would stay in the epidermal cells of the
root system (Bosker et al., 2018). With the development of sophisticated particulate plastic
analysis techniques, significant progress has been made recently to detect plant uptake of micro-
and nanoplastics. Li et al. (2020b) found that plastic particles of submicron (0.2 um) or even
micron size (2.0 um) could penetrate the roots of wheat (Triticum aestivum) and lettuce (L. sativa),
and enter the edible parts of the crops through water and nutrient flow under the action of
transpiration force. This result implies that particulate plastics can accumulate in plants in the real
environment, suggesting that micro- and nanoplastics may exist in our daily diet through edible
crops (Zhang et al., 2020b). Rillig (2020) stated that the uptake of particulate plastics by plant
roots could only occur in hydroponic culture but not in soil culture experiment. Taylor et al. (2020)
found that even in hydroponic culture, particulate plastics (40 nm~1 mm) could not be taken up

by wheat roots (T. aestivum). Regardless of the fact that particulate plastics are uptaken by plants
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or not, protecting croplands from potential plastic pollution is crucial, as discussed later in this
paper.

At present, beads are the predominant forms of particulate plastics used in plant studies by
most researchers (Table 2), which might be due to the easy commercial availability of standard
bead particles (Rillig et al., 2019). Various forms of particulate plastics could be present in
agricultural soils, especially the plastic fibers make up to 92% of the particulate plastics (Zhang
and Liu, 2018). Thus, plant uptake of other forms of particulate plastics, including fibers, need to
be investigated in the future. Although it has been confirmed by spectroscopic techniques that
particulate plastics could be distributed in plant tissues such as roots, stems and leaves, no relevant
report is available on the quantitative microplastic concentrations and microplastic types taken up
by plants. This fact could be due either to a lack of research, or a lack of effective and standardized
methods for the separation and identification of particulate plastics in plant tissues. Therefore, it
is necessary to improve analysis techniques of particulate plastics in plants in the near future, which

would be the key to food safety concerning microplastic pollution.

3.2 Mechanisms of particulate plastic uptake by plants and redistribution

Although the uptake, accumulation, and redistribution mechanisms of particulate plastics in
plants are unclear, it is likely that endocytosis (Bandmann et al., 2012), apoplastic transport (Sun
et al., 2020) and crack-entry mode (L. et al., 2020b) are responsible in the above phenomena (Fig.
2).

3.2.1 Endocytosis

Bandmann et al. (2012) found that nano-beads (20 nm and 40 nm) were internalized rapidly
by walled BY-2 cells via endocytosis, while large size particulate plastics (e.g., above 100 nm)

were mostly excluded from internalization because the diameter of endocytic vesicles typically is

14



289

290

291

292

293

294

295
296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

in the range of 70 nm to 180 nm which is too small to internalize the large particles. Compared
with wall cells, BY-2 protoplast cells could internalize larger nano-beads with a size up to 1000
nm because BY-2 protoplast cells could form larger endocytic vesicles. Bandmann et al. (2012)
reported that clathrin-dependent endocytosis promoted the uptake of nano-beads in BY-2
protoplast cells. Unfortunately, the endocytosis mechanism described above was based on the
design of independent cell culture, and no follow up study is available till date.

3.2.2 Apoplastic transport

Once particulate plastics enter the plant roots, some of the particles are captured by the mucus
(highly hydrated polysaccharide) layer of roots, concentrating the particles on the root surface, and
then transporting them in plant tissues through apoplastic transport (Sun et al., 2020). The
dominant driving force for the apoplastic transport is the transpirational pull, which significantly
promotes the allocation of particulate plastics in plant tissues (Li et al., 2019). The apoplastic
transport from the cortex to the vascular bundle is impeded by the endodermic Kasparian strip,
which obstructs the penetration of pollutants (Schreiber et al., 1999). Therefore, pollutants on the
apoplastic route are forced to pass through the endodermic plasmalemma (Wang et al., 2020a). Li
et al. (2019) found that 200 nm PS beads were mainly located in the vascular system and on the
cell walls of the cortex tissues of lettuce (L. sativa) roots. Another study involving A. thaliana
found that negatively charged nanoplastics (PS-SOsH, 55+ 7 nm) were internalized into the stele
via apoplastic pathway, but such phenomenon was not observed in the case of positively charged
nanoplastics (PS-NHz, 71+ 6 nm) (Sun et al., 2020). Unfortunately, the above results did not
adequately confirm whether nanoplastics could be absorbed by plants via apoplastic transport,
because the particles size (70 nm) used in the above study did not fully represent the size range of
nanoplastics. Additionally, many plastic polymers with long alkyl chains and high molecular

weight (i.e., high octanol-water partition coefficient (log Kow) value and low water solubility) are
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difficult to be taken up by plants through apoplastic pathway (Gao and Collins, 2009). The above
discussion shows that even if the particle size meets the requirements of plant uptake, the molecular
structure of plastics may not meet the requirements of uptake. Therefore, plastic particle uptake by
plants through apoplastic transport is closely related to the physical and chemical properties of the
plastic particles, which needs future research to further understand.

3.2.3 Crack-entry mode
A breakthrough has been claimed recently by Li et al. (2020b) in understanding the

mechanisms behind plant uptake of particulate plastics, where a physical access channel for
particulate plastics to bypass the apoplastic pathway into wheat (T. aestivum) plants was observed.
In most cases, since the diameters of cell wall pores and intercellular plasmodesmata are 3.5-5.0
nm and 50-60 nm, respectively (Smith, 1978; Carpita et al., 1979), nanoplastics larger than 5 nm
would not penetrate the plant cell wall, and nanoplastics larger than 60 nm would not diffuse into
the intercellular space. However, particulate plastics with large size (e.g., 200 nm) were reported
to penetrate through the cell wall by the root cap mucilage which entrapped the particulate plastics
in root cell wall (Li et al., 2020b). During active cell division, the apical meristem tissues were
highly porous, and such physical characteristics enabled the diffusion of particulate plastics
through the apical meristem tissues. Additionally, some cracks between the epidermal cells and
sites of lateral roots could emerge during the cell separation, which would provide a transport crack
for microplastics (e.g., 2.0 um) to penetrate the stele (Li et al., 2020b). Once inside the stele,
particulate plastics could transport towards the aboveground plant parts through the xylem along
with the transpiration stream (Li et al., 2020b). It is worth noting that even though some large-size
particles cannot pass through the cell wall pores and intercellular plasmodesmata, some intrinsic
nature such as weak stiffness of plastic particles could lead to extrusion and deformation caused

by intracellular internalization (Li et al., 2019). The mechanical flexibility of particulate plastics
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might be essential for their uptake via the crack-entry mode (Li et al., 2020a). However, more
research is needed to further establish the crack entry mechanism of nanoplastic entry into plant
bodies. In fact, a number of possible mechanisms could jointly affect the uptake of particulate
plastics by plants, and more types of particulate plastics and plants need to be considered in future

studies.

