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a b s t r a c t

Large amounts of microplastics accumulate in the agricultural soil. Microplastics would stress the crops
but the underlying mechanism remains unclear. Herein, a laboratory exposure and field trials were
carried out to investigate the response of rice (Oryza sativa L. II You. 900) to stress induced by polystyrene
microplastics (PS-MPs) using a metabolomic approach. After laboratory exposure for 21 days, the de-
creases in shoot biomass of rice exposed to low, medium and high doses of PS-MPs were 13.1%
(CV ¼ 4.1%), 18.8% (CV ¼ 3.7%), and 40.3% (CV ¼ 9.2%), respectively, while the antioxidant enzymes
showed an inverted upper-U shape when exposed to PS-MPs. A total of 24 samples from three exposure
dose levels were included in the metabolic analysis. The metabolites of 12 amino acids, 16 saccharides, 26
organic acids and 17 others (lipids and polyols) in leaves decreased after the exposure to both 50 mg L�1

and 250 mg L�1 PS-MPs doses with hydroponically-cultured. The inhibition of perturbed biological
pathway causes the biosynthesis of amino acids, nucleic acids, fatty acids and some secondary metab-
olites decreased which indicate that the energy expenditure exceeded the substance accumulation. In
order to further validate the effects of PS-MPs on rice leaves obtained from the laboratory-scale ex-
periments, a field-trial experiment was conducted. After 142 days of cultivation in farmland, the results
with a maximum of 25.9% lower biomass in the crops exposed with PS-MPs. As such, the presence of PS-
MPs may affect rice production by altering the metabolic systems of rice. Long-term exposure of PS-MPs
to rice might be a potential risk to rice safety and quality.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Since the first report of microplastics (MPs) particles in 1972,
MPs have been ubiquitously detected around the world, especially
in those areas with intensive human activities (Carpenter et al.,
1972; Van Cauwenberghe et al., 2015). Environmental concentra-
tions of microplastics are from almost zero to several thousand
particles per m3 with different particles size (Rezania et al., 2018).
e.g. 3.4e25.8 items L�1 in surface water and 11.0e234.6 items kg�1

dw in sediments with the size of 100e1000 mm in Taihu Lake, China
e by J€org Rinklebe.
cience & Engineering, Huaz-
ubei, 430074, China.
an@hotmail.com (J. Yang).
(Su et al., 2016), 1400e4900 particles L�1 with the size of
10e5000 mm in Amsterdam canals, the Netherlands (Leslie et al.,
2017) or up to 67.5 g kg�1 in industrial soil in Sydney, Australia
(Fuller and Gautam, 2016). Currently, the studies of MPs mainly
focus on the source, migration, distribution and biological effects of
MPs in marine animals (Cozar et al., 2014; Rillig et al., 2019;
Thompson et al., 2004). However, information on the effects of
microplastics on terrestrial fauna is still lacking. At present, there
are only studies on how microplastics affects L. terrestris biomass
and reproduction (Huerta Lwanga et al., 2016). The total amount of
MPs in the soil is reported to be 4 to 23-fold than that in seawater
(Nizzetto et al., 2016), indicating that soil can be also a main
reservoir for the MPs. It is reported that the abundance of MPs
ranges from 7100 up to 42,960 items kg�1 (18,760 items kg�1 on
average, >250 mm) in the farmland soil in southwestern China
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(Zhang and Liu, 2018). Larger plastic fragments in the environment
can break into micron-sized or even nano-sized plastic particles by
physicochemical and biological processes (da Costa et al., 2016; do
Sul and Costa, 2014). Long-term and large-area application of
plastic film covering, wastewater reuse irrigation, and sludge
recycling technologies in agricultural production lead to the accu-
mulation of large amounts of MPs in the soil of agricultural areas
(Nizzetto et al., 2016).

Once deposited at the farmland soil via various contamination
pathways (Blasing and Amelung, 2018), microplastics may
adversely affect soil biota (Huerta Lwanga et al., 2017) and also can
alter the physicochemical properties of the soil, e.g., soil aggrega-
tion, bulk density, and water holding capacity. Those changes have
been reported to have adverse effects on root traits, growth and
nutrient uptake by plants (Machado et al., 2018; Wan et al., 2019).

