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Abstract: With the wide use of polyethylene film, the influence of polyethylene microplastic particles
produced by its weathering on the rhizosphere soil microenvironment has attracted more and more
attention from scientific research circles. In this study, the effects of low (0.2% w/w), medium (1%
w/w), and high (2% w/w) doses of polyethylene particles and the combined reed biomass (2% w/w)
on soil environmental factors and bacterial communities and metabolites in the reed rhizosphere
were evaluated by a 90-day pot microscopic simulation system. The shape and surface microstructure
of polyethylene particles in each treatment group changed obviously. A high (2% w/w) dose of
microplastics significantly increased the TKN, TOC, and TP in reed root soil. The addition of the
biomass significantly improved the activities of urease and sucrase in the soil. The α diversity of
bacteria was not significantly affected by the addition of LDPE microplastics and biomass, but the β

diversity of the bacterial community and the relative abundance of the Candidatus_Roku Bacteria,
Chloroflexi, Unclassified_Blastocatella_Genus were significantly changed by the addition of middle
(1% w/w) and high (2% w/w) doses of microplastics. In addition, the spectrum analysis of the soil
metabolites showed that the abundance of soil metabolites was changed in each treatment group,
and the differential metabolites were significantly up-regulated or down-regulated. Our findings
provide a scientific reference to elucidate the impact of LDPE microplastic particles on the inter-rooted
soil microenvironment and improve our understanding of the potential risks of microplastics in
soil ecosystems.

Keywords: polyethylene microplastic particles; biomass; rhizosphere soil; enzyme activity; bacterial
diversity; metabolites

1. Introduction

In recent years, microplastic pollution in ecosystems has attracted widespread global
attention. As a new persistent pollutant, microplastics (MPs) were first discovered in the
research on marine plastic debris in the 1970s [1]. As the issue of microplastics in the marine
environment has been studied in recent decades, researchers have found that the impact
of microplastic particles on the Earth’s environment has been grossly underestimated.
Compared to marine ecosystems, terrestrial soils contain 4–23 times more microplastics
than those found in the ocean [2]. In addition, a growing body of research suggests that
microplastics may pose a serious threat to the vital functions of terrestrial ecosystems [3,4].
Recent research shows that microplastics are not only ubiquitous in soil but can also last for
a long time and are difficult to degrade, which directly affects soil properties, soil substance
and its nutrient cycle, microorganisms, and plants [5,6]. Most microplastic particles can
reduce the structural integrity of soil, resulting in a decrease in its water-holding capacity.
Yu et al. [7] found that different kinds of microplastics have fluctuating effects on various
soil enzyme activities. PE microplastics with different molecular weights have a significant
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effect on the soil–microorganism–plant. For example, PE particles increase the number
and α diversity of rhizosphere microorganisms but inhibit the biomass and photosynthetic
rate of plants and destroy the normal mineral nutrition metabolism [8]. Falsini et al.’s [9]
research showed that microplastics, such as PE, had negative effects on plant growth in the
early stage of exposure, including a decrease in photosynthetic activity and a change in
the plant concentration of macronutrients and micronutrients. In addition, microplastics
can absorb other pollutants (such as heavy metals and antibiotics) in the soil, which has a
far-reaching impact on the ecosystem [10]. Therefore, it is very important to study the risk
assessment and degradation of microplastics in terrestrial soil.

Low-density polyethylene (LDPE) is the main material used for agricultural plastic
films [11]. In recent years, LDPE agricultural film has become a major terrestrial ecological
pollutant due to the widespread use of on-farm mulching techniques. After these films enter
the soil, they can be weathered and split in a short time, eventually forming microplastic
particles [12]. In general, it is considered that LDPE is easy to decompose and has a low
impact on the soil environment, which is why it is widely used based on these advantages.
However, existing research shows that microplastics formed by the decomposition of
LDPE are highly hydrophobic and difficult to degrade, which makes them easily affected
by physics, chemistry, or biology [13,14]. The long-term retention of LDPE microplastic
particles in the soil has a certain effect on the soil ecology, but its mechanism is still
controversial and needs further study.

In recent years, research on the impact of microplastic particles on soil ecology has
become a hot topic, but there are fewer relevant reports on LDPE. Qi et al.’s [15] research
showed that the addition of 1% LDPE microplastics significantly affected the bacterial
community composition in wheat rhizosphere soil within 4 months and increased the
relative abundance of specific taxa. Fei et al. [7] found that both polyethylene and polyvinyl
chloride microplastics reduced the bacterial abundance and community diversity and
significantly altered the bacterial community structure, stimulating the growth of nitrogen-
fixing bacteria while suppressing the relative abundance of Sphingomonas and Flavobacterium.
In addition, microplastics can change the metabolites of rhizosphere soil (such as root
exudates and microbial metabolites) to promote the formation of new dominant microbial
communities, which further reveals the influence mechanism of microplastic residues
on the soil microenvironment [16]. Previous studies have shown that nano-materials
entering the soil changed the spectrum of the metabolites in the soil and significantly
changed the related metabolic pathways, such as sugar and amino acids [17]. However, it
has been shown that basic metabolic pathways, such as carbohydrate metabolism, lipid
metabolism, and nucleotide metabolism, are affected by large amounts of microplastic
residues [18]. However, research on the effects of microplastics on soil microbial metabolites
and metabolic pathways and functions is still lacking. More research is needed to determine
which soil metabolites and metabolic pathways can be affected by microplastic particles
and to elucidate the impact processes.

Therefore, this study combined macrogenomic sequencing and untargeted metabolomics
based on a macrogenomic technology and the metabolomics platform to reveal the effects
of LDPE microplastic particles on rhizosphere soil’s physicochemical properties, enzyme
activity, bacterial communities, and metabolites. These results will help to enhance our
understanding of the potential risks of microplastics to soil ecosystems.

2. Materials and Methods
2.1. Experimental Materials

For the accuracy of the experiment, the topsoil (0–20 cm) of sediments along the Li
River, which is far away from farmland and has less human activity, was selected. We
air-dried indoors, removed impurities, sieved with a 2 mm mesh, mixed thoroughly, and
stored for later use. The initial physical and chemical parameters were, determined as
shown in Table S1.
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LDPE particles (low-density polyethylene and chemically pure) were purchased from
the UBE-Japan Ube Yuko Co., Ltd. The LDPE microplastics had a particle size of 150–
180 µm. The pyrolytic properties were determined using an SDT-Q600 thermogravimetric
analyzer in N2 gas at a heating rate of 10 ◦C/min in the range of 25–800 ◦C.

The reed (phragmites australis (cav.) trin. ex steud.) biomass was obtained from the Li
River wetland in Pingdingshan, Henan Province, China. Fresh reeds were brought back
to the laboratory and rinsed with sterile water, cut into small pieces, and deactivated at
105 ◦C for 20 min, then quickly cooled to 65 ◦C for 24 h, and then removed and sieved to a
diameter. The reed seedlings were cultivated artificially.

2.2. Experimental Description

In this experiment, 24 root boxes were set up, and 9 kg of soil samples were added
to each root box. According to the experimental requirements, LDPE microplastics were
added according to the mass ratio (microplastics/soil), and four concentration gradients
were set in microplastics, which were 0% (w/w), 0.2% (w/w), 1% (w/w), and 2% (w/w),
respectively. The root box was further divided into two groups, A and B, in which group
A did not add biomass, and group B added biomass, according to 2% of the soil quality.
There were four treatments (different microplastic concentrations) in group A and group B,
and each treatment had three parallel treatments. The different experimental groups and
treatment marks are shown in Table 1.