3.3 Factors affecting particulate plastics uptake by plants

3.3.1 Size of particulate plastics

The accumulation and translocation of particulate plastics in plants mainly depend on the
particle size of the particulate plastics. For example, 20 and 40 nm nano PS beads were taken up
by BY-2 cells, while 100 nm beads were excluded from uptake into turgescent and plasmolysis
cells (Bandmann et al., 2012). Jiang et al. (2019) demonstrated that 100 nm PS fluorescent
nanoplastics were accumulated in Vicia faba roots, while most of the particles blocked the cell
wall pores. This phenomenon was consistent with the report of Li et al, (2019) that 1.0 um PS
beads were not taken up by lettuce (L. sativa L., Rosa). PS beads of 0.2 pum size mainly located in
the vascular system and on the cell walls of the cortex tissues of the lettuce roots. The large particle
size plastics were difficult to enter plant cells due to the permeability of the cell wall, and most of
them were adhered on the surface of plant roots. The small size plastic particles, especially
nanoplastics entered into the root cells easily, and passed through the intercellular space to
translocate and accumulate elsewhere (Jiang et al., 2019). In fact, until now, due to the limitations
of particulate plastics detection technology in plants, it is difficult to judge the actual particle size
of particulate plastics which can be taken up by plants. For instance, Sun et al. (2020) studied
particulate plastics of different sizes, and found that the PS nanoplastics with the size of less than

200 nm were taken up by A. thaliana, but the experiment did not demonstrate which precise
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particle size of particulate plastics were mainly taken up by the plant.

3.3.2 Type of particulate plastics

The types of particulate plastics are also a key factor affecting their accumulation and
translocation in plant bodies. For example, Sun et al. (2020) reported that positively charged PS
nanoplastics (PS-NH.) were accumulated more than negatively charged nanoplastics (PS-SO3zH)
by A. thaliana. Because of the charged characteristics of plant cell membranes, when micro- or
nanoplastics with electrical charge cross the plant cells, they compete with other charged ions for
the adsorption sites and thus may be excluded from the cell membranes (Miller et al., 2016).
Therefore, the charge characteristics of micro- and nanoplastics are closely related to the particles’
plant uptake. In addition, the physiological characteristics of plants, such as root exudates, are a
key factor affecting the absorption of micro- and nanoplastics in plants (Li et al., 2020b). Because
of the strong adhesion of plastic particles, particulate plastics are easily "captured” by the
polysaccharide mucus excreted by plant roots (Li et al., 2020b). Moreover, the aggregation (Wang
et al., 2021a) of particulate plastics is significantly increased by root exudates (Sun et al., 2020),
which resulted in decreased mobility of particulate plastics in soil (Wang et al., 2021b), and

ultimately prevent the particulate plastics uptake by plants.

4  Effects of particulate plastics on plants

Particulate plastics taken up by plants not only cause potential food safety problem, but also
have a certain impact on plant traits. Although the effects of particulate plastics on aquatic
organisms is substantially evident, there is no indisputable evidence of the plant impact of
particulate plastics till date. Such effects are discussed in three parts: community-level effects,

individual-level effects, and cell-level effects. Table 3 gives an overview of the particulate plastics’

18



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

effects on plants concerning the microplastic type, particle size, concentration, influence location,

and effect phenomenon.

4.1 Community-level effects

At community-level, the community evenness of plants could be affected by particulate
plastics, and plant synergetic interactions could become out of balance, which might result in few
species to dominate the ecosystem function (Poeta et al., 2017; Rillig et al., 2019). Such increase
of community evenness could change plant diversity and community composition, and lead to
decreased ecosystem functionality. Lozano and Rillig (2020) found that due to the reduction of
soil bulk density and increasing soil macroporosity by microfibers exposed in soil, the shoot and
root mass of grasses and herbs increased, which led to the invasion of Calamagrostis in Europe,
and the allelophatic Heieracium became a dominant species. The alteration of interaction between
invasive plant species and local species caused by particulate plastics might lead to changes in soil
associated bacterial and fungal species, and such variations tend to accelerate the carbon cycle.
This might lead to excessive carbon loss and a serious ecological risk (Waller et al., 2020).
However, due to limited short-term experimental observations, there is insufficient evidence for
the conclusion of the impact of particulate plastics at plant community level (Lozano and Rillig,
2020). Studying the long-term responses of particulate plastics on plant community is a need of

the hour.

4.2 Individual-level effects

Compared with the community-level effects, the impact of particulate plastics on plants is

more focused at the individual level. The effects of particulate plastics on physiological and
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biochemical characteristics of plants at individual level are shown by apparent characteristics such
as seed germination and plant growth parameters. Bosker et al. (2019) studied the effects of
particulate plastics on seed germination, and found that the germination rate of cress (Lepidium
sativum) seeds was significantly inhibited by plastic particles with the size of 50,500, and 4,800
nm, and the negative effects increased with the increased concentration of particulate plastics
exposed (Bosker et al., 2019). The reason for the decrease of germination rates could be via
blocking the inner capsule of seeds with particulate plastics. Such results imply that the short-term
and transient negative influence of particulate plastics on terrestrial plants are not enough to fully
reveal the community-level effects.

A large number of higher plants, such as lettuce (L. sativa L. var. ramosa Hort), broad bean
(V. faba), wheat (T. aestivum), spring onion (Allium fistulosum), maize (Zea mays L. var.
Wannuoyihao), and rice (Oryza sativa L.), have shown a certain influence caused by particulate
plastics (e.g., de Souza Machado et al., 2019; Gao et al., 2019; Jiang et al., 2019; Li et al., 20204a;
Wang et al., 2020b; Wu et al., 2020). Studies have demonstrated the impact of particulate plastics
on traits of plant roots and leaves. For example, 2% (w/w) polyethylene high density (PEHD),
PET, PS, PES, PA and PP particulate plastics increased the root length and root area of spring
onion (A. fistulosum), while decreased the root average diameter (de Souza Machado et al., 2019).
However, the results of root biomass response were different. Boots et al. (2019) and de Souza
Machado et al. (2019) found that root biomass was significantly increased by particulate plastics,
whereas Qi et al. (2018) found an opposite effect where the root biomass of wheat (T. aestivum)
was significantly decreased by low-density polyethylene (LDPE, 1%) and starch-based

biodegradable plastics (1%).
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430 Stems and leaves play an important role in the long-distance transportation of water and

431 nutrients for plant growth, so obvious responses in stem and leaf structures or components might
432  have consequences on the plant growth (Gao et al., 2009). Compared to the root system, the

433  effect of particulate plastics on plant leaves was less significant. The effects on leaves mainly
434  manifested as inhibition of growth, hindrance of the chlorophyll fluorescence and interference
435  with the antioxidant defense system (Gao et al., 2019; Li et al., 2020c), thereby impacting one of
436  the most important plant physiological functions, i.e., photosynthesis. The water content and C /
437 N ratio (de Souza Machado et al., 2019), chlorophyll content (Qi et al., 2018; Boots et al., 2019;
438 Wang et al., 2020b), and enzyme activity (Jiang et al., 2019) of plants were significantly altered
439  under microplastic stress, which in turn might influence the plant growth. The variety of

440 individual plant responses indicates that the environmental behavior of particulate plastics in the
441  soil ecosystem is complex, and the apparent and visible physiological responses might be a

442  manifestation of stress at the cellular and molecular levels.

