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A B S T R A C T   

Microplastics (MPs) are emerging contaminants in agricultural soil, whereas their effects on the rhizosphere 
microbial ecosystems and biogeochemical nitrogen cycles during plant growth remain unknown. Here, a 70-day 
greenhouse experiment was carried out with black and fluvo-aquic soil to evaluate the influence of polyamide 
(PA), polyethylene (PE), polyester (PES), and polyvinyl chloride (PVC) MPs on the bacterial communities and 
functions in the soybean rhizosphere. The PA treatment consistently affected the rhizobacterial alpha diversity in 
the fluvo-aquic soil at soybean vegetative and reproductive growth stages, whereas the PE, PES, and PVC 
treatments had a short-term effect on the bacterial alpha diversity. At two growth stages, 6 and 23 biomarkers 
were consistently abundant in the PA treatment in the black soil and fluvo-aquic soil, respectively, and order 
Rhizobiales was found to be a biomarker for PA MPs contamination in both soils. Additionally, PA treatment 
decreased bacterial network complexity and tightness, whereas the effects of the PE, PES, and PVC on bacterial 
co-occurrence patterns varied depending on the soil types. Furthermore, PES and PVC treatments inhibited 
ammonification processes in the soybean rhizosphere, and PE could temporarily inhibit ammonia oxidation and 
denitrification processes according to the variations of N-cycling gene abundances. These effects on soil N-cycling 
also varied with soil types and soybean growth stages. This study provides profound information for under
standing of MPs residues on the assembly of the soybean rhizosphere communities and function during plant 
development.   

1. Introduction 

Microplastics (MPs, particles size < 5 mm) are deemed as an 
emerging contaminant due to their wide occurrence in a variety of 
environmental compartments and their negative effects on aquatic and 
terrestrial ecosystems (Law and Thompson, 2014; Wright et al., 2013). 
The study focus has turned to terrestrial ecosystems in the last five years 
(de Souza Machado et al., 2018, 2019; Li et al., 2021), after approxi
mately a decade of research limited to ocean and freshwater ecosystems 
(Auta et al., 2017; Barker and Hill, 1981; do Sul and Costa, 2014; Rillig 
et al., 2019). Various environmental sources and human activities, such 
as soil amendments (e.g., organic fertilizer) (Weithmann et al., 2018; 
Zhang et al., 2020), plastic mulching (Qi et al., 2020, 2018), sewage 
sludge (Lehmann et al., 2020), atmospheric fallout (Mbachu et al., 
2020), littering or street runoff (Zhao et al., 2021), may contribute to the 

contamination of MPs in terrestrial ecosystems. So far, MPs have been 
found in almost all soils worldwide, including cities and industrial areas 
(Fuller and Gautam, 2016), natural reserves (Scheurer and Bigalke, 
2018), and agricultural fields (Piehl et al., 2018). Recent studies sug
gested that agricultural soils may store more MPs than oceans (Nizzetto 
et al., 2016) and more research should be carried out on its effects on the 
agricultural ecosystem. 

The essential region that directly surrounds plant roots, known as the 
rhizosphere, has been identified as a hotspot of microbial interactions 
and activity in soils (Philippot et al., 2013). Importantly, the rhizosphere 
microbiome plays a vital role in directly and/or indirectly regulating 
plant growth and productivity, nutrient cycling, and ecosystem stability 
in agro-ecosystems (Hardoim et al., 2008; Powell and Rillig, 2018; Wang 
et al., 2017). Studies indicated that MPs particles may be transported to 
deeper soil layers by the action of soil biota, specifically animals, 
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thereby influencing roots and rhizosphere microbiome (Rillig et al., 
2017). For instance, the relative abundances of the genus Lysobacter and 
Sphingomonas in the wheat rhizosphere soil were enhanced by the 
addition of polyethylene (PE) MPs (Qi et al., 2018). Also, the relative 
abundance of some species associated with pollution degradation in the 
wheat rhizosphere soil was miscellaneously increased by the PE, poly
vinylchloride (PVC), and polystyrene (PS) MPs (Zhu et al., 2022a). 
Studies also reported that PE and polylactic acid (PLA) MPs influenced 
arbuscular mycorrhizal fungi community structure and diversity (Wang 
et al., 2020; Yang et al., 2021), and the PLA MPs altered soybean 
rhizosphere alpha diversity and the key bacteria of dinitrogen fixation 
(Lian et al., 2022). However, our understanding of how MPs affect the 
rhizosphere microbiome and function is still limited as their effects 
differed depending on the soil and polymer properties. Moreover, the 
amount and composition of root exudates vary significantly in different 
plant growth stages (Aulakh et al., 2001), which may result in changes in 
the bioavailability and toxicity of external contaminants including MPs. 
As far as we know, the changes in rhizobacteria driven by multiple types 
of MPs during plant growth and the potential impacts of MPs on 
ecological function in various agricultural ecosystems are still poorly 
known. 