Table 1. Name of treatment group.

LDPE Microplastic Dose
Reed Biomass Dose 0% 2%

(Group A) (Group B)

0% 0 L 0 wL
0.2% 0.2 L 0.2 wL
1% 1 L 1 wL
2% 2 L 2 wL

Notes: Where 0, 0.2, 1, and 2 represent the amount of microplastics (0: 0%, 0.2: 0.2%, 1:1%, and 2:2% w/w), and w
and L denote the addition of the reed biomass and the planting of reeds, respectively. There were three parallel
samples for each treatment group.

At the beginning of the experiment, three reeds were planted in each root box. After
seven days, only one reed with a similar growth condition was kept in each root box. The
soil moisture content was kept at 60% by the weighing method, and it was cultivated at
room temperature and in natural light. After the end of the experiment (the 90th day), soil
in the reed root was collected, one part of which was stored at −40 ◦C for metagenome
sequencing or high-throughput sequencing and metabonomics analysis, and the other part
was used for physical and chemical parameter determination and microplastic collection.
Three biological replicates were carried out for all sample parameters in this study.

2.3. Observation of Surface Morphology Changes of LDPE Microplastics

LDPE microplastic particles were collected from the soil in each treatment group after
90 d. The samples were dried at 60 ◦C for 24 h and used for scanning electron microscope
(SEM) analysis and energy dispersive spectrometry (EDS) analysis (Zeiss Gemini Sigma
300 SEM, Zeiss, Jena, Germany). The initial LDPE microplastic was used as a control.

2.4. Determination of the Physicochemical Properties of Reed Rhizosphere Soil in Each
Treatment Group

The ammonia nitrogen (NH4
+-N), nitrate (NO3

−-N), nitrite (NO2
−-N), total phospho-

rus (TP), and total organic carbon (TOC) of the soil with different amounts of primary
microplastics added were determined according to standard procedures. The TKN in the
soil was determined using a Kjeldahl apparatus (KjeFlex K360, Lausanne, Switzerland)
after sulfuric acid digestion. The pH was measured with a pH meter (Hanna HI98130,
Naples, Italy).
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2.5. Determination of Reed Rhizosphere Soil Enzyme Activity in Each Treatment Group

The collected rhizosphere soil was naturally air-dried and stored at 4 ◦C for soil
enzyme activity analysis. Soil sucrase (S-SC) was determined by 3,5-dinitrosalicylic acid
spectrophotometry, and its enzyme activity unit was defined as 1 mg of the reducing sugar
produced by 1 g of soil after 24 h. Soil urease (S-UE) was determined by indophenol blue
spectrophotometry, and its enzyme activity unit was defined as 1 µg of NH3

−-N produced
in 1 g of soil after 24 h. Soil catalase (S-CAT) was determined by potassium permanganate
titration, and its enzyme activity unit was defined as the degradation of 1 mmol of H2O2
catalyzed by air drying in 1g of soil after 24 h. Soil cellulase (S-CL) was determined using
the nitrosalicylic acid spectrophotometry method, where 1 unit of the enzyme activity
was defined as 1 mg of glucose produced in 1 g of soil after 24 h. All soil enzyme activity
measurements in this study used a soil enzyme kit from Biotech Bioengineering (Shanghai,
China) Co. Three biological replicates were performed for each treatment group.

2.6. Analysis of Microbial Diversity in Reed Rhizosphere Soil

For each treatment group, 1 g of rhizosphere soil was placed in sterile freeze-dried
tubes and sent to Biotech Bioengineering (Shanghai, China) Co. Ltd. for DNA extraction
and macro-genome sequencing. Genomic DNA was extracted from the rhizomicrobiome
present in 1.0 g of soil using an E.Z.N.A™ Mag-Bind Soil DNA kit (OMEGA, Norcross,
Georgia, Norcross, GA, USA), according to the manufacturer’s instructions. After DNA
extraction, DNA was tested for intactness using 1% agarose gel electrophoresis, its purity
using NanoDrop2000, and its concentration using TBS-380. The DNA was fragmented by
Covaris M220 (Gene Company, Shanghai, China), and the DNA fragment, with about a
500 bp interruption, was screened. The PE library was constructed by using a NEXTFLEX
Rapid DNA-Seq kit. After bridge PCR amplification, the Illumina NovaSeq PE250 platform
was used for sequencing. The analysis of raw read files of bacterial sequences was consistent
with that of the study by Qi et al. (2020) [15].

2.7. Analysis of Metabolic Profiling in Reed Rhizosphere Soil

For each treatment group, 15 g of rhizosphere soil was placed in lyophilization tubes
and sent to Biotech Bioengineering (Shanghai, China) Co. Ltd. for extraction and determi-
nation of soil metabolites. Then, 100 mg of the sample was weighed into an EP tube, and
1000 µL of an extract solution (methanol: water = 3: 1, with an isotopically labelled internal
standard mixture) was added. Then, the samples were homogenized at 35 Hz for 4 min and
sonicated for 5 min in an ice water bath. The homogenization and sonication cycles were
repeated 3 times. Then, the samples were incubated for 1 h at −40 ◦C and centrifuged at
12,000 rpm (RCF = 13,800× g), R = 8.6 cm) for 15 min at 4 ◦C. The resulting supernatant was
transferred to a fresh glass vial for analysis. The quality control (QC) sample was prepared
by mixing an equal aliquot of the supernatants from all of the samples.

LC-MS analyses were performed using a UHPLC system (Vanquish, Thermo Fisher
Scientific) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 µm) coupled to an
Orbitrap Exploris 120 mass spectrometer (Orbitrap MS, Thermo, Waltham, MA, USA). The
mobile phase consisted of 25 mmol/L ammonium acetate and 25 ammonia hydroxide in
water (pH = 9.75) (A) and acetonitrile (B). The auto-sampler temperature was 4 ◦C, and
the injection volume was 2 µL. The Orbitrap Exploris 120 mass spectrometer was used
for its ability to acquire MS spectra in information-dependent acquisition (IDA) mode in
the control of the acquisition software (Xcalibur, Thermo, Waltham, MA, USA). In this
mode, the acquisition software continuously evaluates the full scan MS spectrum. The ESI
source conditions were set as follows: sheath gas flow rate as 50 Arb, aux gas flow rate as
15 Arb, capillary temperature at 320 ◦C, full MS resolution as 60,000, MS/MS resolution as
15,000, collision energy as 10/30/60 in NCE mode, and spray voltage as 3.8 kV (positive)
or −3.4 kV (negative), respectively.
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2.8. Data Statistics and Analysis

Significant differences in parameters between the different treatment groups were ana-
lyzed by a one-way ANOVA test using SPSS 25.0. The shared characteristics between the
bacterial species levels of the different treatment groups are shown by Venn diagrams. Dif-
ferences in bacterial community diversity and metabolites between the different treatment
groups were analysed separately using principal component analysis (PCA). Correlations
between bacterial communities and physicochemical parameters in the different treatment
groups were analysed by redundancy analysis (RDA). In addition, correlations between
each physicochemical parameter and species diversity, dominant phyla, and metabolites
were analysed using a mantel test. The online analysis platform (Biozeron Cloud Platform,
http://www.cloud.biomicroclass.com/CloudPlatform) was used to draw the statistical
charts (heatmap, PCA, and Venn diagrams) used in this study.

