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Large amounts of micro- and nanoplastics, which are released into the environment through
environmental weathering of plastic items or sludge disposal/application, can end up in soil, being
considered as a new plant abiotic stressor. In nature, plants face a number of abiotic stresses
simultaneously. However, it is largely unknown whether and how abiotic stress combination affects the
plant uptake of nanoplastics, and how plants tune the rhizosphere interactions to acclimate to a
combination of nanoplastic and another abiotic stress. Here we show that smaller, fragmented nanoplastics
can accumulate in the root of Arabidopsis thaliana under combined nanoplastic and Cd stresses. The
specific changes in root exudation of organic acids and bacterial community composition that reveals a
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DOI: 10.1039/d1en00230a metabolic preference for aromatic compounds drive the degradation of nanoplastics in the rhizosphere.

Our findings provide critical implications relevant to food security that nanoplastics will contaminate crops

rsc.li/es-nano as well, and in turn, transfer along the human food chain.

Environmental significance

The ubiquity and rising occurrence of micro- and nanoplastics in soils can be another factor of abiotic stress affecting plant growth and development. Here
we report the degradation of nanoplastics in the rhizosphere of Arabidopsis thaliana in response to co-occurring nanoplastic and heavy metal stresses,
followed by accumulation of the fragmented nanoplastics in the roots. We reveal that according to changes in the root exudate composition, the
enrichment of specific soil bacteria that have a distinct preference for aromatic compounds can contribute to the partial degradation of nanoplastics in the

Published on 26 August 2021. Downloaded on 10/27/2021 4:34:53 AM.

rhizosphere, as a part of adaptive strategy to avoid the adverse effects of nanoplastics.

Introduction

Microplastic pollution has been noticed worldwide from
inland to polar regions,'™ and there are growing concerns
of potential risks in biota. While many investigations of the
fate of micro- (MPs, <5 mm) and nanoplastics (NPs, <100
nm or 1000 nm) have been carried out in aquatic
systems,”® the available data remain limited for soils,
despite the increasing evidence that agricultural land is
likely a sink for MPs and NPs.*’ Emission data show that
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approximately 63 000-430000 tons of MPs are added
annually to agricultural soil in Europe, which is much higher
than the values estimated from surface waters.® Moreover, the
use of plastic films and sludge-based fertilizer in agricultural
practices can introduce a great input of MPs and NPs into
farmland.®'® Given that once deposited in soils, the MPs and
NPs are expected to decompose very slowly,’" they need to be
regarded as a new long-lasting environmental stressor to
terrestrial organisms, particularly to plants, which are sessile.
In nature, plants are usually under abiotic stress
conditions and must acclimate to diverse stresses to survive
and tolerate. The morphological, physiological, biochemical,
and molecular responses of plants to abiotic stresses have
been the subject of intensive research with much emphasis
on individual stress factors.'>'* However, plants in the field
are routinely exposed to combinations of two or more
different abiotic stresses, potentially triggering acclimation
responses distinct from those for individual stresses.'® Plant
responses to abiotic stress can also be linked with microbiota
since plant assembles specific microbial compartments
surrounding roots (the rizhosphere). The interplay between
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plant roots and their associated microbes is critical for
resilience to abiotic stresses in soil environments.""®
Despite the growing number of studies demonstrating the
phytotoxicity of MPs or NPs,'” " relatively few studies have
sought to understand their effects in combination with other
abiotic stresses.?> In addition, whether and how the MP or
NP exposure impacts the assembly of the rhizosphere
microbiome is still largely unknown.

Stress response in plants occurs at various organ levels
among which the root first encountered to many stresses is
of particular importance. Previous studies on root-particle
interaction demonstrated the size-dependent uptake of
nanosized particles by roots.** Given recent reports of the
plant uptake of NPs and even submicrometer-sized MPs,"®**
as well as existing information on various nanomaterials,>*"*®
original and environmentally-weathered NPs are likely to pass
through the plant cell wall and be accumulated in plants,
suggesting the potential for transfer of the NPs to higher
trophic levels. Here, to address the fate and effects of NPs in
the plant-soil system when simultaneously exposed to
different abiotic stress, we studied the systemic response of
Arabidopsis thaliana and its associated bacterial community
to a combination of cadmium (Cd) and polystyrene NP (PS
NP; ~50 nm in diameter, Fig. S1f). Cd was chosen as a
representative of one of the most important abiotic stressors
because heavy metal stress is common in both natural and
agricultural soils.