443

444 4.3 Cell-level effects

445 Early studies on algae showed that particulate plastics could induce cell wall damage and cell
446  maturation cracking (Zhang et al., 2017; Mao et al., 2018). Cell damage, interference with the
447  intracellular molecules, and oxidative stress caused by particulate plastics were also found in the
448  cells of higher plants (Gao et al., 2019; Jiang et al., 2019; Rillig et al., 2019). Superposition of
449  particulate plastics may block the root cell, leading to toxic effects (Gao et al., 2019; Jiang et al.,
450  2019).Jiang et al. (2019) demonstrated that cell wall pores of V. faba were blocked by PS particles
451  of 100 nm size, which led to a decrease in the enzymatic activities. Additionally, Zhang et al. (2019)

452  demonstrated that hydroxybenzoic acid was significantly decreased by PS, which led to the
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alteration of cell wall compositions in plant (Spinacia oleraceae). Reactive oxygen species (ROS)
are important indexes in the study of cytotoxic effect, which can give rise to damage of the cell
structure and functions (Zhang et al., 2011). Nanoparticles are often found to facilitate production
of ROS that can cause oxidative stress on higher plants and algal cells (Jiang et al., 2019). The
stress of ROS can affect the energy metabolism of plants by reducing the degree of anabolism
(Alscher et al., 1997; Wu et al., 2020). Such phenomenon was confirmed by Sun et al. (2020) who
found that particulate plastics downregulated the metabolic processes of ROS. The stress of ROS
might also affect the gene toxicity of plants (Rice-Evans et al., 1997; Paré and Tumlinson, 1999;
Jiang et al., 2019). For example, a micronucleus (MN) test showed that PS (5 um and 100 nm)
increased MN frequency in cells of V. faba roots, indicating increased genotoxic potential caused
by particulate plastics (Jiang et al., 2019). The upregulated gene ontology (GO) including
biosynthetic and metabolic processes could eliminate radicals in A. thaliana under the PS-NH>
stress, making the plants more adaptable to environmental changes and relatively less affected by
particulate plastics (Sun et al., 2020). This conclusion was drawn based on the finding that the root
epidermal cells of A. thaliana were altered by nanoplastics and resulted in swelling of the root
maturation zone. The above led to a downregulation of water deprivation related gene, and hence
decreased the fresh weight of A. thaliana. However, sufficient evidence is not available to reveal
the mechanism of plant molecules regulating the stress of particulate plastics. Therefore, to reveal
the molecular regulatory mechanisms of plants under the stress of particulate plastics, more

extensive research on the interaction between particulate plastics and plants need to be carried out.

5 Factors of particulate plastics’ effect on plants
5.1 Plant species

Different plant species show different effects with the same type of particulate plastic
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treatment. PES fibers (30 um, 0.4%) increased the shoot mass of Calamagrostis, while decreased
the shoot mass of Holcus (Lozano and Rillig, 2020), which could be attributed to the difference of
response mechanism for plants under the pollution stress (Zhao et al., 2018; van Weert et al., 2019).
Under the coercion of exogenous substances, plants adapt to external pressure by adjusting their
physiological and biochemical structures. Once the stress caused by exogenous substances exceeds
the tolerance range of plants, it will have a serious toxic effect on plants (Gao et al., 2019).
Therefore, the traits of plants would be changed under the exposure to particulate plastics. A wide
range of plant traits (e.g., root biomass, root length) exist among different plant species. For
example, van Weert et al. (2019) found that M. spicatum had extensive root system in the
sediments compared to Elodea sp., which enhanced the potential to interact with particulate
plastics, and thus hindered the translation of nutrients by roots, and ultimately reduced root
elongation. Moreover, some plant may be more susceptible to exogenous substances (Rillig, 2020).
Therefore, attention should be paid to the species-specific effects while examining the effects of

particulate plastics on plants by determining the differences in plant traits.

5.2 Plastic types

The characteristics of particulate plastics such as their shape, size, type and dose could also
significantly influence the effects of particulate plastics on plants (Lozano et al., 2020; VVan Weert
et al., 2019). Two shape-related mechanistic effects of particulate plastics on plants, namely shape
dissimilarity and shape mediation effects, were proposed by Lozano et al. (2020). The shape
dissimilarity mechanism proposes that greater the diversity between shape form of particulate
plastics and soil medium, the greater the impact on the soil systems (such as soil structure,
properties plant and microorganism). Due to the linear structures, fibers are substantially different

to the non-linear particles that composed the bulk of soil mass, and hence fibers might have higher
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potential to effect on soil biophysical properties (de Souza Machado et al., 2018). The shapes of
PES fibers were more dissimilar to the natural particles of a tested sandy loam soil than that of
PEHD particles, hence the soil structure was more strongly affected by PES fibers than PEHD
particles, causing significant responses to spring onion (A. fistulosum) by the former type of
particulate plastics (de Souza Machado et al., 2019). The shape mediation mechanism suggested
that apart from particle shape, surface properties, composition and additives of particulate plastics
were the key influencing factors (Lozano et al., 2020). Particulate plastics with same shape but
with different properties would also vary in their effects on plant traits (Lozano et al., 2020).
Kalcikova et al. (2017b) found that although a significant reduction in duckweed (Lemna minor)
population was caused by both sharp- and soft-edged PE microbeads, the former particles caused

more root damages than the latter particles.