However, information on the effects of MP on plants was quite
limited till now. There is an urgent need to elucidate the effects of
PS-MPs on plants growth. MPs sourced from the atmosphere can be
deposited and adsorbed on the shoots of the plants, while MPs in
groundwater and soil can be adsorbed on the surface of the roots.
MPs adsorbed on the surface of plants may inhibit photosynthesis,
possibly causing an adverse effect on crop growth (Rillig et al.,
2019). Qi et al. (2018) reported that 10 g kg�1 (1% (w/w)) MPs
had adverse effects on both root and shoot systems of wheat,
causing negative effects on both vegetative and reproductive
growth. Jiang et al. (2019) reported that 5 mm PS-MPs significantly
inhibited growth of V. faba at the concentration of 10e100 mg L�1

PS-MPs. The ideas and approaches such as using germination,
biomass and omics-based techniques from these studies could shed
light on the possible mechanism of microplastics interaction with
plants (Ng et al., 2018; Wang et al., 2016).

Metabolomics provides information about metabolites and
metabolic pathway changes in the plants during the response to
toxicants and environmental stressors (Fiehn et al., 2000). It was
proved to be an effective tool in understanding the changes in the
chemical compositions of crops and further revealing the mecha-
nisms of the process (Matich et al., 2019; Soria et al., 2017). Mass
spectrometry has been widely used for metabolite profiling, which
could offer acceptable sensitivity and reliability in separating and
identifying the metabolites and intermediates in plant tissue (Lisec
et al., 2006). Metabolic changes on the roots and shoots of crops
were identified under nanoparticle exposure, indicating an
important detoxification mechanism that could defend the plant
from stress (Wu et al., 2017; Zhang et al., 2019). However, few
studies have been investigated the feasibility of using metab-
olomics to estimate the effects of MPs on the crops.

In this study, rice (Oryza sativa L.) is chosen as the model crop to
be investigated. Rice is a major food source, which comprises up to
25% of the total caloric intake of the population of the world
(Kusano et al., 2015). Polystyrene (PS) was chosen as the model MP.
For the laboratory-scale experiments, different doses of commer-
cial PS-MPs were exposed to rice for 3 weeks to investigate: 1) the
effect on physiological and biochemical parameters of the rice
plant, including biomass and lipid peroxidation, and 2) using Gas
Chromatography-Mass Spectrometry (GC-MS)-based metab-
olomics, the changes of metabolites in the plant under different
exposure doses. In addition, In order to further validate the effects
of PS-MPs on rice leaves obtained from the laboratory-scale ex-
periments, a field-trial experimentwas conducted.Wewould like to
offer a deeper insight to the potential metabolic response of rice to
MPs exposure. Collectively, the results of this research aim to
elucidate the potential influence of MP on the yield and quality of
crops, thus providing deeper insights into the interaction between
PS-MPs and rice.
2. Materials and methods

2.1. Preparation of PS-MPs suspensions

The PS-MPs (<50 mm) used in this study were provided by
Zhongcheng Plastic Co. (Dongguan, China) used for scrub materials.
PS-MPs have a mean hydrodynamic diameter measured by dy-
namic light scattering (BT-9300ST, Bettersize 118 Instruments,
China) of 19.6 mm in deionized water and particle size range of
8.5e30.7 mm. Particles were thoroughly suspended in the Hoagland
nutrient solution(Wu and Zhu, 2019) till a dispersionwas achieved.
A magnetic stirrer (about 20 r min�1) was placed on the bottom of
the PS-MP solution container to keep it even and stable. Three
different doses of the PS-MPs were chosen in the experiments. The
doses of PS-MPs were environment-relevant content. Control
group was prepared according to the same procedure that PVP
suspension solution without the addition of PS-MPs. The
morphology of PS-MPs in the nutrient solution was characterized
by a high-resolution transmission electron microscope (FTEM,
TECNAI G2 F30, FEI Ltd., Netherlands). Details regarding PS-MPs
used in this study can be seen in the supporting information (SI,
Fig. S1 and Text S1).