Materials and methods
Nanoplastic material

A stock suspension of PS NPs with a diameter of 50 nm was
purchased from Polyscience Inc. (USA). Transmission
electron microscopy (TEM) images were obtained using a FEI
Tecnai G2-F20. Dynamic light scattering analysis of PS NP
suspension was performed using a Malvern Zetasizer Nano
ZS. PS NPs were 43.6 + 4.6 nm in diameter (TEM) in the stock
suspension and had an average hydrodynamic diameter of
51.1 + 5.4 nm in deionized water (Fig. Sla. and bt). The PS
NPs had a negative zeta potential across the full pH range
(pH 3-9) (Fig. Sict). The composition was confirmed via a
Fourier transform infrared spectrometer (FTIR; Vertex 80v,
Bruker) (Fig. S1df), with a range of 800-2000 cm ™.

Plant growth and stress treatments

A. thaliana Col-0 (cv. Columbia-0) was wused in all
experiments. The characteristics of soil (Hungnong Seed Co.,
Korea) are given in Table S1. Cd, NPs or Cd/NP were spiked
into sterile soils that presented the desired concentrations.
In brief, soil was mixed with a diluted Cd stock solution (1 g
L™ Cd(NOs),). After homogenization, the soil was kept in a
glass container for 3 days inside a plant growth chamber to
maintain a constant temperature (24 °C). To check the
homogeneity of Cd spiking into the soil, the soil samples
(triplicates) were analyzed by an inductively coupled plasma
optical emission spectrometry (ICP-OES; iCAP6300 DUO,
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Thermo Scientific). The accuracy of the analytical results was
ensured by calibration curves (used by Periodic Table Mix 1
for ICP, Sigma-Aldrich), with a 90-105% recovery rate. After 3
days, the NP stock (25 g L™") was diluted and suspended in
Millipore water by sonication for 3 min and mixed with
incubated soil to reach a target concentration of NPs in soil.
The soil mixtures were equilibrated at the plant incubator for
1 week before planting.

The surface-sterilized seeds of A. thaliana were grown in
pots (6 cm x 6 cm in size and 8 cm depth) with 100 g soil
containing Cd, NP or Cd/NP (n = 10 pots per each treatment)
at 22 °C under long-day conditions (16 h photoperiod; 200
umol m™> s7"), watered every other day, and harvested after
21 days before they flowered to evaluate their dry weight and
Cd content. For a single exposure, the concentrations of Cd
(5.6 mg kg™* soil) and NPs (0.05, 0.1 and 0.5 g kg™* soil) were
chosen on the basis of the levels previously reported in the
literature.>”*® For a combined exposure, the Cd (5.6 mg kg™
soil) and NP (0.1 g kg™ soil) concentrations were applied.
The soil samples were taken for analyses of Cd distribution.
Soil Cd was fractionated into five operational pools following
previous literature,”® and each digestion extract was analyzed
using ICP-OES.

Measurement of Cd and reactive oxygen species (ROS) in plants

To measure Cd content in plant tissues, sampled roots and
leaves were dried and digested in concentrated nitric acid at
105 °C overnight. The diluted samples were analyzed by an
ICP-OES. O, and H,0, in whole (except roots) 21 day-old
plants were determined using nitroblue tetrazolium (NBT)
and 3,3-diaminobenzidine (DAB) staining, respectively.*”

Detection of nanoplastic uptake and degradation

The distribution of NPs in A. thaliana grown in soils with NP
or Cd/NP for 21 d was analyzed by TEM (JEM-1011, JEOL), as
described previously.'® The roots and leaves were fixed in 2%
glutaraldehyde and 2% paraformaldehyde buffer and washed
three times with PBS buffer. The samples were stained using
0.5% uranyl acetate, dehydrated in ethanol, and then
embedded in Spurr's resin. The samples were sectioned and
observed using a TEM.