5.3 Plastic particle size

In general, the smaller the particle size of nanoplastics, more easily they are taken up by
plants (Rillig et al., 2019). The small size plastic particles might cause a series of stress reactions
leading to significant plant responses (Jiang et al., 2019; Li et al., 2019; Li et al., 2020c; Sun et al.,
2020). Li et al. (2020c) found that the effects on root morphology, antioxidant system, and
photosynthesis fluorescence parameters of lettuce exposed to PVVC particles of 100 nm to 18 um
size range were more significant than those exposed to PVC with particle size ranging from 18 um
to 150 um. This was likely due to the poor mobility of particulate plastics with large particle size.
The particulate plastics with small particle size were more likely to be captured by root epidermal
polysaccharides resulting in physical and/or chemical toxic effects (Jiang et al., 2019; Li et al.,
2020b). For example, higher genotoxic and oxidative damage were produced by 100 nm PS

fluorescent nanoplastics compared with 5 mm PS fluorescent microplastics (Jiang et al., 2019).
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5.4 Exposed concentration of particulate plastics

The concentration of particulate plastics in soil is another important factor affecting plant
growth. Low concentration of particulate plastics, which could be diluted and dispersed by the soil
to be absorbed by plant roots, might bring a positive effect on root traits, while high concentration
might cause toxic effects on crops and inhibit plant growth (Li et al., 2020c). Interesting results
were reported by Wang et al. (2020b) where no noticeable phytotoxicity of PE particulate plastics
on maize (Z. mays) was observed even at high particle concentration, but polylactic acid (PLA)
particles exhibited a high phytotoxicity at 10% dosage. It was concluded that phytotoxicity of
particulate plastics was shown when the concentration of the particles was increased to a certain
extent. This conclusion was confirmed by Jiang et al. (2019) who found no inhibitory influence of
fresh and dry weight of V. faba exposed to 10 and 50 mg/L PS nanoplastics (100 nm), while a
significant inhibitory effect was observed at 100 mg/L concentration. However, the concentration
of particulate plastics in the real soil environment is not as high as the above experimental design.
The highest weight of particulate plastics found in soil has been 7% reported so far (Fuller and
Gautam, 2016). Therefore, although an intimate link between microplastic concentration and
response to plants were observed, the relationship of dosage effect is not yet clear. In summary,
the responses of plants are closely related to the characteristics of particulate plastics (i.e., type,

size, shape and dose) and plants (i.e., species) (Gao et al.,2019).

6. Mechanisms of particulate plastics’ influence on plants
The influence of particulate plastics on plant performance occurring in the complex soil-plant
system is underpinned by soil physical and chemical properties, regulation of rhizosphere

microenvironment, plant nutrient transport system, and direct toxicity (Rillig et al., 2019).
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6.1 Changing soil physicochemical properties

The main mechanism of the effect of particulate plastics on plants may be through regulating
the physicochemical properties of soil, thus indirectly affecting the environment of plant growth
(Chen et al., 2020; Kumar et al., 2020). Particulate plastics can change soil biophysical
environment, i.e., soil bulk density, soil aggregation, and water dynamics, resulting in the
adjustment of plant traits to new soil conditions (de Souza Machado et al., 2019; Sanchez-
Hernandez et al., 2020; Kumar et al., 2020). For example, higher water stable aggregates and soil
bulk density were observed in the rhizosphere of spring onion (A. fistulosum) with the presence of
PES, PET and PP, while the bulk density of the soil was decreased (de Souza Machado et al.,
2019). Soil bulk density reduction and soil macroporosity increase due to microfiber addition in
soil promoted roots to better penetrate into the soil matrix, which ultimately increased the root
biomass (Lozano and Rillig, 2020). Such ameliorations in soil may promote root penetration and
ultimately stimulate root growth. Sun et al. (2020) reported that PLA might have more profound
impacts than PE on soil properties, particularly on soil pH, and thus could alter nutrient availability.
This might further interfere with the transport of essential nutrients for chlorophyll synthesis in
leaves, indicating that the soil biophysical environments are strongly affected by particulate
plastics. Moreover, particulate plastics could be weathered by light, wind, water and
microorganisms, and the effects of particulate plastics on plants might change over time (Yoshihisa

etal., 2012; Gao et al., 2019).

6.2 Changing rhizosphere environment

The changes of rhizosphere microenvironment caused by particulate plastics exposure, such
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as root exudates and microbial community structure, directly affect the growth environment of
plants. For example, particulate plastics can affect the production of secondary metabolites such
as volatile compounds in the rhizosphere, significantly affect the dodecanal emission in the
rhizosphere (Qi et al., 2020), which is believed to be harmful to both fungal and plant growth.
Volatile emission in the rhizosphere can induce or inhibit plant growth through a modulation of
the metabolism, hormonal balance and nutrient intake of plants (Fincheira and Quiroz, 2018).
Additionally, particulate plastics could affect the secretion of root exudates, e.g., oxalic acid, which
promote the aggregation of particulate plastics, and finally affect their mobility and uptake (Sun
et al., 2020). The effect of particulate plastics on microbial community structure and abundance in
soil is another important aspect of plant growth (Lozano et al., 2020). Due to the increasing
mortality and histological damage of soil microorganisms, and reduction of richness and diversity
of bacterial communities, the net soil microbial activity is significantly affected by particulate
plastics. The richness of Gematimonas (one of the essential genera of phosphate solubilizing
bacteria) was increased by membranous PE and fibrous PP (Yi et al., 2020), which promoted the
dissolution of unavailable phosphorus leading to the increase of plant available phosphorus. PE
and PVC stimulated the bacteria associated with nitrogen fixation (Fei et al., 2019) directly
affecting the utilization of nitrogen by plants (Chen et al., 2015). Therefore, the nitrogen cycle and
phosphorus cycle in soils were impacted to some extent by particulate plastics (Yi et al., 2020),
which could lead to altered soil quality and variation in plant responses. Additionally,
proteobacteria abundance in soil was promoted by particulate plastics (Huang et al., 2019), which
might potentially promote plant growth (Fierer et al., 2007; Hortal et al., 2013).

Another mechanism of the effect of particulate plastics on plants is to regulate the activity

of arbuscular mycorrhizal fungi (AFM) in the rhizosphere. AMF obtains essential carbohydrate
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and other nutrients from plant roots, simultaneously promotes the absorption of water and nutrients
by plants, forming a synergistic relationship with plants (Bolan, 1991; Berruti et al., 2016). In fact,
the abundance of AMF hyphae was significantly increased by PES, which stimulated the growth
of spring onion (A. fistulosum) (de Souza Machado et al., 2019). To sum up, understanding the
intervention of particulate plastics in the rhizosphere environment is important to unravel the
mechanism of particulate plastics’ influence on plants. Although the effects of particulate plastics
on soil or plant system have been separately acknowledged in some studies, the inter-relationships

among the effects of particulate plastics on soil and plants together are still lacking.

6.3 Nutrient (im)mobilization

Particulate plastics could interfere with the absorption of nutrients and water by plants (Van
Weert et al., 2018; Rillig et al., 2019). Some particulate plastics carry abundant C (e.g., PS, PE)
(de Souza Machado et al., 2018; Rillig, 2018), which could indirectly change the C allocation of

plants belowground (Rillig, 2018; Zang et al., 2020; Zhou et al., 2021). The change in plant C

allocation caused by particulate plastics might alter the symbiosis of microbial communities and
plant mycorrhiza, and affect the activities of C, N, P-related enzymes (Zhou et al., 2021),
ultimately affecting the plant growth. Although the contents of N and P compared with C are
negligible in particulate plastics (de Souza Machado et al., 2018), they could also alter the
transformation of nutrients mediated by soil microorganisms (Zhou et al., 2021). Moreover, a high
C:N ratio is observed in the soil due to microplastic contamination, inducing an increase in
microbial immobilization of nutrient elements (Rillig et al., 2019).