2.2. Plant growth and PS-MPs exposure

Rice seeds (O. sativa L. II You. 900) were obtained from BioRice
Co., Ltd (Hunan Province, China). Seeds were sterilized for 12 h in a
3 wt% H2O2 solution before germination. Plants under similar
growth conditions after germinating for 14 days (e.g., size and root
length) were selected and transferred to 2 L glass pots with 1.8 L PS-
MPs stable dispersed suspensions. The seedlings were fixed on the
perforated metal sheet with only roots submerged into the sus-
pensions. Each pot (3 exposure pots and 1 control pot) had 4
bundles of seedlings with 9 seedlings in each bundle. And then the
seedlings grew in a greenhouse under natural lighting (about 14 h a
day) and ambient temperature (25 �C) for 21 days. After exposed,
each pot with 36 rice seedlings was collected, and grounded into
one mixture and subsequentially used in biological and biochem-
ical experiments. And, for the metabolic analysis, eight paralleled
samples were randomly selected from each mixture, and a total of
24 samples were included in the analysis.

2.3. PS-MPs exposed field trials

Field trials were conducted in agricultural land in Shaoyang
County (Fig. S2), Hunan Province, China. Each experimental field
contained a gridded and isolated farmland by wood slides with a
width of 75 cm, a length of 182 cm, and a depth of 35 cm. The soil
texture is paddy soil with sand/silt/clay percentage of 2.5%, 86.1%
and 11.4%. Soil pH is 7.10 ± 0.18. Loss-onignition organic matter is
3.36 mg g�1. Three soil samples were collected by the diagonal
method on each test field and were then merged into one sample.
The samples were stored in an aluminum sealed bag and trans-
ported back to the laboratory immediately after collection under
ambient conditions. Using a quarter method, 200 g soil was taken
from each sample and quantified for the doses of the microplastic
before use (Han et al., 2019). All the soil in the test field (depth of
35 cm) was then dug out, air-dried, sieved through a 5 mm sieve,
and then spiked with PS-MPs powder at selected exposure doses
and then put back into the tillage layer (0e30 cm) field. Rice plant
for field trials was germinated in Hoagland’s nutrient solution for
21 days, transplanted to fields, and harvested after 142 days of
transplantation. Samples of roots and shoots were taken after the
harvest and evaluated in-situ. Details of the field study are provided
in SI (Fig. S2).
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Fig. 1. Biomass and lengths of rice roots and shoots after 21-day exposure to different
concentrations of PS-MPs: (a) Biomass of roots and shoots. (b) Length of roots and
shoots. Values are means ± SE (n ¼ 8). Means with the same letter (e.g. a or A) are not
significantly different (p < 0.05).
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2.4. Physiological and biochemical analysis of rice (O. sativa L.)
leaves

Catalase (CAT) and peroxidase (POD) activities were measured
following Zhang’s protocol (Zhang and Kirkham, 1994). The activ-
ities of superoxide dismutase (SOD) and reactive oxygen species
(ROS) were determined using Enzyme-Linked ImmunoSorbent
Assay (ELISA) kit (Meimian Technology Ins., China). Malondialde-
hyde (MDA) was measured by the thiobarbituric acid reactive
substances (TBARS) method (Aravind and Prasad, 2003). Details
regarding these assays can be seen in SI (Text S2 and S3).

2.5. Metabolite analysis in rice (O. sativa L.) leaves

The targeted metabolites in rice leaf samples are low molecular
weight metabolites including primary (saccharides and amino
acids) and secondary (organic acids and fatty acids) metabolites
according to the previous reports (Wu et al., 2017). The related
sample preparation protocol followed the methods described by
Chen et al. (2018), by using a GC-MS, (Agilent® 7890B-5977B) for
OMIC-based non-target screening techniques. The metabolites
were identified in the GC-MS by the MassHunter Qualitative
Analysis Software B.07.00 (Agilent, USA), then annotated and
confirmed by comparison with the NIST 14 library. Details about
sample preparation and GC-MS instrumental parameters can be
found in SI (Text S4).