3. Results
3.1. Effects of LDPE Microplastic Addition and Reed Biomass on Soil Physical and Chemical
Properties in Rhizosphere

In group A, the TKN and TOC increased with the increase of microplastics, while
the NH4

+-N, NO2
−-N, and pH were the opposite (Figure 1). With the increase of the

microplastic content, NO3
−-N decreased first and then increased, while the TP increased

first and then decreased with the increase of the microplastic content. Compared with
group B, NH4

+-N, NO3
−-N increased initially, followed by a decrease and then an increase

again with the increasing microplastic amount, while the TKN and TP increased and then
decreased with the increase of the microplastics. It is worth noting that the TOC content in
the reed root soil increased significantly with the increase of microplastics in both group A
and group B. In addition, whether in group A or group B, the addition of different LDPE
particles had no significant effect on the soil pH value but decreased with the increase of
the particles’ addition. This indicates that different amounts of microplastics can produce a
certain dose-effect on rhizosphere soil.
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3.2. Surface Morphology Changes of LDPE Microplastics

The scanning electron microscope (SEM) micrographs of LDPE microplastics in the
initial and each treatment group are shown in Figure 2. The SEM micrograph shows
that the surface of the initial LDPE microplastics was smooth and had no depressions,
while the surface of the LDPE microplastics cultivated in the soil for 3 months in all of the
treatment groups became rough and showed holes, cracks, and irregular deep pits, namely,
the surface morphology changed significantly. This indicates that the LDPE microplastics
buried in the soil might be biodegraded under the action of microorganisms.
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pellets (C).

3.3. Distribution of Soil Elements on the Surface of LDPE Microplastics

Energy spectrum analysis showed that the surface element of the initial LDPE mi-
croplastics used in this study was mainly C, O, and Na, with atomic percentages of 28.32%,
36.73%, and 34.96%, respectively (Figure S2). After the pot experiment, the LDPE microplas-
tics were isolated from the rhizosphere soil for a surface element analysis. The results
showed that the surface of the LDPE microplastics adsorbed a variety of mineral elements
and heavy metals. The surface C content of the microplastics increased with the increase
of microplastic dosage, which was the same in both groups of the experiments. However,
the addition of biomass reduced the content of C on the surface of the microplastics, while
O was the opposite. This suggests that the higher amount of microplastics weakened
their degradation process, while the addition of biomass contributed to the degradation
of the microplastics. On the whole, more substances were adsorbed on the surface of
the microplastics in group B. This indicated that the addition of biomass promotes the
degradation of microplastics, making their surface rougher and possessing more pore
structures, which improves their adsorption capacity.

3.4. The Effects of Microplastics on Soil Enzyme Activity

After 90 days of incubation, the effect of the LDPE microplastic addition on the
catalase, urease, cellulase, and sucrase activities in the reed rhizosphere soil was measured,
as shown in Figure 3. In group A, the addition of 0.2% promoted the activities of four soil
enzymes; the activity of soil sucrase increased especially significantly. The activities of the
soil catalase, cellulase, and sucrase decreased at first and then increased significantly with
the increase of the microplastic dosage, while the activities of the soil urease decreased
gradually with the increase of the microplastic dosage. In group B, the addition of the
biomass resulted in a significant increase in soil urease and sucrase activities compared to
group A. The soil catalase activity decreased first and then increased with the increase of
the microplastic dosage, while the cellulase showed a trend of decreasing first and then
increasing and finally decreasing.
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3.5. Effect of LDPE Microplastics on the Rhizosphere Soil Microbial Community

As shown in Figure S3, the number of species in each treatment group decreased with
increasing amounts of microplastic additives, regardless of whether the biomass was added.
The addition of the biomass increased the number of species-level microorganisms in the
low-dose microplastic addition group compared to group A. The changes in the ACE and
observed index that was calculated based on the number of genes also supported the above
results (Figure S4). As shown in Figure S3, in group A, the number of species showed
a decreasing trend with increasing doses of microplastics. The change in the number of
species in group B was different, as the number of species increased in all three treatments
(0.2 wL, 1 wL, and 2 wL) compared to 0 wL, but again showed a decreasing trend with
an increasing dose of microplastics. The addition of biomass reduced the Pielou index
of the microorganisms in the soil, except for the 1 wL. The diversity of the rhizosphere
soil microorganisms decreased with the increase of microplastic quantity in group A and
showed a trend of increasing and then decreasing diversity after the addition of the biomass.
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This suggests that LDPE particles and biomass in the soil altered the homogeneity and
diversity of the species in the rhizosphere microbial community.

The soil bacteria at the top 10 phylum level of relative abundance and top 15 genus
level of relative abundance are shown in Figure 4a and Figure 4b, respectively. In particular,
both a 1% and 2% microplastic addition significantly reduced the relative abundance of
Proteobacteria in both groups A and B compared to the no-microplastic-addition group, while
the opposite was true for Chloroflexi. In addition, a 2% microplastic addition significantly
increased the relative abundance of Acidobacteria (Table S2). The addition of the biomass
significantly reduced the relative abundance of Candidatus_Rokubacteria compared to the
addition of LDPE microplastics-only (Table S2). At the genus level, a 1% and 2% addition
significantly increased the relative abundance of the unclassified_Blastocatellia_genus in
group A compared to the no-microplastic-addition group, while the relative abundance of
Rhodospirillum significantly decreased with the increasing microplastic dose. The relative
abundance of the unclassified_Blastocatellia_genus in group B increased significantly at the
1% and 2% microplastic addition levels, while the relative abundance of Massilia changed
in the opposite direction (Table S3). In addition, the addition of the biomass significantly
decreased the relative abundance of the unclassified_Deltaproteobacteria_genus.

Significant differences in the bacterial community structure were revealed by a prin-
cipal coordinates analysis (PCoA), according to the Bray–Curtis dissimilarity at the gene
level. As shown in Figure S5, group A showed a clear separation from group B. Among
them, 0 L and 0.2 L aggregated with each other, and 1 L and 2 L aggregated with each
other in group A. However, 0 L and 0.2 L were dispersed from each other, with 1 L and 2 L.
These results show that the 0.2% microplastic addition did not significantly alter the rhizo-
sphere bacterial community of the reed, while the 1% and 2% additive amounts produced
significant changes in the rhizosphere bacterial community. The addition of the biomass
resulted in varying degrees of overlap between 0wL, 0.2 wL, and 2 wL, but all were clearly
separated from 1 wL. On the whole, the reed rhizosphere bacterial community was affected
by a combination of the amount of LDPE microplastics and biomass.