The degradation byproducts of PS NPs in soils were
identified by a GC-MS (HP6890-JMSII, Jeol) equipped with a DB-
1 capillary column. Freeze-dried soils (5 g) were ultrasonically
extracted for 3 min four times with dichloromethane (DCM),
followed by rotary evaporation. The concentrate dissolved in
benzene was injected into a gas chromatography-mass
spectrometry (GC-MS).*" Biphenyl and phenanthrene were used
as surrogate and internal standard, respectively.

Community-level physiological profiling

Community-level metabolic capabilities of microbes in soil
were screened with the Biolog EcoPlates (Biolog Inc.)
according to manufacturer's protocol.*” Each well of the plate
was inoculated with 150 pL of soil inoculum and incubated
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at 25 °C. Absorbance was measured by a microplate reader
(Biochrom EZ Read 400 ELISA) at 590 nm after 3, 5 and 8
days of incubation. The microbial metabolic activity was
expressed as AWCD (> OD;/31), where OD; is the optical
density of each substrate corrected by subtracting the blank
well (without a carbon source) values.

Root bacterial community analysis

DNA in soil samples was extracted using a DNeasy Powersoil
Kit (Qiagen) according to the manufacturer's protocol. The
universal primer pair (341F and 805R) targeting the V3-V4
regions of bacterial 16S rRNA genes was used for
amplification. The amplicons were purified and subjected to
Nlumina MiSeq 300 bp paired-end sequencing. High-
throughput sequencing analysis was performed by Macrogen
Inc. (South Korea).

Hydroponic experiments

To directly measure the changes in NP size following the
treatment, plants (n = 4 per each treatment) were grown in
autoclaved half-strength Murashige and Skoog (MS) media
(pH 5.8; adjusted with 0.1 N KOH) with NP (0.1 g L") or Cd/

View Article Online
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NP (5.6 mg L7%/0.1 g L™") for 21 days. Growth conditions
remained same as those of the soil culture. After the plants
were removed from the media, the size of residual NPs in the
media was characterized using TEM (Tecnai F20 G2, FEI).

Analysis of organic acids released from roots

After plants had been grown in half-strength MS media for
14 days, they were transferred to a 24-well culture plate that
contained half-strength MS media with Cd (5.6 mg L"), NP
(0.1 g L) or Cd/NP (5.6 mg L™'/0.1 g L") and incubated for
1 day. Then, the plants were removed and the remaining
solutions were filtered through 0.45 um filters and stored at
-20 °C until analysis. The organic acid analysis were
performed using a high performance liquid chromatography
(HPLC; Ultimate3000, Thermo Dionex), equipped with an
Aminex 87H column (Bio-Rad). The mobile phase was 0.01 N
H,SO, at a flow rate of 0.5 ml min" with the detection
wavelength of 210 nm.**

Statistical analyses

All  experiments were conducted with at least four
independent replicates. One-way analysis of variance (ANOVA)
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Fig. 1 (a) Phenotypes of 21 day-old A. thaliana exposed to Cd (5.6 mg kg™), NP (0.05, 0.1 or 0.5 g kg™¥) or a combination of Cd and NP (Cd/NP;
5.6 mg kg /0.1 g kg™ in soil. Photographs are from three representative plants out of ten. (b) Shoot dry weight. (c) Cd concentrations in roots
(filled bars) and shoots (diagonal bars) of plants subjected to Cd or Cd/NP treatments. Averages and standard deviations are shown; different
letters indicate significant differences according to Duncan's test (n = 10, p < 0.05).
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with Tukey HSD test (IBM SPSS statistics 20) or Student's
t-test (two-tailed) was used to determine if differences were
significant (i.e., p < 0.05). Data were presented as mean +
standard deviation (S. D.).