2.6. Statistical analysis

In this study, the exposure experiment was performed at least
triplicates (n > 3) while the metabolite assay was performed in
eight samples from the same plant. Data distribution in the results
was tested by KolmogoroveSmirnov (KeS test). Percentiles of
measurements were presented with mean and CV (coefficient of
variation). One-way analysis of variance, least-significant difference
(ANOVA, LSD) was applied in the study for comparisons among
different groups. All data was tested for normal distribution using
KeS test prior to the Anova description. Statistical analysis in this
study was carried out using SPSS Statistics 18.0 (IBM, New York),
and statistical significance was accepted at p < 0.05.

Peak area for identified metabolites was then normalized (by
the peak area of ribitol) and logarithm transformed to achieve
pseudo-quantification. For identifying the altered metabolites in
the leaves, a partial least squares discriminant analysis (PLS-DA)
clustering was used, while a heat map was prepared using
MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) (Chong et al.,
2018). The variable with a Variable importance in projection
(VIP) > 1 is regarded as responsible for the separation, defined as a
biomarker of metabolite in this study (Chong et al., 2018). Meta-
bolic pathway analysis was performed based on GC-MS data using
MetaboAnalyst. The impact value threshold calculated for pathway
identification was set at 0.1 (Chen et al., 2018).

3. Results

3.1. Biomass change of rice leaves tissues after the exposure to PS-
MPs

After 21 days of exposure to PS-MPs, discernible differences can
be found between the shoots of rice seedlings in biomass and
lengths when compared with the control group without the addi-
tion of PS-MPs (Fig. 1), while the biomass and length of rice root
showed indiscernible differences (p > 0.1) compared to control
group. As shown in Fig. 1b, at lower doses of PS-MPs (50 and
250 mg L�1), the shoot lengths in rice were reduced by 12%
(CV ¼ 2.3%) and 21% (CV ¼ 4.1%) (% of the control), respectively,
which were lower than those in rice when exposed to high dose
(500 mg L�1, 27%, CV ¼ 4.8% for shoot lengths). Similar impacts on
shoot biomass can be noted after exposing the rice samples to PS-
MPs (Fig. 1a). To exemplify, the decreases in shoot biomass of rice
exposed to low, medium and high doses (50, 250 and 500 mg L�1)
of PS-MPs were 13.1% (CV ¼ 4.1%), 18.8% (CV ¼ 3.7%), and 40.3%
(CV ¼ 9.2%), respectively, which were significantly (p < 0.05) lower
than control.
3.2. Antioxidative enzyme activities and MDA contents of rice
leaves

As the biomass and length of the shoot of the rice were signif-
icantly different between PS-MPs exposure and the control groups,
antioxidative enzyme activities and MDA content of the rice leaves
were also investigated. Results showed that PS-MPs caused
oxidative damage to principal macromolecules as lipids at the
molecular level in rice seedlings decreased significantly (Fig. 2).

All three levels of exposure of rice to PS-MPs inhibit the activ-
ities of SOD (Fig. 2A), POD (Fig. 2B) and MDA (Fig. 2C) in rice leaves,
while the degree of severity increased with the increasing doses of
PS-MPs. In rice leaves tissues, the responses of SOD and POD were

http://www.metaboanalyst.ca/
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Fig. 2. Parameters of the antioxidant defense system in rice leaves after 21-day exposure to different concentrations of PS-MPs. (A) Superoxide dismutase (SOD) activity, (B)
Peroxidase (POD) contents, (C) Malonaldehyde (MDA) contents, (D) Catalase (CAT) activity, and (E) Reactive oxygen species (ROS). One unit of CAT is the amount of enzyme
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Values are means ± SE (n ¼ 8). Means with the same letter (a, b, c, d) are not significantly different (p < 0.05).
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stimulated over the entire treatment range compared with each
control. In tissues of rice leaves, the responses of the activities SOD
and POD to PS-MPs exposure were dose-dependent: The activities
decreased (p < 0.05) over the entire treatment compared with the
control groups. MDA contents in leaves decreased compared with
those in controls for all treatments after exposure to different doses
of PS-MPs, especially at higher doses, showing a decreased degree
of lipid peroxidation.