On the other hand, the root system provides enormous aggregation sites for particulate

plastics, which results in t blockage of the root surface pores, eventually hindering the absorption
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of essential nutrients by plants (Gao et al., 2019; Jiang et al., 2019). In a certain range of particle
size, physical destruction of cells might occur due to the attachment of bigger size of particulate
plastics to the cell surface of plants, leading to serious barrier to transport of nutrients and water
(Bosker et al., 2019). The chemical/ toxic effects on plants are likely to increase when the particles
size of particulate plastics is small which could increase the dissolution of particles (Li et al.,

2020¢).

6.4 Direct toxicity

The potential damage of cells, molecules and oxidative stress caused by particulate plastics
might be due to the active regulation of plant adaptation to the new environmental stress (Rillig et
al., 2019). Particulate plastics can adhere onto root surface, create blockage in the root cell space,
and enter into plant tissues (Gao et al., 2019; Sun et al., 2020; Wang et al., 2020b), which result in
community-level effects, individual-level effects and cell- level effects. Therefore, the mechanism
of influence of particulate plastics on plants may be caused by direct toxicity too (Rillig et al.,
2019). The direct toxic effects of particulate plastics on plants are reflected in two aspects: physical
damage and biochemical toxicity (Li et al., 2019; Li et al., 2020c; Wu et al., 2020). Due to the
disruption of nutrient absorption by roots caused by the altered cell wall components, the activity
of antioxidants in rice leaves was decreased by particulate plastics (Wu et al., 2020). This suggests
that because of the damage of cell structure, nutrient accumulation could probably be hindered by
the exposure of nanoplastics (Van Weert et al., 2019). Such physical damage might destroy the
integrity and functionality of the cells, leading to the production of a variety of responses in plants.

The most obvious aspect of the biochemical toxic effect of particulate plastics on plants is

the redox system (L. et al., 2020c). Particulate plastics could increase the levels of ROS in plants
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(Gao et al., 2019). ROS can affect the metabolic pathways including energy metabolism and
anabolism (Alscher et al., 1997). To deal with the cytotoxic effects, plants initiate a series of
antioxidant reactions that increase the enzymatic activities to eliminate ROS (Alscher et al., 1997;
Wang et al., 2010). Wu et al. (2020) studied the potential effect mechanism of PS on rice from the
perspective of metabolic system, and showed that particulate plastics reduced the biosynthesis of
amino acid, nucleic acid, fats and some secondary metabolites by excessive formation of ROS
beyond the scavenging capacity of the antioxidant system, and thus leading to decreased
membrane activity. Therefore, to adapt to the stress of ROS, plants would regulate the enzymatic
activities to avoid possible oxidative damage (Paré and Tumlinson, 1999). Wu et al. (2020) found
that the accumulation of ROS in rice (O. sativa L.) leaves after exposure to PS was very small,
which was consistent with lower activities of superoxide dismutase (SOD), peroxidase (POD), and

catalase (CAT) activities than those of the antioxidant enzymes.

6.5 Bioturbation and decomposition by earthworms

Earthworms are widely distributed in the terrestrial ecosystem, and play an important role in
maintaining soil health, such as improving the soil structure and soil permeability, drainage and
water holding capacity, and thus change the plant growth environment (Edwards, 2004).
Additionally, earthworms can promote the activity of soil microorganisms (Dempsey et al., 2013;
Hoang et al., 2016). Therefore, the soil physicochemical and biological features which might be
changed by earthworms directly affect the growth of plants. Another important influence of
earthworms in soil is their interference with the fate of particulate plastics. Particulate plastics
mixed in litter are ingested/egested by earthworms and then carried to the subsoil, such

bioturbation would redistribute the residence of particulate plastics in soil (Huerta et al., 2016;
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Rillig et al., 2017). Thus, the contact of particulate plastics with roots in rhizosphere may be
strongly impacted. Moreover, earthworms can induce decomposition of biodegradable plastics
(Sanchez-Hernandez et al., 2020), which lead to the decrease of the particle size of biodegradable
plastics, and may eventually make them reach the size that can be absorbed by plants. Therefore,
from the perspective of food safety, earthworms might increase the risk of plants to accumulate
particulate plastics. From the perspective of agricultural production, earthworms might improve
the plant growth by decomposing plastics and promoting the soil nutrient cycling. For example,
plant growth indices, including the biomass of root and shoot, leaf area, number of leaves and
relative chlorophyll content, of wheat (T. aestivum) were significantly increased by earthworms
when exposed to particulate plastics because earthworms alleviated the nutritional impairment in

wheat plants caused by particulate plastics (Qi et al., 2018).

7 Interaction of particulate plastics and environmental pollutants

The interaction of particulate plastics with environmental pollutants (i.e., heavy metal(loid)s
and organic chemicals) include two aspects: (1) adsorption/desorption of heavy metal(loid)s and
organic pollutants by particulate plastics (Akhbarizadeh et al., 2017; Bradney et al., 2019), and (2)
release of chemically active substances inherently contained in particulate plastics (Bradney et al.,
2019; Zhou et al., 2019b; Menéndez-Pedriza and Jaumot, 2020). Some environmental pollutants,
i.e., antibiotics, polycyclic aromatic hydrocarbons, and Cd were locally enriched on microplastic
surfaces (Huffer and Hofmann, 2016; Li et al., 2018b; Godoy et al., 2019; Patterson et al., 2020).
The above two sources would eventually undergo desorption and release pollutants, leading to a
combined pollution of environmental contaminants and particulate plastics in the environment

(Hartmann et al., 2017; Menéndez-Pedriza and Jaumot, 2020).
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Via adsorbing a considerable quantity of heavy metal(loid)s and organic pollutants,
particulate plastics play an important vector role for pollutant transport in the environment,
producing a significant impact on the biogeochemical cycling of pollutants, especially in aquatic
ecosystems (Hartmann et al., 2017; Liu et al., 2018b; Bradney et al., 2019). Akhbarizadeh et al.
(2017) found that the concentrations of Cd, Mn, Zn, As and Pb in coastal sediments were positively
correlated with the concentrations of particulate plastics. The combination of particulate plastics
and environmental pollutants could cause changes in the histology, molecular functions, cytology
and behavior of animals, as have been widely researched in recent years (Hartmann et al., 2017).