Soil types with distinct physicochemical properties (i.e., soil bulk 
density, water-stable aggregates, and water-holding capacity) can affect 
both the efficiency of the biogeochemical cycle (Zhang et al., 2022) and 
the communities of root-colonizing symbionts, including mycorrhizal 
fungi and N-fixers (Lowery and Ursell, 2019; Rillig et al., 2019). 
Therefore, considering different soil types in a study may improve the 
understanding of the changes of soil microbial communities and func
tion caused by external contaminants. The fluvo-aquic soil and black soil 
present remarkable differences in their properties such as pH, soil 
organic matter content, microbial biomass carbon, etc (Table S1). In the 
present study, a 70-day greenhouse soil-pot experiment was designed to 
investigate the impacts of four common types of MPs (polyamide, PA; 
PE; polyester, PES; and PVC) on the rhizosphere microbiome and their 
related function in the fluvo-aquic and black soils. Soybean (Glycine 
max), one of the most important crops in the global agriculture, was 
selected as the tested plant (Karges et al., 2022). This study aimed to (1) 
reveal the effects of exposure to different MPs types on the soybean 
rhizosphere bacterial communities, N cycling function and its variation 
over plant growth stages, and (2) investigate if soil type can regulate 
MPs effects on soybean rhizosphere. This study significantly advances 
our systematic understanding of MPs residues on the assembly of 
rhizosphere bacterial communities and subsequently ecological 
function. 

2. Materials and methods 

2.1. Materials 

PA MPs (nominal diameter < 50 µm) were purchased from Good 
Fellow (Good Fellow, AM306010; Cambridge, United Kingdom). PE 
(nominal diameter < 200 µm), PES (nominal diameter < 180 µm), and 
PVC MPs (nominal diameter < 200 µm) were acquired from GuanBu 
Electromechanical Technology Corporation (Shanghai, China). The 
tested soil was obtained from two major soybean cultivation area in 
China. Specifically, fluvo-aquic soil was collected from Langfang (39◦82′

N, 116◦70′ E), Hebei province, and black soil was collected from Suihua 
(46◦36′ N, 126◦54′ E), Heilongjiang province. The surface soil (0–15 cm) 
was collected, then filtered through a 2 mm mesh sieve and thoroughly 
mixed before use. The physicochemical features of the soil were 
analyzed at the Pony Testing International Group (Jilin, China) 
(Table S1). The soybean seeds (Glycine max) used in these experiments 
were Zhonghuang 37 strain and were cultivated by the Chinese Acad
emy of Agricultural Sciences. 

2.2. Experimental design 

Four types of MPs, i.e., PE, PA, PES, and PVC, were added into the 
soil (fluvo-aquic and black soil), respectively, by a rate of 2% (w/w) for 
preparing the MPs contaminated soils. A control soil group was prepared 
without any MPs addition. Six replicates were used for each treatment 
and control, and the concentration of MPs was chosen based on previous 
studies (Chen et al., 2020; Rong et al., 2021). To yield a 2% (w/w) MPs 
residue mixture, 4 kg of soil (dry weight) received 80 g of the respective 
MPs, which were then evenly distributed throughout the soil. 

After being surface sterilized, soybean seeds germinated in the 
seedling trays for two days under moist and dark environments 
(Edwards et al., 2015). Eight pre-germinated seeds were aseptically 
transplanted into clay pots (20 cm height × 18 cm diameter) containing 
the above MPs contaminated soils and control soils. Each pot was 
randomly placed in a climate chamber to ensure relatively stable culture 
conditions (light intensity of 6000 lx, 16-h photoperiod, night/day 
temperature of 20 ◦C/25 ◦C, and relative humidity of 60%). Rhizosphere 
soil samples were collected during two periods (day 42 and day 70) after 
sowing. These two periods correspond to the vegetative stage (before 
flowering) and reproductive stage (before senescence) of soybean. The 
plants were manually removed from the pots after 60 pots were har
vested each time. Rhizosphere soils were collected mainly based on the 
previously described protocols (Bulgarelli et al., 2012). Briefly, the roots 
were collected first, and the attached loose soils were removed by 
shaking and kneading with sterilized gloves. Then the roots were 
immersed in phosphate buffer solution (PBS) containing 6.33 g/L of 
NaH2PO4⋅H2O, 16.5 g/L of Na2HPO4•7 H2O, and 200 µL/L of surfactant 
(Silwet L-77), and vortexed (15 s) for washing the roots. After that, the 
washing solution was collected and the washing step was repeated until 
the PBS was clear. The washing solutions were combined and filtered 
through a 100-µm nylon mesh cell strainer to remove broken roots and 
large sediment, and then centrifuged (3200 g, 15 min) to obtain the 
pellet of rhizosphere soil. The rhizosphere soil samples were then kept at 
− 80 ◦C before molecular analysis. 