The RDA analysis for groups A and B were indicated in Figure S6a and Figure S6b
respectively. As shown in Figure S6a, S-CAT (catalase), TOC, TKN, TP, S-CL (cellulase)
were positively correlated with 1 L and 2 L, while pH, NO3

−-N, S-UE, NO2
−-N, S-SC

(sucrase) were positively correlated. Among them, TOC (r2 = 0.51889, p = 0.045), NO3
−-N

(r2 = 0.70889, p = 0.007), and TP (r2 = 0.62499, p = 0.024) were the main drivers affecting the
soil bacterial community structure in group A. In group B, 1wL was positively correlated
with S-SC, TKN, TP, and both 0wL and 2wL were positively correlated with NH4

+-N, S-CAT
(Figure S6b). The above results showed that there was a significant correlation between the
structure of the rhizosphere soil bacterial community and the physicochemical properties of
the soil between the different treatment groups. In addition, it is also confirmed that changes
in the bacterial community composition and structure in LDPE-containing microplastic
and biomass soils affect the physicochemical properties of the soil.
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3.6. Effects of LDPE Microplastics and Reed Biomass on Rhizosphere Soil Metabolism

A total of 297 metabolites were identified by GC-MS. The soil metabolites were mainly
divided into 12 categories; lipids and lipid-like molecules, organoheterocyclic compounds,
and organic acids and derivatives were the major categories of these identifiable com-
pounds, accounting for 31.63%, 20.00%, and 12.09% of the total metabolites, respectively.
The proportions of the metabolites in the classifications of benzenoids (10.23%), organic
nitrogen compounds (6.51%), and organic oxygen compounds (6.51%) were higher than
5.0% (Figure 5a). As shown in Figure 5b, the 0.2% addition significantly suppressed the
abundance of the soil metabolites in the microplastics-only treatment. The abundance
of soil metabolites was significantly increased by 0.2% and 1% microplastic addition in
group B. Overall, the treatment groups with microplastic exposure and the abundance of
soil metabolites showed a trend of increasing and then decreasing with increasing doses
of LDPE microplastics, with or without a biomass addition. The quality control (QC)
effect was good based on the PCA model analysis, indicating that the data were reliable
(Figure S7). The OPLS-DA model analysis showed that the metabolic status of the rhizo-
sphere soil was significantly disturbed in all the different treatment groups. Heatmaps
showed the differential metabolites in different treatments for 9 (5 up-regulated, 4 down-



Water 2023, 15, 1505 11 of 18

regulated), 15 (11 up-regulated, 4 down-regulated), 6 (1 up-regulated, 5 down-regulated),
13 (3 up-regulated, 10 down-regulated), 9 (5 up-regulated, 4 down-regulated), and 10 (2
up-regulated, 8 down-regulated) (Figure S7a). Among them, both the 0.2% and 1% addi-
tion in the microplastic-only treatment significantly suppressed the relative abundance
of bisdemethoxycurcumin. However, in group B, both the 0.2% and 1% microplastic ad-
ditions promoted the relative abundance of PA (20:1(11Z)/15:0), but high doses of LDPE
microplastic additions significantly inhibited the relative abundance of PA (20:1(11Z)/15:0)
(Figure S8).
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3.7. Correlation Analysis of Physicochemical Properties and Soil Community Structure

As shown in Figure 6, the bacterial diversity, dominant phyla, and soil metabolism
were all significantly influenced by a variety of environmental factors. In group A, the
diversity of the soil bacterial community in the reed root was significantly affected by the
TOC, NO3

−-N, and TP, the dominant bacteria in the reed root were significantly affected
by the TOC, TKN, and pH, and the soil metabolites were significantly affected by the
S-SC, NO2

−-N, NO3
−-N, and TP (Figure 6a). In group B, the diversity of the soil bacterial

community in the reed root was significantly affected only by NO3
−-N, the dominant

bacteria in the reed root were significantly affected by the TOC, NO2
−-N, TKN, and TP,

and the soil metabolites were significantly affected only by the S-SAT (Figure 6b).
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Figure 6. Heat map of correlation between rhizosphere soil environmental factors and bacterial
community diversity, dominant phyla, and metabolites of bacterial community. (a) shows the groups
without biomass addition. (b) shows the groups with biomass addition. * Significant correlation at
p < 0.05, ** Significant correlation at p < 0.01, and *** Significant correlation at p < 0.0001.
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4. Discussion

MPs retained in soil may interfere with the soil’s physical and chemical properties,
which has been partially confirmed, and such changes are largely due to factors such as
the soil type, microplastic species, concentration, and retention time of the MP residues.
The data of this study showed that the physical and chemical parameters of soil fluctuated
to some extent with the increase of LDPE microplastic dosage. In group A, the NH4

+-N
content of the soil showed a decreasing trend as the microplastic content increased, but
none of them were significantly different from the control group. With the addition of
the reed biomass, the NH4

+-N content of each treatment group was higher than that of
the same microplastic addition level group in group A. This suggests that soil bacteria
may be more biased towards degrading readily degradable organic matter and that in
experimental group A, high doses of microplastics showed stronger inhibition of nitrogen
cycle-associated bacteria, which was moderated by the addition of the biomass [19]. In
addition, the NO3

+-N content in groups A and B was significantly higher in the 0.2%
spiked level group than in the 2% spiked level group, showing a low promotion and
high suppression phenomenon. It may be that a small dose of microplastics increased the
porosity of the soil, promoted the circulation of oxygen, and enhanced the nitrification
reaction [20]. The addition of high-dose microplastics can increase the porosity of the
soil, but due to the high microplastic concentration, the substances that enter the soil
after decomposition also increase, which inhibits the nitrification reaction to some extent.
Microplastics themselves are composed of a large number of carbon elements, and long-
term input will cause soil carbon accumulation, which explains the phenomenon that the
TOC content of the soil in this experiment increased with the increase of the microplastic
addition [21]. In this study, the content of the TP in the soil increased significantly in the
middle and high dosage groups of the microplastics, which was similar to the results of
Yin et al. [22]. The higher dosage stimulated the activity of extracellular enzymes related to
the phosphorus cycle. Microplastics have been reported to alter the exchange of cations and
protons, leading to changes in the pH [23]. However, Wu’s [18] 2-month study of different
doses of LDPE microplastics added to soil found no significant effect on the pH, either
as a time factor or as an additive volume factor. This conclusion is further supported by
our data.

A large number of studies have observed the physical/chemical degradation and
biodegradation of microplastics in the natural environment through scanning electron
microscopy [24]. The SEM results of this study showed that LDPE microplastic particles
exposed to soil underwent varying degrees of decomposition. In addition, microplastics
have the ability to adsorb xenobiotic chemicals and are, therefore, considered to be carriers
of harmful pollutants [25–27]. This study also showed that various elements (such as Mg,
Al, Si, K, Ca, Fe, etc.) were adsorbed on the surface of the PE-particles in the soil. It is worth
noting that more elements were adsorbed on the surface of microplastics in the biomass
treatment. This was due to the addition of the biomass recruiting more degradative bacteria,
which roughened the surface of the microplastic and enhanced its adsorption. The ACE
index between the different treatment groups also supported these findings. In addition,
some reports show that microplastics provide carriers for the attachment of heavy metals
and organic pollutants in soil, which increases the harmful effects on the soil structure
and microbial activities, and then threatens plant and human health. As the polyethylene
particles have a negative surface potential, this leads to reduced anion adsorption due to
electrostatic repulsion. In addition, Dong et al. [28] found that the adsorption capacity of
microplastics to metal was mainly influenced by the particle size of the microplastics. At
present, a lot of research is devoted to synthesizing new materials by photocatalysis to
reduce this risk [29,30].