Compared with the other two antioxidative enzymes, the ac-
tivity of CAT (Fig. 2D) showed a different trend in rice leaves: An
inverted U-shape was noted. To be specific, the activity of CAT was
highest in leaves when exposed to 50 mg L�1 of PS-MPs, while it
showed a significant decrease in leaves when exposed to
250 mg L�1 and 500 mg L�1 of PS-MPs.
Similar to the CAT, the activity of ROS (Fig. 2E) in rice leaf tissues
also presented an inverted U-shape: With the maximum activity of
ROS was achieved when exposed to 50 mg L�1 of PS-MPs, while a
significant decline was observed when exposed to 250 mg L�1 and
500 mg L�1 of PS-MPs compared with the control (p < 0.05).
3.3. Metabolic changes in rice leaves

GC-MS based metabolomics identified and pseudo-quantified
249 metabolites in rice leaves after exposure to 50 mg L�1 and
250 mg L�1 of PS-MPs. It was observed that the rice leaves exposed
to 500mg L�1 of PS-MPs showed significantly lowered biomass and
poorer growth condition than those that were exposed to
50 mg L�1 and 250 mg L�1 of PS-MPs. The result indicated that the
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exposure to 500 mg L�1 of PS-MPs could induce irreversible dam-
age to the rice leaves. In order to gain a better understanding of the
metabolic changes induced by PS-MPs in the rice plant, the
metabolomic analysis was only conducted for exposure doses of 0,
50 and 250 mg L�1 of PS-MPs.

Over 70% of the metabolites significantly changed in the
exposed rice leaves, as the contents of most amino acids, organic
acids and saccharides decreased with the increasing of PS-MPs
doses. Among all PS-MP exposed samples, 83 of the metabolites
changed significantly compared to control (p < 0.05). The identified
metabolomics of amino acids, saccharides, organic acids, and other
secondary metabolites with significant differences were presented
in Table S1eS4 of the supporting information, respectively.

For most of secondary metabolites, the contents of lipid (such as
Glycerol and Gluconic acid lactone), polyols (i.e., Citronellol, Phytol,
2,3-Butanediol, and 1-Phenylethanol), glycosides (i.e., Methyl b-D-
glucopyranoside), cell nucleus process(i.e.,20-Deoxy-D-ribose and
D-Ribose) and amine compounds (i.e., ethanolamine and Oleamide)
also decreased by 62.4%, 36.2%, 29.6%, 80.5% and 90.9% after
exposure to 50 mg L�1 of PS-MPs, and 90.5%, 95.7%, 80.9%, 99.6%
and 95.4% for 250 mg L�1 of PS-MPs, respectively.

Not all metabolites in rice leaves were inhibited after the
exposure experiment to microplastics. The doses of several amino
acids, e.g., cycloserine and D-asparagine, increased 1.4 and 5.1 folds
(at low and medium dose levels, respectively) after exposure to PS-
MPs. The doses of two types of organic acids (i.e., 2-
hydroxyundecanoate and oxalic acid), two types of lipid (i.e., cys-
tathionine and phosphatidylcholine) and urea increased up to
about 2e8 folds after exposure to low andmedium doses of PS-MPs
compared with the control. Similarly, the concentrations of iso-
borneol, b-D-lactose, 5,6-dihydrouracil, L-proline and L-aspartic
acid in leaves also showed an inverted U-shape when exposed to
different doses of PS-MPs, which increased initially after exposure
to 50 mg L�1 but decreased gradually after exposure to 250 mg
L�1dose.

Heat Map and the PLS-DA model. The relative abundances of
fluctuated metabolites in all experimental groups were presented
on the heat map (Fig. S3). The 24 samples in all three groups were
clearly separated from each other when exposed to different doses
of PS-MPs. From the results shown in the heatmap, it was noted
that the normalized concentrations of most metabolites in rice
leaves decreased after exposure to PS-MPs compared with the
control.