At present, there are only few studies on the effects of combined pollution of particulate
plastics and environmental pollutants on the soil ecosystem. Early studies found that high-density
polyethylene (HDPE) increased the bioavailability of Zn in earthworms, increasing the possible
hazard to the soil ecosystem (Hodson et al., 2017). Zhou et al. (2020) observed a similar
phenomenon, where microplastic particles increased the accumulation of Cd in earthworms. These
results indicated that particulate plastics could increase the risk of heavy metal(loid)s to soil
animals. The bioaccumulation of some chemicals in mixture (e.g., additives, plasticizers) was
increased through particulate plastics, while other chemicals’ (i.e., persistent organic pollutants
(POPs)) bioaccumulation was decreased by particulate plastics in aquatic organisms at the same
time (Koelmans et al., 2015). Therefore, further studies are required to ascertain the migration and
transformation of environmental pollutants via particulate plastics in soils.

Another important aspect of the interaction between particulate plastics and environmental
pollutants in soils is reflected through the plant uptake of pollutants from soils (Abbasi et al., 2020;
Gao et al., 2020). The interaction of particulate plastics with other environmental pollutants in

soils might affect the bioavailability of the pollutants, leading to a change in the uptake of
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pollutants in plant bodies (Abbasi et al., 2020; Kumar et al., 2020). For example, PET particles
promoted the transfer of heavy metals (Zn, Cd, and Pb ) to the wheat rhizosphere zone (Abbasi et
al., 2020), which subsequently facilitated a direct contact between plant roots and the metal ions,
increasing plant uptake. Dong et al. (2020) demonstrated that the uptake of As (lI1l) in rice was
affected by particulate plastics through three distinct ways, including a direct adsorption of As (I11)
ions by particulate plastics, competition between particulate plastics and As (lll) ions for
adsorption sites on the root surface, and inhibition of root activity.

However, some contrary findings were found in some studies, where bioavailability of
pollutants in soil was increased by plastics, but the contents of pollutants in plants did not increase
as expected (Dong et al., 2020; Wang et al., 2020b). The bioavailability of Cd in soil was increased
by particulate plastics, but no increase in Cd content was found in maize (Kirkham, 2020; Wang
etal., 2020b). Gao et al. (2020) found that when exposed to 0.25 to 1.00 mg/mL of PE, the contents
of di-n-butyl phthalate (DBP) in green lettuce leaves and roots were decreased respectively by
11.24-30.80% and 13.26-30.80% compared with sole DBP exposure. In purple lettuce, the
respective decreases of DBP concentrations in leaves and roots were 7.18-23.37% and 9.39-
29.72%. Particulate plastics may physically obstruct the contact of pollutant compounds with roots
due to the attachment of particulate plastics onto the root surfaces, and interfere with the uptake of
pollutants from soil solution, likely because of the hydrophobic property of particulate plastics (de
Souza Machado et al., 2019; Wang et al., 2020b).

In the case of aquatic organisms, it is widely accepted that a combined pollution of
particulate plastics and other pollutants might bring more adverse ecological risks than particulate
plastics alone (Hartmann et al., 2017; Wang et al., 2020b; Sridharan et al., 2021). Zhu et al. (2019)

found that coexistence of particulate plastics (PE, PS, and PVC) and triclosan induced oxidative
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stress, and led to inhibition of microalgae growth. Dong et al. (2020) found the combination of
particulate plastics and As (I11) increased Oz and H2O: in rice roots and leaves, which led to the
induction of lipid peroxidation and damage of cell membranes. Similarly, photosynthesis was
inhibited by coexistence of PS and As (I1I), which in turn significantly decreased rice biomass
(Dong et al., 2020). Moreover, a large number of additives added in the plastic production process
would be gradually released into the environment following the weathering of plastics
(Staniszewska et al., 2016; Duan et al., 2021), which might cause secondary pollution of the
environment. The migration and transformation of additive compounds could be altered by
particulate plastics, which might lead to alarmingly toxic effects of particulate plastics and their
complexes on the ecosystem (Dong et al., 2018).

Particulate plastics thus could increase other environmental pollutants’ toxicity to plants.
However, there is little research on the interaction between particulate plastics and other pollutants
in the terrestrial ecosystem, especially on plants, which warrants immediate research attention

globally.

8 Influence of biodegradable plastics on plants

With the development of research on particulate plastics in soil, environmentally friendly
biodegradable plastics have emerged rapidly as agricultural mulch films to reduce the residues of
plastics in soils. However, there are many problems caused by degradable plastic films. A complete
degradation of plastic films needs specific environmental conditions and very long time (Rillig et
al., 2019). Therefore, before completely biodegraded, plastics are mechanically disintegrated into
nanoparticles during the weathering process (Pleiter et al., 2019), which increases the risk of plant

uptake (Jiang et al., 2019). During the biodegradation process, soil properties, particularly pH, are

34


https://xueshu.baidu.com/s?wd=author%3A%28Gonz%C3%A1lez-Pleiter%2C%20Miguel%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

77

778

strongly affected, which might reduce the bioavailability of nutrients and subsequent plant uptake
of essential elements (Wang et al., 2020b). For example, the degradation of DF04P films (i.e.,
degradable plastic produced from corn starch) increased the pH value of soil from 7.91 to 8.29,
which adversely effected the plant growth environment (Bettas et al., 2014).

Compared with non-degradable particulate plastics, degradable particulate plastics could
have more obvious phytotoxicity to plants, which might be attributed mainly to the higher potential
for the formation of nanoplastics, and the release of toxic additives and plastic monomers during
the degradation process (Wang et al., 2020b). Qi et al. (2018) reported a stronger negative effect
of biodegradable PLA particulate plastics on T. aestivum traits (e.g., grain biomass) than LDPE.
Onion (Allium cepa) plants had shown molecular biological stress response (such as cytotoxic
stress) when exposed to PLA contamination (Souza et al., 2013). For example, PLA significantly
reduced leaf areas of T. aestivum, while LDPE had no significant effect on leaf area (Qi et al.,
2018). The effect of biodegradable plastics on plant traits might be due to the potential stress of
their degradation byproducts (e.g., lactic acid) (Boots et al., 2019).