Numerous studies have shown that microplastics can stimulate soil enzyme activity,
which in turn affects the cycling of carbon, nitrogen, and phosphorus in the soil [4,31,32].
We observed a differential response of different types of soil enzyme activity to the addition
of LDPE microplastics. The addition of the reed could have significantly increased the soil
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urease and invertase, which is because the easily degradable biomass could have provided
rich nutrient sources for the bacteria, which can enhance the activity and metabolism
of soil bacteria, thus significantly increasing the soil urease and invertase. Urease is
closely linked to the nitrogen cycle in soil, and in particular by promoting the hydrolysis
of nitrogenous organic matter [33]. This study found that the presence of microplastics
in group B significantly increased the urease activity in the soil compared to group A.
Nitrogen cycle enzyme activity has been reported to decrease with decreasing carbon
availability [34]. Therefore, the depletion of carbon in the refractory LDPE microplastics
may lead to a reduction in urease activity. Catalase is considered to be an indicator enzyme
for aerobic bacteria and is closely associated with aerobic bacterial populations [35]. This
study showed that a 2% LDPE microplastic addition significantly increased soil peroxidase
activity with or without biomass incorporation. This might be due to the addition of large
amounts of microplastics that increase porosity in the soil.

It is well known that in soil ecosystems, microplastics affect the soil bacterial com-
munity in two main ways. On the one hand, microplastics change the environment for
soil bacteria by altering the physical properties and nutrient conditions of the soil. On the
other hand, microplastics stimulate the production of new dominant flora by altering root
secretions and bacterial metabolites in the rhizosphere soil. Therefore, we analyzed the
diversity and metabolites of rhizosphere soil bacteria in each treatment group. We found
that although the Venn diagram showed varying degrees of reduction in the abundance of
species-level bacteria in the rhizosphere soil following the addition of LDPE microplastics,
there was no significant effect on the α diversity, which was similar to Ya’s [36] research.
These phenomena can be explained by the fact that soil bacteria are usually resistant to
external disturbances [37]. After four months of incubation, Li et al. [38] found that both
LDPE and PBAT (polyadipate/butylene terephthalate) microplastics with different addi-
tive levels significantly altered the alpha diversity of soil bacteria. Lou et al. [39] showed
that the α diversity index of bacteria on the surface of particles in microplastics was sig-
nificantly lower than that of surrounding soil samples. However, the study by Huang
et al. [40] showed that PE microplastics failed to significantly alter the alpha diversity
of soil bacteria. This suggests that soil microorganisms are, to some extent, resistant to
external disturbances.

Species abundance analysis showed that the predominant phylum in all of the samples
was Proteobacteria, which is consistent with the results of other studies on soil microplastic
contamination [41]. Notably, this study found that the abundance of Proteobacteria decreased
with the increase of the microplastic content of LDPE in group A. Previous studies have
shown that most Proteobacteria belong to eutrophic bacteria. With the increase of refractory
LDPE microplastics, the nutrients that can be directly utilized by bacteria in the soil
decrease, thus reducing their relative abundance. The addition of biomass in group B
provided a rich source of carbon for soil bacteria compared to group A, thus significantly
increasing the abundance of Proteobacteria. Many studies have been conducted to obtain
some degrading bacteria by adding microplastics to the soil. These bacteria are mainly
concentrated in the phyla Proteobacteria, Bacteroidetes, and Firmicutes, as well as some of
their genera, such as Pseudomonas, Bacillus, and Acinetobacter [7,40,42]. A study by Luo
et al. [43] showed that Sphingomonas, Bacillus, and Gp4 were the dominant core species
in agroecosystems with microplastic levels greater than 300 pieces kg−1. The results of
this study differed from those of previous studies. In this study, the relative abundance
of Candidatus_Rokubacteria and Chloroflexi was significantly increased by both 1% and 2%
microplastic addition. In addition, the unclassified_Blastocatellia_genus, which belongs to
Acidobacteria, was significantly enriched in the medium-high microplastic additive group.
Although these bacteria showed significant variation with the LDPE microplastic addition,
their function in microplastic-contaminated soil ecosystems needs to be further validated
to expand the database of possible degrading microorganisms for microbial degradation of
soil MPs.
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The principal component analysis showed that 1% and 2% LDPE microplastic ad-
ditions significantly altered the bacterial community structure of the rhizosphere soil.
Previous studies have also proved that high concentrations of microplastics can change the
β diversity of soil bacteria [38]. In this study, it was found that LDPE microplastics had less
effect on the beta diversity of soil bacteria in group B compared to group A. This may be
because the addition of exogenous biomass weakened the dose-effect of the soil bacteria
on the LDPE microplastics. This study found that the addition of the exogenous biomass
weakened the dose-effect of the soil bacteria on the LDPE microplastics. This indicates that
the bacterial communities in the soil treated by LDPE microplastics prefer to use external
energy and carbon sources [44].

Changes in the composition and content of the soil metabolites may be a direct re-
flection of the response of the soil microorganisms to exogenous soil contaminants [31,45].
The presence of nano-materials has been reported to alter the distribution of metabolites
in the soil and significantly alter metabolic pathways associated with sugars, amino acids,
etc. [46]. Organic fertilizer application increases soil amino acid content by influencing
amino acid metabolic pathways [47]. In addition, after 60 days of research, Fu et al. [8]
found that LDPE microplastics with different molecular weights could significantly change
the soil’s metabolic state. This study showed that all the treatment groups significantly
altered the metabolite profile of the soil after 90 d, including lipids and lipid-like molecules,
organic heterocyclic compounds, organic acids and their derivatives, and benzenoid com-
pounds. This confirms some of the preliminary findings that LDPE microplastics can
modify metabolites in the rhizosphere soil of reeds. More importantly, in experimental
group A, there was a down-regulation of the differential metabolites Harderoporphyrin
and LysoPE (18:2(9Z,12Z)/0:0), especially LysoPE (18:2(9Z,12Z)/0:0). In addition, bis-
demethoxycurcumin was significantly down-regulated in the 0.2 L and 1 L groups. These
metabolites have a certain degree of antioxidant effect, which can slow down the disease
risk of plants and bacteria. This further confirmed that the existence of LDPE microplastics
aggravated the potential risk to the soil ecosystem. Previous studies have shown that
LysoPE (18:2(9Z,12Z)/0:0) belongs to the glycerophospholipid class and is mainly involved
in protein recognition and signaling by the cell membrane [48]. In addition, the addition
of the reed biomass promoted the relative abundance of N-Acetyl-2, 6-diethylaniline at
medium (1%) and high (2%) microplastic additions. The function of these marker metabo-
lites in the soil–plant system remains to be further validated.