To develop a visual plot for metabolites profiles in different
samples in terms of a nonbiased evaluation of changes, a PLS-DA
model was developed based on the data set of experimental and
control groups. The PLS-DA score plots showed that the group of
control was represented by the group exposed to 50 mg L�1 of PS-
MPs and the group exposed to 250 mg L�1 of PS-MPs, as these
groups collectively explained 41.6% of the total changes (Fig. 3A).
Moreover, the variable importance in projection (VIP) score of
metabolites (>1) was defined as the potential biomarkers (Fig. 3B)
(Zhang et al., 2013). In this study, the VIP scores of about 15% of the
metabolites were higher than 1, revealing the metabolic changes in
rice leaves. The normalized concentration of these 12 biomarkers,
including saccharides, organic acids, and polyols, were shown in
the box-whisker plot (Fig. 4). As the exposure doses of PS-MPs
increased, all biomarkers decreased dose, indicating adverse im-
pacts on the metabolisms of rice leaves. These results of the one-
way ANOVA analysis (Fig. 4) further confirmed that these meta-
bolic changes in rice leaves were statistical, indicating that the
exposure to PS-MPs can change the metabolisms of rice leaves.
3.4. Perturbed biological pathway in rice leaves

The results from biological pathway analysis showed evidence
of ten major (>0.1) metabolic pathways have been involved in
damage to rive leaves after exposure to different doses of PS-MPs.
As shown in Fig. S4, the metabolic pathways of fatty acid, saccha-
ride, amino acid and organic acid in rice leaves were significantly
perturbed after exposure to different doses of PS-MPs. Fig. 5
showed the relationships among the metabolic pathways, such as
pentose phosphate pathway, glycerolipid metabolism, TCA cycle,
amino acid metabolism, and the primary metabolic process
glycolysis.

As shown in Fig. 5, the energy metabolisms of glycolysis, the
pentose phosphate pathway, and the TCA cycle were significantly
declined after exposure to PS-MPs. The metabolic pathway of
glycolysis converts glucose to pyruvate by a series of intermediate
metabolites. While the energy anabolic process was lowered, the
pentose phosphate metabolic pathway showed reduced activity.

In the TCA cycle, the concentration of citric acid was decreased
by 56.8% and 94.2% after exposure to 50 and 250 mg L�1 of PS-MPs,
respectively. Similar trends were found in the levels of malic, suc-
cinic and fumaric acid that was decreased by 42.8% and 67.9%, 71.9%
and 98.7%, 64.2%, and 89.7%, after exposure to 50 and 250mg L�1 of
PS-MPs, respectively.

3.5. Field test verification

The length and biomass of root showed an indiscernible differ-
ence (p > 0.05) compared with the control (Table S5). However, the
biomass of stem exposed with 50 and 250 mg kg�1 (environment-
relevant concentration) of dose PS-MPs decreased by 12.8%
(CV¼ 5.6%) and 25.9% (CV¼ 6.8%), respectively, compared with the
control group.

4. Discussion

4.1. Effects of physiological and biochemical

The biomass of rice leaves was significantly decreased under the
exposure of PS-MPs.The results reported by Qi and Jiang (Jiang
et al., 2019; Qi et al., 2018) can support the findings in this study
that the exposure to microplastics can also inhibit the growth of
crop leaves. Under exposure to PS-MPs, the cell connections in V.
faba roots probably be blocked and disrupted the nutrients trans-
port to leaves (Jiang et al., 2019).

In this study, the activities of SOD, POD, and CAT from the rice
leaves tissues after exposure to PS-MPs were lower than those of
the antioxidant enzymes, which is in consistence with the less
accumulated ROS contents (Fig. 2E). ROS are considered as one of
the most reliable indexes reflecting oxidative stress in plants
(Choudhury et al., 2017). The reduced activities of antioxidant en-
zymes (or ROS, to be more specific) confirmed that the oxidative
stress had exceeded their scavenging abilities, thus causing damage
in the rice growth (Koca et al., 2007). ROS showed a stimulatory
effect on the activities of antioxidant enzymes that are responsible
for scavenging different free radicals in rice. The results of There
may exist a dynamic balance between oxidative stress and anti-
oxidation in plants (Jiang et al., 2017). The exposure to PS-MPs may
inhibit the activities of POD and SOD, particularly when the
enhanced ROS level was beyond the scavenging ability of the en-
zymes. Excessive ROS may be formed beyond the scavenging ca-
pacity of the antioxidant system, thus leading to decreased
membrane activity as indicated by the change in MDA content. As
the nutrients adsorption was disrupted in roots, these results could
act as indirect evidence that PS-MPs exposure could deteriorate the