Results and discussion

Physiological responses of A. thaliana to individual and
combined stresses

We grew A. thaliana in soil pots mixed with Cd, NPs or a
combination of Cd and NP (Cd/NP). A. thaliana exposed to
NPs exhibited similar appearances and shoot dry weights as
the control plant, regardless of the NP concentration applied
(0.05, 0.1 and 0.5 g kg™* soil) (Fig. 1a and b), suggesting that
the NP exposure alone did not affect the plant physiology
under those particular conditions. The phytotoxicity of NPs
remains controversial so far. For example, the treatment of
NPs reduced root elongation in onion (Allium cepa) and
decreased the growth of cucumber (Cucumis sativus),"**°
while it had no discernible effect on wheat (Triticum
aestivum).** This suggests that the toxic effect of NPs on
plants depends on the physicochemical properties (i.e., size,
surface charge) and concentration of NPs, and test plant
species. By contrast, more severe growth inhibition with
decreased shoot dry weight was observed in the plants
stressed by Cd/NP compared to Cd alone (Fig. 1a and b).

Root

Leaf
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To explore the possible involvement of intracellular
reactive oxygen species (ROS) in the joint effects of Cd and
NP, the ROS levels in 21 day-old plants were determined by
using two histochemical probes, DAB for H,0, and NBT for
0,7, finding elevated ROS levels in the Cd/NP-treated sample
(Fig. S27). Given that NPs which adsorb heavy metals, might
affect the metal bioavailability in soil and uptake by plants,
we also analyzed the Cd contents in the roots and shoots
(Fig. 1c). The Cd/NP treatment promoted Cd accumulations
in roots by 16% and in shoots by 13.7% over those of the Cd-
treated plant. This was linked to changes in Cd speciation in
NP-amended soil (Fig. S3t), with a shift from residual to
organically-bound phases that was likely due to Cd sorption
onto NPs. The observation of increased uptake of Cd by
Arabidopsis plants in NP-amended soil is consistent with
previous studies,*?® demonstrating that carbon materials
(i.e., graphene oxide and carbon dot) addition could increase
the exchangeable level of heavy metals in soils, which then
enhanced plant availability. Thus, the overall effect of NP and
Cd stress combination was found to be additive, resulting in
enhanced growth inhibition by increased ROS generation
and bioavailable Cd accumulation in plants.

Uptake of fragmented NPs in plants under combined stress

To study NP distribution in A. thaliana, we subjected plants
to a combination of Cd and NP stresses and analyzed the
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Fig. 2 (a-f) TEM images of transverse sections of 21 day-old roots and leaves subjected to Cd/NP. (c and d) Enlarged images of red squares in
upper panels. Scale bars are 1 um in a, b, e, and f, 500 nm in c and d. (g) NP particle size in exposure stock suspension, roots and MS media. For a
size measurement in hydroponics, plants were grown in half-strength MS media with Cd and NPs for 21 days. Averages and standard deviations
are shown; different letters indicate significant differences according to Duncan's test (n = 100, p < 0.05). (h) PS byproduct detection in treated
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test (n = 3, p < 0.05).
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plant tissues by TEM. Most NPs accumulated in the
intercellular regions of roots (Fig. 2a-d), suggesting the
existence of an apoplastic pathway for NPs in plant roots. A
large number of studies have proposed the apoplastic
pathway in which NPs first contact the root surface and then
pass through the intercellular space associated with the outer
apoplast without crossing the cell membrane.*® The lack of
detection of NPs in the leaves (Fig. 2e and f) implies that NP
translocation from roots to leaves was likely limited.
Interestingly, the size of NPs in the roots was smaller
than in the stock suspension (Fig. 2g). The roots that had
been exposed to NP alone were also analyzed for a
comparison, and there was no statistically significant
difference in the particle size between NP-treated roots and
stock suspension (Fig. S4a and bf), which is consistent
with a previous study that demonstrated the plant
accumulation of NPs.'® Therefore, the reduced particle size
within roots of Cd/NP-treated plant provided evidence of
NP degradation under combined stress conditions. It is
important to note that due to technical limitations (ie.,
practical difficulties to separate the NPs from soil), the size
of the residual NPs was measured in MS media after
removing plants, while the uptake experiment was
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performed with plants grown in soils. We discovered the
presence of much smaller NPs (by 60-80% of their original
diameter) in hydroponics compared to in roots (Fig. 2g
and S57), because NP degradation can be additionally
accelerated by the radicals generated from photolysis of
organic acid exudates in a hydroponic system.*’