PLA is acommonly used degradable plastic film, and can be degraded by microbes into lactic
acid, which is a kind of root exudate and may participate in the secondary metabolism of plants,
affecting the plant growth (Martin-Closas et al., 2014). For example, with 50 and 500 mg/L lactic
acid, the shoot and root biomass of tomato (Lycopersicon esculentum) was significantly reduced
(Martin-Closas et al., 2014). Moreover, PLA possibly incorporated in the soil, and affected the
plant responses via nutrient immobilization by the degradation byproducts (e.g., lactic acid
oligomers), which caused potential stress inhibiting the shoot length of Lolium perenne (Boots et
al., 2019). Additionally, a large number of distinct volatile organic compounds such as dodecanal

could be induced by PLA in the rhizosphere soil (Qi et al., 2020). Dodecanal has a negative effect
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on fungi (Wang et al., 2020b). Therefore, the activity and community structure of AMF were
affected by dodecanal (Wang et al., 2020b). Moreover, the monomers and oligomers contained in
degradable particulate plastics would be gradually released into the environment (Kim et al., 2003),
and would subsequently alter the microbial community structure in the rhizosphere soil, affecting
plant growth (Agarwal, 2020). In summary, biodegradable particulate plastics affect the variation
of plant performances by changing the symbiotic associations in the plant-soil system (Wang et
al., 2020b). The scope of applying biodegradable plastics as an alternative of mulch films in future

agricultural practices needs to be carefully assessed.

9 Conclusions and future research priorities

This review shows that compared to the aquatic system, investigations of particulate plastics
in the terrestrial ecosystem are deficient. Reported studies suggest that plants may uptake,
accumulate and transport particulate plastics through crack-entry mode, endocytosis and apoplastic
transport. Moreover, particulate plastics can cause significant responses in plants at the individual,
cellular and molecular levels mainly due to the changes of soil physicochemical properties and
rhizosphere environment, nutrient (im)mobilization and direct toxicity to plants following
particulate plastics inclusion in the soil. However, current knowledge on the distribution,
accumulation and transportation of particulate plastics in the soil-plant system is limited.

Based on the above observations, we propose several topics of research that need to be
prioritized to understand the environmental behaviors of particulate plastics in farmland soils to
ensure food security and food quality.

First, we need to establish efficient and rapid quantitative and qualitative methods for

particulate plastic analysis in the soil and plants. Second, on the basis of convincing analysis
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methods, we need to understand the distribution characteristics and pollution levels of particulate
plastics in the soil-plant system. We especially need to determine the real pollution level in plants
under combined pollution of particulate plastics and other environmental contaminants, and link
that information to plant responses. Third, we need to research on plant uptake of particulate
plastics in the future, and reveal the mechanisms of plastic uptake by plants, such as the uptake
pathways and uptake Kinetics across different plant species and different types of particulate
plastics. Fourth, we need to better understand the interaction of particulate plastics with
environmental pollutants in the soil, and the role of such interaction in modulating the
bioavailability of environmental pollutants to plants. Fifth, we need to investigate in detail the
influence of particulate plastics on plants, in particular, the influence of type, size, shape, and
content of particulate plastics. Finally, as for the degradable particulate plastics used in agricultural
practices, we need future research to reveal the possible secondary environmental problems caused
by the degradation byproducts, and develop best management practices for using and disposing

agricultural plastic films.
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1228  Figures

The revelation of particulate plastics uptake mechanism
by plant (Sun et al., 2020; Li et al., 2020)

Effects of particulate plastics or toxic effects of
comibined particulate plastics - environmental
pollutants on plant (Boots et al., 2019; Bosker et al.,
2019; Gao et al., 2019).

First report of particulate plastics uptake by whole
plant (Li et al., 2019).

First report of influence of particulate H x| | "" iI-II"
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First report of particulate
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1229
1230  Fig. 1. Mapping the research progress on the interaction of particulate plastics with plants in recent
1231  years.
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1234 Fig. 2. Possible mechanisms of particulate plastics uptake by plants.
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1236

Table 1. Occurrence and characteristics of particulate plastics in agricultural soils.

Land use/crop type Plastic abundance Plastic size  Plastic shape Plastic type Location Reference
range
Wheat, barley, 0.34 £0.36 2-4 mm Film (43.75%), Polyethylene Southeastern  Piehl et al.,
lucerne, triticale, particles/kg (76.9%) fragment (62.5%), Germany 2018
white mustard, and (43.75%) and Polypropylene
corn fiber (12.50%) (25.0%),
Polystyrene
(12.5%)
Vegetable farm 7100- 42,960 1-0.05 mm  Fiber (92.1%), - Yunnan, Zhang and
particlesikg (95%) film (3.7%), China Liu, 2018
fragment (4.1%),
string (0.2%)
Vegetable farm 320-12,5600 0.02-0.2 Bead (48%), fiber Polyamide Wuhan, China Chen etal.,
particles/kg mm (70%), (37%), fragment  (32.5%), 2019
0.2-0.5mm  (15%), foam (1%) Polypropylene
(9%), 0.5- (28.8%),
1.0 mm Polystyrene
(13%) (16.9%), Polyvinyl

chloride (1.9%),

Polyethylene
(4.2%)

59



Vegetable farm and
orchard
Vegetable farm

Vegetable farm and

orchard

Vegetable farm

Vegetable farm

10.10-61.05
ma/kg
62.5-78
particles/kg

0-2760
particles/kg

8-540 mg/kg

4.3 x 10*
6.2 x10°
particles/kg

0.9-2.0 mm

0.03-5 mm
(93.3%), 5-
16 mm
(6.7%)

0.06-3.5

mm

0.1-5 mm
(100%)
<50 um
(99.8%)

Fragment and
fiber

Fiber (53.33%),
film (6.67%),
fragment (37.58),
and pellet
(2.12%)

Film, fragment,
fiber

Fragment (59%),
fiber (20.8%)

60

- Xinjiang,
China

Polyethylene Shanghai,

(43.43%), China

Polypropylene

(50.51%),

Polyester (6.06%)

Polyethylene, Shanghai,

Polyamide, Hangzhou and

Polypropylene, Ningbo, China

Nylon, Polyester,

Rayon, Acrylic

- Loess plateau,
China

Polyethylene Wuhan, China

(36.1%),

Polyamide

(17.3%),

Polypropylene

(11.5%), and others

(35.1%)

Lietal.,
2020a
Liuetal.,
2018b

Zhou et al.,
2019a

Zhang and
Liu 2018
Zhou et al.,
2019b



Cabbage, corn,
asparagus, pumpkin,

guava

Winter rapeseed,
winter wheat, winter
barley, silage maize,
sugar beet, vegetable
Vegetable farm

Cereals

12-117 particles

/m?

0to217.8
particles/kg

2116 £1024
particles/kg

930 + 740 light
density
particles/kg and
1100 £ 570 heavy
density
particles/kg

1-3 mm
(65%), 3-5
mm (12%),
<1 mm
(15%), >5
mm (8%)

150 — 250

pum

Fragment (43%),
fiber (21%), foam
(16%), film
(13%), pellet
(6%), microbead
(0.6%), and
others (0.4%)

Foil (61%),
fragment (28%),
platelet (10%)

Fragment (>90%)

Light-density
Polyethylene,
Polyethylene,
Oxidized
polyethylene,
Polystyrene,
Polypropylene

Polyethylene
(87%),
Polypropylene
(4%), Nylon(3%),
Polyamide (3%)

Polypropylene,
Polyvinylchloride

Taiwan, China

Schleswig-
Holstein,
Northern
Germany
Murcia,
Southeast
Spain
Valencia,
East of Spain

Fakour et
al., 2021

Harms et
al., 2020

Beriot et
al., 2021

van den
Berg et al.,
2020

1237
1238

--: Not reported
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1239

1240

Table 2. Particulate plastics uptake by various plant species.