5. Conclusions

Plastics are widely used materials, and the resulting microplastic pollution is a se-
riously harmful and expanding global problem, which leads to serious environmental
impacts and threatens human health. The purpose of this study was to explore the ef-
fects of microplastics and biomass addition on the biodiversity and metabolism of reed
rhizosphere soils. The results of this study confirmed that different additive amounts
of polyethylene microplastic particles significantly interfered with the physicochemical
parameters and enzymatic activity of the reed rhizosphere soil. In addition, after 90 d of soil
incubation, the surface of the LDPE pellets underwent varying degrees of biodegradation
and adsorbed a variety of elements. Although the α diversity did not show significant
differences in the treatment groups, the β diversity showed a clear separation between
low and medium-to-high doses, while the addition of biomass weakened the dose-effect
generated by the microplastics. The results of the metabolomics study showed that LDPE
microplastic particles significantly altered the metabolite profile of reed rhizosphere soil
and significantly inhibited the metabolism of glycerophospholipids. This study provides a
scientific reference for understanding the effects of LDPE microplastic particles on the rhi-
zosphere soil microenvironment. Based on the current research situation, further research
should expand the types of other pollutants that may be loaded into the soil environment
in microplastics so as to evaluate the impact of the combination of multiple pollutants on
soil ecology.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15081505/s1, Figure S1: Thermogravimetric analysis of virgin
polyethylene microplastic pellets; Figure S2: Energy dispersive spectrometer of the adsorption
characteristics of soil elements on the surface of LDPE microplastic granules. Raw LDPE microplastic
pellets (C), The red box indicated the area analyzed by energy dispersive spectrome-ter. The data
in the figure represented the percentages of different elements on the surface of LDPE microplastic
granules; Figure S3: Venn diagram based on the level of soil bacterial species in the rhizosphere
of the different treatment groups; Figure S4: Analysis of the alpha diversity of the rhizosphere soil
bacterial community in different treatment groups; Figure S5: The β diversity of rhizosphere soil
bacteria in the different treatment groups; Figure S6: a and b indicate the response of rhizosphere
soil bacteria to physicochemical parameters in the absence and presence of biomass additions,
respectively. Note: catalase (S-CAT), urease (S-UE), cellulase (S-CL), and sucrase (S-SC). In Figure d,
“*” indicate significant differences at the confidence levels of 0.05; Figure S7: a shows the distribution
of metabolites in different treatment groups through OPLS-DA model analysis. Figure b shows the
distribution of differential metabolites in all treatment groups by principal component analysis, in
which QC is quality control, and mutual clustering of QC indicates good quality control and reliable
data; Figure S8: Differential metabolites in each treatment group, and “*” indicates that there is a
significant difference at p < 0.05 level; Table S1: Basic chemical properties of the test soils; Table
S2: Analysis on the difference of relative abundance of bacterial phylum in rhizosphere soil of each
treatment group; Table S3: Analysis on the difference of relative abundance of bacterial genus in
rhizosphere soil of each treatment group.

Author Contributions: Z.T.: Writing—original draft, Data curation. B.L.: Writing—review and
editing, Project administration. W.Z.: Investigation. F.L.: Investigation. J.W.: Visualization. Z.S.:
Conceptualization. Y.Z.: Writing—review and editing, Supervision. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the project supported by the Science and Technology Research
of Henan Province, China (222102320395, 232102321044), the Basic research plan for key scientific
research projects of higher education institutions in Henan Province, China (21B610003), the Train-
ing Program for Young Key Teachers of higher education institutions in Henan Province, China
(2020GGJS218), and the Innovative training program for college students in Henan Province, China
(202211765048).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Colton, J.B.; Burns, B.R.; Knapp, F.D. Plastic Particles in Surface Waters of the Northwestern Atlantic. Science 1974, 185, 491–497.

[CrossRef] [PubMed]
2. Horton, A.A.; Walton, A.; Spurgeon, D.J.; Lahive, E.; Svendsen, C. Microplastics in freshwater and terrestrial environments:

Evaluating the current understanding to identify the knowledge gaps and future research priorities. Sci. Total Environ. 2017, 586,
127–141. [CrossRef]

3. Guo, J.-J.; Huang, X.-P.; Xiang, L.; Wang, Y.-Z.; Li, Y.-W.; Li, H.; Cai, Q.-Y.; Mo, C.-H.; Wong, M.-H. Source, migration and
toxicology of microplastics in soil. Environ. Int. 2020, 137, 105263. [CrossRef] [PubMed]

4. Zhang, G.S.; Liu, Y.F. The distribution of microplastics in soil aggregate fractions in southwestern China. Sci. Total Environ. 2018,
642, 12–20. [CrossRef] [PubMed]

5. Koelmans, A.A.; Besseling, E.; Foekema, E.; Kooi, M.; Mintenig, S.; Ossendorp, B.C.; Redondo-Hasselerharm, P.E.; Verschoor, A.;
van Wezel, A.P.; Scheffer, M. Risks of Plastic Debris: Unravelling Fact, Opinion, Perception, and Belief. Environ. Sci. Technol. 2017,
51, 11513–11519. [CrossRef]

6. Sintim, H.Y.; Bary, A.I.; Hayes, D.G.; Wadsworth, L.C.; Anunciado, M.B.; English, M.E.; Bandopadhyay, S.; Schaeffer, S.M.;
DeBruyn, J.M.; Miles, C.A.; et al. In situ degradation of biodegradable plastic mulch films in compost and agricultural soils. Sci.
Total Environ. 2020, 727, 138668. [CrossRef]

7. Fei, Y.; Huang, S.; Zhang, H.; Tong, Y.; Wen, D.; Xia, X.; Wang, H.; Luo, Y.; Barceló, D. Response of soil enzyme activities and
bacterial communities to the accumulation of microplastics in an acid cropped soil. Sci. Total Environ. 2020, 707, 135634. [CrossRef]

8. Fu, Q.; Lai, J.-L.; Ji, X.-H.; Luo, Z.-X.; Wu, G.; Luo, X.-G. Alterations of the rhizosphere soil microbial community composition and
metabolite profiles of Zea mays by polyethylene-particles of different molecular weights. J. Hazard. Mater. 2022, 423, 127062.
[CrossRef]

https://www.mdpi.com/article/10.3390/w15081505/s1
https://www.mdpi.com/article/10.3390/w15081505/s1
http://doi.org/10.1126/science.185.4150.491
http://www.ncbi.nlm.nih.gov/pubmed/17830390
http://doi.org/10.1016/j.scitotenv.2017.01.190
http://doi.org/10.1016/j.envint.2019.105263
http://www.ncbi.nlm.nih.gov/pubmed/32087481
http://doi.org/10.1016/j.scitotenv.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29894871
http://doi.org/10.1021/acs.est.7b02219
http://doi.org/10.1016/j.scitotenv.2020.138668
http://doi.org/10.1016/j.scitotenv.2019.135634
http://doi.org/10.1016/j.jhazmat.2021.127062


Water 2023, 15, 1505 17 of 18

9. Falsini, S.; Colzi, I.; Chelazzi, D.; Dainelli, M.; Schiff, S.; Papini, A.; Coppi, A.; Gonnelli, C.; Ristori, S. Plastic is in the air: Impact
of micro-nanoplastics from airborne pollution on Tillandsia usneoides (L.) L. (Bromeliaceae) as a possible green sensor. J. Hazard.
Mater. 2022, 437, 129314. [CrossRef]

10. Kumar, R.; Ivy, N.; Bhattacharya, S.; Dey, A.; Sharma, P. Coupled effects of microplastics and heavy metals on plants: Uptake,
bioaccumulation, and environmental health perspectives. Sci. Total Environ. 2022, 836, 155619. [CrossRef]

11. Hou, L.; Xi, J.; Liu, J.; Wang, P.; Xu, T.; Liu, T.; Qu, W.; Lin, Y.B. Biodegradability of polyethylene mulching film by two
Pseudomonas bacteria and their potential degradation mechanism. Chemosphere 2022, 286, 131758. [CrossRef] [PubMed]

12. Menossi, M.; Cisneros, M.; Alvarez, V.A.; Casalongué, C. Current and emerging biodegradable mulch films based on polysaccha-
ride bio-composites. A review. Agron. Sustain. Dev. 2021, 41, 53. [CrossRef]

13. Liwarska-Bizukojc, E. Effect of (bio)plastics on soil environment: A review. Sci. Total Environ. 2021, 795, 148889. [CrossRef]
14. Li, J.; Song, Y.; Cai, Y. Focus topics on microplastics in soil: Analytical methods, occurrence, transport, and ecological risks.