Further evidence that NP degradation could be occurring
in planted soil system was provided by the identification of
PS degradation byproducts in soil samples using GC-MS
(Table S27). The untreated rhizosphere contained the low
levels of styrene derivatives that occurred naturally.*® The
concentrations of PS-derived oligomers were higher in the
Cd/NP-treated rhizosphere than in the NP only-treated
rhizosphere (Fig. 2h), which indicates that NP degradation
was specifically promoted in the rhizosphere exposed to a
combination of NP and Cd. These findings provide a
plausible explanation for the observed higher accumulation
of Cd in the plants treated with Cd/NP than in those treated
with Cd alone, as aging has been noted as an important
factor enhancing the heavy metal adsorption capacity of
MPs.*® Together, the altered NPs can be taken up by plants
after partial degradation in the rooting zone of A. thaliana
during stress combination.
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Fig. 3 (a) Carbon metabolic activities reflected by maximum AWCD (*p < 0.05). (b) PCA based on carbon source utilization of bacterial
communities at each incubation time point. (c) PCA based on the carbon source utilization of bacterial communities under different stress
treatments. (d) Quantification of fumaric and malic acids in root exudates of control and treated plants. Averages and standard deviations are
shown (n = 3); significant differences are indicated by different letters (p < 0.05).
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Abiotic stress-induced variations in metabolic traits and
structure of root-inhabiting bacterial community

If the rhizosphere bacterial community plays a role in
degrading NPs, a treatment of Cd and NP stresses might
affect both metabolic function and structure of bacterial
community assembly. To address this possibility, we sought
to quantify the metabolic potentials of control and treated
rhizosphere microbiome in respect to carbon metabolism
using Biolog EcoPlates. No significant differences were
observed in the microbial metabolic activities reflected by the
maximum average substrate utilization (maximum average
well color development (AWCD)) between control and Cd or
NP-exposed groups (Fig. 3a and Se6af). Counter to our
expectation, however, the community treated with Cd/NP
exhibited the higher maximum AWCD compared to control,
indicating that a combined exposure to Cd and NP boosts
the overall metabolic activity of rhizosphere bacteria.

The substrates in the EcoPlates represented six carbon-
based components, including carbohydrates, carboxylic acids,
amino acids, amines, polymers, and phenolic compounds
(Table S3 and Fig. S6bt). A principal component analysis (PCA)
of rhizosphere metabolic capacity on the basis of exposure
period and different stress treatment revealed a clear
segregation of bacterial communities in treated and control
groups (Fig. 3b and c). After NP and/or Cd exposure, the
metabolic profile after 3 days of incubation of the Ecoplates
was distinct from those after 5 and 8 days of incubation, as the
bacterial community in the early stage of adapting to stress

100 -+

90
60

40

Relative abundance (%)

Soil Rhizo Cd-Rhizo NP-Rhizo Cd/NP-Rhizo

@ Rhodanobacter [@ Chitinophage Il Noc O Limisphaera

W Frateuria

W Sulfurifiexus B Devosia [ Aavisolibacter Il Optitutus B Bacillus

3 Pseudonocardia [C] Niastella W Massilia Parafilimonas @ Rurimicrobium
W Pseudolabrys [l Strep O O Tepidisph @ Arellula

[l Others

View Article Online

Paper

exhibits a trade-off between maintenance energy requirement
and metabolic efficiency.”® At which saturation of carbon
utilization was reached (5 and 8 days), we found that phenolic
compounds were more preferentially consumed by the
community, especially subjected to Cd/NP exposure. Some
phenolic compounds such as benzoic acid and 3-vinylcatechol,
are known products of the styrene oxidation pathway in soils.*!
This observation of phenolic substrate preference corroborates
our finding that PS degradation products such as styrene
dimers and trimers, are identified in Cd/NP-exposed
rhizosphere soil of A. thaliana (Fig. 2h).