Plant species Plastic type Plastic size Uptake location Reference
Whe_at (Triticum Polystyrene beads 0.2 and 2.0 um Root, stem and leaf Lietal,
) g e
Lettuce (Lactuca sativa) Polystyrene beads 0.2 um Root, stem and leaf Lietal, 2019
Arabidopsis thaliana Synthesized polystyrene particles 200 nm Root Sunetal.,
2020
Tobacco BY-2 cells Fluorescent nano-beads 20 nm Turgescent and Bandmann et
plasmolyzed cells al., 2012
Cress (Lepidium Green fluorescent plastic particles 20 and 40 nm Root hairs and shoot ~ Bosker et al.,
sativum) 2019
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1241  Table 3. Effects of particulate plastics on plants.

Plastic ]
Plant _ Plastic Exposure )
) Plastic type concentr ) Location  Effects Reference
species _ size time
ation
Decreased length, fresh weight and dry
10. 50 weight;
' 5 um and Increased the activities of superoxide
o and 100 Root dismutase and peroxidase by 5 pum Jiang et
Viciafaba  Polystyrene 100 nm 48 hours polystyrene;
mg/L ' N al., 2019
Decreased the activities of catalase by
5 um polystyrene;
Increased the micronucleus frequency
in cells by both size of polystyrene.
Fruit Decreased the number of fruits.
. . R ignificantl r iomass.
Light-density 50 pm - 1 oot Significantly decreased biomass
polyethylene mm Decreased numbers and area;
Wheat :
1% Leaf Increased the relative chlorophyll Qietal.,
(Triticum 2 months
_ (w/w) content. 2018
aestivum) Till Inhibited the plant height; Increased
iller
d fruit the tillers number; Decreased the
. and frui
Biodegradable 50 pm - number of fruits
plastic 1mm o )
Root Significantly decreased biomass.
Shoot Significantly decreased biomass.
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Grasses

(Festuca

brevipila,

Holcus

lanatus and

Calamagros

tis epigejos)

and herbs

(Achillea 0.4%
millefolium, ~ POlyester (Wiw)
Hieracium

pilosella,

Plantago

lanceolata

and

Potentilla

argentea)

Perennial Polylactic acid
ryegrass 0.1%
(Lolium (Wiw)
perenne)

High-density

Polyethylene

Stem

Leaf

30 um 2 months  Shoot

Seed
0.6 - 363
m
2 30 days Shoot
0.48 - 316 Root
pm

Decreased diameter.
Decreased areas and numbers;
Increased the relative chlorophyll

content

Shoot mass increased by ~6 % and

root mass by ~ 90%.

Decreased biomass.

Inhibited seeds germination.
Decreased in shoot height;
Increased the chlorophyll-a
/chlorophyll-b ratio.

Increased the root biomass and the

chlorophyll-a/chlorophyll-b ratio.

Lozano
and
Rillig.,
2020

Boots et
al., 2019
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Spring
onions
(Allium
fistulosum)

Polyethylene
high density
Polyethylene
yetny 204
terephthalate
(wiw)
Polystyrene
0.2%
Polyester (Wiw)
Polyamide 2%
(wiw)
Polypropylene

Average
diameter
643 um

222 - 258

pum

547 - 555
pum

15-20

647 - 754

1.5

months

Root

Root

Leaf

Root

Root

Leaf

Root

Leaf

Root

Increased length and area;

Decreased average diameter.

Increased length, area and the ratio

between root and leaf dry biomass;

Decreased average diameter.

Decrease water content.

Increased biomass, length and area;

Decreased average diameter and tissue

density.

Increased biomass, length and area; de Souza
Decreased average diameter and tissue  pMachado
density. etal.,
Decrease water content and nitrogen 2019
content; Increased C-N ratio.

Increased length and area;

Decreased average diameter, tissue

density and the ratio between root

Increased water content and nitrogen

content;

Decreased C-N ratio and leaf dry

biomass.

Increased length, area and the ratio
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Myriophyllu
m spicatum

Elodea sp

Arabidopsis
thaliana

Mazie (zea
mas
L.var.Wann
uoyihao)

Polystyrene

Negatively
charged
nanoplastics
(PS -SO3H)

Positively
charged
nanoplastics

Polyethylene

Polylactic acid

3%~10%

(wiw)

0.3 and
1.0 g/kg

0.1%,
1% and
10%
(wiw)
10%

(wiw)

pum

50 - 190
nm
20 - 500

pm 21days

50 -190
nm

55+ 6 nm

7 weeks

71+ 6 nm

“,m

Leaf

Root
Shoot
Root
Shoot

Root

Above-
ground

Root
Above-

ground

Root

Leaf

between root;
Decreased average diameter.
Increased dry biomass;

Decrease water content.

Increased dry weight.

Reduced main shoot length.
Increase in shoot and root biomass.

Increase side shoot length.
Decreased primary root growth;

Decreased 41.7% and 51.5% above -
ground fresh weights;

Decreased primary root growth.

Decreased the chlorophyll content.

No significant effect on root biomass.

Decreased the chlorophyll content.

Van
Weert et
al., 2018

Sun et al.,
2020

Wang et
al., 2020
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Rice (oryza
sativa)

Lettuce
(Lactuca
sativa
L.var.romos
a Hort)

Carrot
(Daucus
carota)

Polystyrene

Polyethylene

Polypropylene,
Polyester,
Polyethylene,
Polyamide,
Polyethylene
terephthalate,
Polyurethane,
Polycarbonate

50, 250

and500  8:5-30.7
pm

mg/L

0.25,0.5,

1.0 23 pm

mg/mL

0.1%~4

% (wiw) <5mm

21 days

14 and
28 days

2 weeks

Root

Shoot

Leaf

Root

Leaf

root

Shoot

No significant effect on biomass and
length.

Significantly decreased the biomass
and length.

Significantly reduced the activities of
superoxide dismutase, peroxidase
and malondialdehyde;

Increased the activities of catalase
and reactive oxygen species for
exposure doses of 50 mg/l, while
decreased for exposure doses of 250
and 500 mg/L.

Significantly decreased the fresh and
dry weights and length.
Significantly decreased the fresh and

dry biomass and numbers.

Increased the biomasses.

Increased the biomasses.

Wau et al.,
2020

Gao et
al., 2019

Lozano et
al., 2020
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