Environ. Pollut. 2020, 257, 113570. [CrossRef] [PubMed]
15. Qi, Y.; Ossowicki, A.; Yang, X.; Lwanga, E.H.; Dini-Andreote, F.; Geissen, V.; Garbeva, P. Effects of plastic mulch film residues on

wheat rhizosphere and soil properties. J. Hazard. Mater. 2020, 387, 121711. [CrossRef]
16. Miller, S.B.; Heuberger, A.L.; Broeckling, C.D.; Jahn, C.E. Non-Targeted Metabolomics Reveals Sorghum Rhizosphere-Associated

Exudates are Influenced by the Belowground Interaction of Substrate and Sorghum Genotype. Int. J. Mol. Sci. 2020, 20, 431.
[CrossRef] [PubMed]

17. Tian, L.; Shen, J.; Sun, G.; Wang, B.; Ji, R.; Zhao, L. Foliar Application of SiO2 Nanoparticles Alters Soil Metabolite Profiles and
Microbial Community Composition in the Pakchoi (Brassica chinensis L.) Rhizosphere Grown in Contaminated Mine Soil. Environ.
Sci. Technol. 2020, 54, 13137–13146. [CrossRef]

18. Wu, C.; Ma, Y.; Wang, D.; Shan, Y.; Song, X.; Hu, H.; Ren, X.; Ma, X.; Cui, J.; Ma, Y. Integrated microbiology and metabolomics
analysis reveal plastic mulch film residue affects soil microorganisms and their metabolic functions. J. Hazard. Mater. 2022, 423,
127258. [CrossRef] [PubMed]

19. Chen, H.; Wang, Y.; Sun, X.; Peng, Y.; Xiao, L. Mixing effect of polylactic acid microplastic and straw residue on soil property and
ecological function. Chemosphere 2020, 243, 125271. [CrossRef]

20. Koskei, K.; Munyasya, A.N.; Wang, Y.; Zhao, Z.; Zhou, R.; Indoshi, S.N.; Wang, W.; Cheruiyot, W.K.; Mburu, D.M.; Nyende, A.B.;
et al. Effects of increased plastic film residues on soil properties and crop productivity in agro-ecosystem. J. Hazard. Mater. 2021,
414, 125521. [CrossRef]

21. Qiu, Y.; Zhou, S.; Zhang, C.; Zhou, Y.; Qin, W. Soil microplastic characteristics and the effects on soil properties and biota: A
systematic review and meta-analysis. Environ. Pollut. 2022, 313, 120183. [CrossRef] [PubMed]

22. Yin, M.; Yan, B.; Wang, H.; Wu, Y.; Wang, X.; Wang, J.; Zhu, Z.; Yan, X.; Liu, Y.; Liu, M.; et al. Effects of microplastics on nitrogen
and phosphorus cycles and microbial communities in sediments. Environ. Pollut. 2023, 318, 120852. [CrossRef]

23. Boots, B.; Russell, C.W.; Green, D.S. Effects of Microplastics in Soil Ecosystems: Above and Below Ground. Environ. Sci. Technol.
2019, 53, 11496–11506. [CrossRef] [PubMed]

24. Lin, Z.; Jin, T.; Zou, T.; Xu, L.; Xi, B.; Xu, D.; He, J.; Xiong, L.; Tang, C.; Peng, J.; et al. Current progress on plastic/microplastic
degradation: Fact influences and mechanism. Environ. Pollut. 2022, 304, 119159. [CrossRef] [PubMed]

25. Camacho, M.; Herrera, A.; Gómez, M.; Acosta-Dacal, A.; Martínez, I.; Henríquez-Hernández, L.A.; Luzardo, O.P. Organic
pollutants in marine plastic debris from Canary Islands beaches. Sci. Total Environ. 2019, 662, 22–31. [CrossRef] [PubMed]

26. Mahfooz, Y.; Yasar, A.; Guijian, L.; Islam, Q.U.; Akhtar, A.B.T.; Rasheed, R.; Irshad, S.; Naeem, U. Critical risk analysis of metals
toxicity in wastewater irrigated soil and crops: A study of a semi-arid developing region. Sci. Rep. 2020, 10, 12845. [CrossRef]
[PubMed]

27. Wang, Y.; Wang, X.; Li, Y.; Li, J.; Liu, Y.; Xia, S.; Zhao, J. Effects of exposure of polyethylene microplastics to air, water and soil on
their adsorption behaviors for copper and tetracycline. Chem. Eng. J. 2021, 404, 126412. [CrossRef]

28. Dong, Y.; Gao, M.; Song, Z.; Qiu, W. As(III) adsorption onto different-sized polystyrene microplastic particles and its mechanism.
Chemosphere 2020, 239, 124792. [CrossRef]

29. Lu, S.; Shen, L.; Li, X.; Yu, B.; Ding, J.; Gao, P.; Zhang, H. Advances in the photocatalytic reduction functions of graphitic carbon
nitride-based photocatalysts in environmental applications: A review. J. Clean. Prod. 2022, 378, 134589. [CrossRef]

30. Yu, B.; Li, X.; He, M.; Li, Y.; Ding, J.; Zhong, Y.; Zhang, H. Selective production of singlet oxygen for harmful cyanobacteria
inactivation and cyanotoxins degradation: Efficiency and mechanisms. J. Hazard. Mater. 2023, 441, 129940. [CrossRef]

31. Li, X.; Qu, C.; Bian, Y.; Gu, C.; Jiang, X.; Song, Y. New insights into the responses of soil microorganisms to polycyclic aromatic
hydrocarbon stress by combining enzyme activity and sequencing analysis with metabolomics. Environ. Pollut. 2019, 255, 113312.
[CrossRef] [PubMed]

32. Meng, F.; Yang, X.; Riksen, M.; Geissen, V. Effect of different polymers of microplastics on soil organic carbon and nitrogen—A
mesocosm experiment. Environ. Res. 2022, 204, 111938. [CrossRef] [PubMed]

33. Sinsabaugh, R.L.; Shah, J.J.F. Ecoenzymatic Stoichiometry and Ecological Theory. Annu. Rev. Ecol. Evol. Syst. 2012, 43, 313–343.
[CrossRef]

34. Bowles, T.M.; Acosta-Martínez, V.; Calderón, F.; Jackson, L.E. Soil enzyme activities, microbial communities, and carbon and
nitrogen availability in organic agroecosystems across an intensively-managed agricultural landscape. Soil Biol. Bio-Chem. 2014,
68, 252–262. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2022.129314
http://doi.org/10.1016/j.scitotenv.2022.155619
http://doi.org/10.1016/j.chemosphere.2021.131758
http://www.ncbi.nlm.nih.gov/pubmed/34399255
http://doi.org/10.1007/s13593-021-00685-0
http://doi.org/10.1016/j.scitotenv.2021.148889
http://doi.org/10.1016/j.envpol.2019.113570
http://www.ncbi.nlm.nih.gov/pubmed/31767234
http://doi.org/10.1016/j.jhazmat.2019.121711
http://doi.org/10.3390/ijms20020431
http://www.ncbi.nlm.nih.gov/pubmed/30669498
http://doi.org/10.1021/acs.est.0c03767
http://doi.org/10.1016/j.jhazmat.2021.127258
http://www.ncbi.nlm.nih.gov/pubmed/34844367
http://doi.org/10.1016/j.chemosphere.2019.125271
http://doi.org/10.1016/j.jhazmat.2021.125521
http://doi.org/10.1016/j.envpol.2022.120183
http://www.ncbi.nlm.nih.gov/pubmed/36126769
http://doi.org/10.1016/j.envpol.2022.120852
http://doi.org/10.1021/acs.est.9b03304
http://www.ncbi.nlm.nih.gov/pubmed/31509704
http://doi.org/10.1016/j.envpol.2022.119159
http://www.ncbi.nlm.nih.gov/pubmed/35304177
http://doi.org/10.1016/j.scitotenv.2018.12.422
http://www.ncbi.nlm.nih.gov/pubmed/30684899
http://doi.org/10.1038/s41598-020-69815-0
http://www.ncbi.nlm.nih.gov/pubmed/32733057
http://doi.org/10.1016/j.cej.2020.126412
http://doi.org/10.1016/j.chemosphere.2019.124792
http://doi.org/10.1016/j.jclepro.2022.134589
http://doi.org/10.1016/j.jhazmat.2022.129940
http://doi.org/10.1016/j.envpol.2019.113312
http://www.ncbi.nlm.nih.gov/pubmed/31610503
http://doi.org/10.1016/j.envres.2021.111938
http://www.ncbi.nlm.nih.gov/pubmed/34478726
http://doi.org/10.1146/annurev-ecolsys-071112-124414
http://doi.org/10.1016/j.soilbio.2013.10.004