Plant roots exude various metabolites (e.g. sugars, amino
acids and organic acids) as a defense mechanism against
external stimuli, and the composition and extent of plant
exudates may induce the metabolic reprogramming of
rhizosphere bacterial communities;** thus, we determined
the root exudation of low-molecular-weight organic acids
(LMWOASs) from 1 day-treated A. thaliana with NP and/or Cd.
Malic and fumaric acids were dominant OAs in the root
exudates of treated plants, and these were significantly
enriched in the Cd/NP-treated sample (Fig. 3d and S7f).
Although we were able to detect a notable increase in
particular OAs in our study, it should be noted that it
represents only a small fraction of the total exudates. These
results support our hypothesis that greater exudation of
organic acids from the Cd/NP-treated plants may alter the
metabolic activity of rhizosphere microbiome that are able to
degrade and/or consume NPs and their degradation products
as carbon sources, prompting us to explore whether a
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Fig. 4 (a) Average relative abundance in each root microbiome at genus level. Classified genera with relative abundances >0.2% are indicated. (b)
Ternary plot of genera with average relative abundance >0.2% enriched in the rhizosphere soils exposed to Cd, NP and Cd/NP. The size of the
circle indicates the relative abundance for that genus. Genera with relative abundance >3% are colored. (c) Relative abundance of selected genera

in bacterial community subjected to Cd or Cd/NP treatments.
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relationship between carbon substrate uptake traits and
bacterial community shifts existed.

The bacterial community structure in control and NP-
and/or Cd-treated rhizosphere soils was characterized
through 16S rRNA gene sequencing. Although treated and
control rhizosphere soils had similar numbers of operational
taxonomic units (OTUs) (669-679 vs. 688), the bacterial
diversity within the samples was different, disclosing an
increase in Shannon index upon treatment (Fig. S8t). All
samples were dominated by bacteria belonging to the phyla
Bacteroidetes and Proteobacteria (Fig. S91). We found that
many species at genus level were shared among the samples,
but several genera were specifically enriched in Cd- or Cd/NP-
treated samples (Fig. 4a and b). For example, Cd-resistant
genera such as Rhodanobacter and Pseudonocardia were found
in larger abundances in the Cd-exposed community.”>**
Compared to control, the Cd/NP-exposed bacterial
community showed notable increases in relative abundance
in the genera Chitinophaga, Parafilimonas, and Flavisolibacter
that have been found in aromatic-impacted environments or
described to be able to degrade aromatic compounds.*>™*’
Notably, the relative abundances of two major genera
observed in the Cd-exposed community were significantly
depleted in the Cd/NP-exposed community (Fig. 4c),
indicating that combined stress treatment induces a unique
pattern of gene expression that is not a simple sum of each
stress response. These changes in bacterial community
compositions, particularly through the niche partitioning of
aromatic-degrading bacterial taxa, provide insight into how
plant-microbe interactions in the rhizosphere contribute to
NP degradation under combined stress condition.

Conclusions

Plants can shape their root microbiome towards a better
adaptation to various stress conditions. This study
demonstrates the plant uptake of fragmented NPs that are
generated by biologically facilitated degradation in the
rhizosphere. We suggest that organic acid exudate-induced
enrichment/selection of root-specific bacteria with metabolic
preferences for aromatic compounds may facilitate the NP
degradation. Our finding that much smaller NPs and more
Cd are accumulated in the plants grown in co-contaminated
soils with Cd and NP implies the potential for higher-level
human health and ecological effects afforded by ingesting
them. Given the widespread distribution of NPs and heavy
metals in soils, the NP degradation could be common in
agricultural systems. Thus, further research is recommended
to examine the transformation of NPs under different stress
combinations and its effects on the biological activity of
some terrestrial species.
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