Fig. 3. PLS-DA results obtained from GC-MS data of metabolites extracted from rice leaves exposed to 0, 50, and 250 mg L�1 of PS-MPs (represented by LZ, LL, LH). (A) Scores plot
(PC1 vs PC2) of partial least-squares discriminant analysis (PLS-DA). (B) Variable importance in projection (VIP) scores of the top 20 metabolites in rice exposed to 0, 50, and
250 mg L�1 of PS-MPs.

Fig. 4. The box plot of the top 12 significantly different metabolites among the four groups of rice through the PLS-DA analysis. Different colors are used to distinguish different
groups that are consistent with the PLS-DA results. Every blue point represents a kind of metabolite in the VIP score. The relative contents of metabolites were displayed by the color
boxes, with red indicating high and green indicating low contents. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 5. Changes of metabolites mapped to the metabolic pathways in leaves of rice exposed to PS-MPs. The FC represents the relative contents of metabolites. The points were
colored according to the relative quantity (log2FC) of control. The red means up-regulation, the green means down-regulation, and the blue means increased under 50 mg L�1 PS MPs
then decreased under 250 mg L�1 PS MPs. The dotted and solid lines represent the indirect and direct connections between two metabolites, respectively, and the arrows present
the transformation direction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

X. Wu et al. / Environmental Pollution 266 (2020) 115159 7
activity of antioxidants in rice leaves (Gill and Tuteja, 2010; Wu
et al., 2017).

It is also confirmed in the field experiment, that after exposure
to PS-MPs, the biomass of the stem were lowered. Though the
difference was not significant, it still indicate that the effect of
exposure exists in the agricultural application scenario.

4.2. Metabolomics

Alteration in Amino acids. Amino acids typically play an
important role in modulating plant biological functioning by acting
as osmolytes, regulating ion transport, modulating stomatal
opening, serving as precursors for the synthesis of defense-related
metabolites, and signaling metabolites (Chen et al., 2018; Zhang
et al., 2013).

Changes in L-proline content is often closely related to envi-
ronmental stress, as it is beneficial in clearing ROS (Pidatala et al.,
2016). Similarly, phenylalanine plays an important role in plant
defenses, as it is the precursor for many intermediary and sec-
ondary metabolites (Tzin and Galili, 2010). The down-regulation of
phenylalanine may reflect the abnormal stress response of rice
leaves to MPs.

Amino acids are the primary substances for the synthesis of
proteins in rice leaves (Chen et al., 2019). Moreover, the descended
levels of most amino acids resulted in the reduction of the contri-
bution of amino acid-related metabolic pathways in protein syn-
thesis, including glycine, serine, and threonine metabolism, and
alanine, aspartate and glutamate metabolism. These two biosyn-
thesis pathwaysmay be responsible for the decrease in the biomass
of rice leaves. Due to the roles of amino acids in impairing protein
biosynthesis and promoting plant growth (Zhang et al., 2019), it can
be deduced that the decrease of amino acids in rice leaves might
result in the incapability of rice leaves to sustain the stress imposed
by PS-MPs through scavenging ROS from the leaves, thus inhibiting
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the growth of rice leaves.
Alteration in Saccharides. The down-regulation saccharides in

response to the exposure of PS-MPs might suggest the perturbation
of the glycolytic pathway. To be specific, saccharides play an
important role in protecting and stabilizing cell membranes, which
were functioned as ROS scavengers and signals in stress-induced
pathways (Ribeiro et al., 2016).

In this study, most saccharides, including various hexoses and
disaccharides, were down-regulated in rice leaves significantly
during all the exposure periods to PS-MPs.