Water 2023, 15, 1505 18 of 18

35. Liu, H.; Yang, X.; Liu, G.; Liang, C.; Xue, S.; Chen, H.; Ritsema, C.J.; Geissen, V. Response of soil dissolved organic matter to
microplastic addition in Chinese loess soil. Chemosphere 2017, 185, 907–917. [CrossRef]

36. Ya, H.; Xing, Y.; Zhang, T.; Lv, M.; Jiang, B. LDPE microplastics affect soil microbial community and form a unique plastisphere
on microplastics. Appl. Soil Ecol. 2022, 180, 104623. [CrossRef]

37. Lee, S.-H.; Sorensen, J.; Grady, K.L.; Tobin, T.C.; Shade, A. Divergent extremes but convergent recovery of bacterial and archaeal
soil communities to an ongoing subterranean coal mine fire. ISME J. 2017, 11, 1447–1459. [CrossRef]

38. Li, C.; Cui, Q.; Li, Y.; Zhang, K.; Lu, X.; Zhang, Y. Effect of LDPE and biodegradable PBAT primary microplastics on bacterial
community after four months of soil incubation. J. Hazard. Mater. 2022, 429, 128353. [CrossRef]

39. Luo, G.; Jin, T.; Zhang, H.; Peng, J.; Zuo, N.; Huang, Y.; Han, Y.; Tian, C.; Yang, Y.; Peng, K.; et al. Deciphering the diversity and
functions of plastisphere bacterial communities in plastic-mulching croplands of subtropical China. J. Hazard. Mater. 2022, 422,
126865. [CrossRef]

40. Huang, Y.; Zhao, Y.; Wang, J.; Zhang, M.; Jia, W.; Qin, X. LDPE microplastic films alter microbial community composition and
enzymatic activities in soil. Environ. Pollut. 2019, 254, 112983. [CrossRef]

41. Sun, Y.; Duan, C.; Cao, N.; Li, X.; Li, X.; Chen, Y.; Huang, Y.; Wang, J. Effects of microplastics on soil microbiome: The impacts of
polymer type, shape, and concentration. Sci. Total Environ. 2022, 806, 150516. [CrossRef] [PubMed]

42. Yuan, J.; Ma, J.; Sun, Y.; Zhou, T.; Zhao, Y.; Yu, F. Microbial degradation and other environmental aspects of microplastics/plastics.
Sci. Total Environ. 2020, 715, 136968. [CrossRef] [PubMed]

43. Luo, G.; Zhu, Q.; Jin, T.; Peng, J.; Zuo, N.; Zhang, H.; Geng, M.; Huang, Y.; Han, Y.; Tian, C.; et al. Crop types and irrigation
regimes as drivers of plastisphere bacterial communities in plastic-mulching croplands of subtropical China. Appl. Soil Ecol. 2023,
182, 104696. [CrossRef]

44. Rees, D.C.; Johnson, E.; Lewinson, O. ABC transporters: The power to change. Nat. Rev. Mol. Cell Biol. 2009, 10, 218–227.
[CrossRef] [PubMed]

45. Zheng, T.; Li, J.; Liu, C. Improvement of α-amylase to the metabolism adaptions of soil bacteria against PFOS exposure. Ecotoxicol.
Environ. Saf. 2021, 208, 111770. [CrossRef] [PubMed]

46. Zhang, H.; Huang, M.; Zhang, W.; Gardea-Torresdey, J.L.; White, J.C.; Ji, R.; Zhao, L. Silver Nanoparticles Alter Soil Microbial
Community Compositions and Metabolite Profiles in Unplanted and Cucumber-Planted Soils. Environ. Sci. Technol. 2020, 54,
3334–3342. [CrossRef]

47. Tan, Y.; Wang, J.; He, Y.; Yu, X.; Chen, S.; Penttinen, P.; Liu, S.; Yang, Y.; Zhao, K.; Zou, L. Organic Fertilizers Shape Soil Microbial
Communities and Increase Soil Amino Acid Metabolites Content in a Blueberry Orchard. Microb. Ecol. 2022, 85, 232–246.
[CrossRef]

48. Li, Z. The Chemistry and Histology of Animal Skins; China Light Industry Press: Beijing, China, 2010.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.chemosphere.2017.07.064
http://doi.org/10.1016/j.apsoil.2022.104623
http://doi.org/10.1038/ismej.2017.1
http://doi.org/10.1016/j.jhazmat.2022.128353
http://doi.org/10.1016/j.jhazmat.2021.126865
http://doi.org/10.1016/j.envpol.2019.112983
http://doi.org/10.1016/j.scitotenv.2021.150516
http://www.ncbi.nlm.nih.gov/pubmed/34592287
http://doi.org/10.1016/j.scitotenv.2020.136968
http://www.ncbi.nlm.nih.gov/pubmed/32014782
http://doi.org/10.1016/j.apsoil.2022.104696
http://doi.org/10.1038/nrm2646
http://www.ncbi.nlm.nih.gov/pubmed/19234479
http://doi.org/10.1016/j.ecoenv.2020.111770
http://www.ncbi.nlm.nih.gov/pubmed/33396088
http://doi.org/10.1021/acs.est.9b07562
http://doi.org/10.1007/s00248-022-01960-7

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Experimental Description 
	Observation of Surface Morphology Changes of LDPE Microplastics 
	Determination of the Physicochemical Properties of Reed Rhizosphere Soil in Each Treatment Group 
	Determination of Reed Rhizosphere Soil Enzyme Activity in Each Treatment Group 
	Analysis of Microbial Diversity in Reed Rhizosphere Soil 
	Analysis of Metabolic Profiling in Reed Rhizosphere Soil 
	Data Statistics and Analysis 

	Results 
	Effects of LDPE Microplastic Addition and Reed Biomass on Soil Physical and Chemical Properties in Rhizosphere 
	Surface Morphology Changes of LDPE Microplastics 
	Distribution of Soil Elements on the Surface of LDPE Microplastics 
	The Effects of Microplastics on Soil Enzyme Activity 
	Effect of LDPE Microplastics on the Rhizosphere Soil Microbial Community 
	Effects of LDPE Microplastics and Reed Biomass on Rhizosphere Soil Metabolism 
	Correlation Analysis of Physicochemical Properties and Soil Community Structure 

	Discussion 
	Conclusions 
	References