The content of b-D-Lactose and D-galactose increased when
exposed to a low dose (50 mg L�1) of PS-MPs, possibly indicating
that the decomposition pathway of lactose was inhibited. As the
exposure dose of PS-MPs increased, the produced glucose in rice
leaves would perturb lactose synthesis. These saccharides (i.e., b- D-
lactose and D-galactose) may perturb galactose metabolism, thus
affecting the formation of some glycoproteins in rice (Chen et al.,
2018; Wu et al., 2017). Moreover, they could also act as primary
substances to synthesize starch in rice leaves, and contribute to the
transformation of proteins and lipids as signaling molecules, thus
providing energy for plant growth and development.

Alteration in Organic Acid. The changes in organic acids
showed a similar trend: Their relative abundance significantly
decreased after exposure to PS-MPs. Particularly, the content of
hydroxybenzoic acid decreased with the increasing of the doses of
PS-MPs, which indicated that the cell wall composition might be
changed as hydroxybenzoic acid is an integral component of cell
walls (Zhang et al., 2019). In addition, the increased concentration
of oxalic acid might act as signaling and defense molecules (Zhao
et al., 2016a).

For rice leaves, organic acids in the exposure group with the
doses in down-regulated could not work as non-enzymatic anti-
oxidants to alleviate oxidative stress induced by PS-MPs. Organic
acids are intermediates of major carbon metabolism (photosyn-
thesis and respiration) in plant cells (Drincovich et al., 2016). The
decreased organic acid content in rice leaves exposed to PS-MPs
induces the interference with photosynthesis and respiration in
rice.

From the aforementioned discussion, it can be concluded that
the decreased levels of amino acids from rice leaves might damage
the amino acids metabolic pathways of the rice leaves after expo-
sure to different doses of PS-MPs. The down-regulation of amino
acids and saccharides indicated that the exposure to PS-MPs
affected the nitrogen and carbon profiles in rice leaves. The
mechanism of organic acid profile changes under xenobiotic
exposure is a result of the reprogramming of multiple metabolic
pathways (Zhao et al., 2016b). Also, organic acids are considered as
an important media for plant material exchange with the outside
world, playing an important role in plant nutrient activation and
uptake (Igamberdiev and Eprintsev, 2016).

4.3. Metabolic pathways

Changes in metabolic pathways may interfere with crop anti-
oxidant defense systems, including energy metabolism and anab-
olism. The stress of ROS may affect energy metabolism by declining
the degree of anabolism, thus resulting in a decreased content of
biomass. The changes in the composition of amino acids and sac-
charides might also affect the metabolic pathways of galactose and
amino acids. And the rice biomass might decline as a result of the
down-regulation of the metabolites of galactose and amino acids.

As is known, malic acid can protect living organisms from
external stress and defend oxidative stress (Du et al., 2017). Succinic
acid was important in the respiratory system in mitochondria
(Ratnasekhar et al., 2015). Fumaric acid was used by cells to
produce energy in the form of adenosine triphosphate (Gold et al.,
2012). And these organic acids were also important intermediates
responsible for the TCA cycle. The decreases in concentrations of
malic, succinic and fumaric acid indicate that the defense and
respiratory have been affected, and the TCA cycle and related en-
ergy production might be interfered with.

5. Conclusions

Currently, the knowledge of the effects of microplastics on
plants is still lacking. There is an urgent need to elucidate the effects
of PS-MPs on rice growth. This study, for the first time, evaluated
the disturbance of metabolic systems of rice plants by PS-MPs using
omics-based non-target screening techniques. The concentrations
of intermediates (citric acid, 56.7%, and 94.2%) decreased after
exposure to different doses of PS-MPs, indicating that the antioxi-
dant defense system of rice was affected after exposure to different
doses of PS-MPs. And the biomass of rice decreased as proved by
the results of field-trial experiments after a cultivation time of 142
days when exposed to PS-MPs. Collectively, it can be found that the
disturbance in the metabolic pathways by PS-MPs could signifi-
cantly reduce rice production. However, there are some limitations
to this study. Firstly, there are numerous types of MPs that can be
detected in the soil environment, but only one type of PS-MPs was
considered as a representative contaminant in this study. The ef-
fects of the particle sizes of microplastics on rice were also ignored
in this study. The scale of a field test in this study is small, thus
leading to less reliability. Therefore, studies concerning a wider
range of microplastics and their effects on plant growth will be
further investing in the future.
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