2.3. Microbial DNA extraction and real-time quantitative PCR (qPCR) 
analysis 

Microbial DNA was isolated from 0.40 g soil using the DNeasy 
PowerSoil Kit (QIAGEN, Germany), following the manufacturer’s in
structions. The integrity of the obtained DNA was assessed by 1% gel 
electrophoresis, and the concentration of DNA was determined by 
NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific, the 
USA). 

QPCR targeting five functional marker genes (AOAamoA, AOBamoA, 
nifH, nirK, and nirS) and the 16 S rRNA gene was determined to un
derstand the effects of MPs exposure on N cycling in rhizosphere soil. 
The information on primers and qPCR amplification conditions is listed 
in Table S2. In Table S3, the R2 value and the target gene amplification 
efficiency are listed. More details of the instrument and reaction system 
were provided in our published study (Chen et al., 2020; Rong et al., 
2021). 

2.4. 16S rRNA amplicon sequencing and bioinformatic processing 

We selected the primers pairs: 338 F and 806 R with a V3–V4 region 
of the 16 S rRNA gene to evaluate the taxonomic composition of bacteria 
(Xu et al., 2016). Detailed descriptions of PCR procedures are found in 
the previous study (Chen et al., 2020; Rong et al., 2021). The purified 
amplicons were paired-end sequenced (2 × 300) on an Illumina MiSeq 
PE300 platform (Meiji Biological Medicine Co., LTD, Shanghai, China) 
following a standard protocol. The raw reads were demultiplexed and 
quality-filtered by fastp software (version 0.19.6) (Chen et al., 2018) and 
merged by FLASH software (version 1.2.11) (Magoč and Salzberg, 2011) 
using the following criteria: (i) reads (300 bp) were truncated at any site 
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receiving an average quality score of < 20 over a 50 bp sliding window, 
and truncated reads shorter than 50 bp were discarded; (ii) according to 
their overlap sequence, pairs of reads were merged into a sequence with 
a minimum overlap of 10 bp, where the maximum permitted mismatch 
ratio in the overlapping region was 0.2 and the unqualified sequence 
was discarded; and (iii) the barcode and primers were used to identify 

the samples, and the sequence direction was adjusted with maximum 
mismatches (2 nucleotides) in the primer matching process. The 
high-quality sequences of the 16 S rRNA gene were clustered to opera
tional taxonomic units (OTUs) according to 97% sequence similarity 
using UPARSE (version 7.0.1090) (Edgar, 2013). RDP classifier (version 
2.11) was used to assign the taxonomy to the representative sequences of 

Fig. 1. The copy number of the 16 S rRNA and N-cycling functional genes in diverse agricultural rhizosphere soils. The levels of statistical significance between 
control and each MPs treatment (PA, PE, PES, and PVC) are represented by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). Mean values (n = 5) ± S.E. 
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each OUT (Amato et al., 2013). The sequences obtained from all samples 
were rarefied at the same depth ( 30,531 reads per sample) for down
stream analysis. All the raw sequences are available at the Sequence 
Read Archive of the NCBI (no. PRJNA807124). 

2.5. Statistics analysis 

The alpha diversity indexes (Shannon and Faith’PD) were calculated 
by Mothur software. Principal coordinate analysis (PCoA) was used to 
investigate the changes in the distribution pattern of the rhizobacteria 
community in each treatment based on the Bray− Curtis distance. The 
Linear discriminant analysis coupled with effect size (LEfSe) was used to 
identify bacterial biomarkers (from phylum level to genus level) in the 
rhizosphere that respond significantly to different MPs treatments, with 
the threshold of the LDA score > 2 (Segata et al., 2011). Additionally, 
network analysis was used to estimate the co-occurrence patterns among 
bacterial taxa under the MPs exposure. The genera were selected using a 
relative abundance threshold higher than 0.01% to reduce network 
complexity. The associations of pairwise genera with Spearman’s cor
relation coefficient (r) > 0.8 and the p-value < 0.01 were selected (Chen 
et al., 2019; Pérez-Jaramillo et al., 2019). Network properties calcula
tion and visualization were conducted by the interactive platform Gephi 
(Bastian et al., 2009). The function profiles of the prokaryotic commu
nity were further inferred using the functional annotation of the pro
karyotic taxa (FAPROTAX) database (Louca et al., 2016). 

Comparisons across treatments for parameter properties (alpha di
versity index, soil properties, and functional genes abundance) were 
analyzed in the SPSS 22.0 (IBM Corp., Armonk, NY, USA). Student’s t- 
test was performed to compare the statistical difference in parameter 
properties. At each time point, statistically significant differences be
tween the control (CK) and each MPs treatment (PA, PE, PES, and PVC) 
were shown with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001). 

3. Results 

3.1. Effect of MPs on soil properties 

In black and fluvo-aquic soils, PA treatment had the highest soil ni
trogen content at the soybean vegetative and reproductive stage (p <
0.05, Fig. S2), and soil nitrogen content was significantly decreased by 
the PE, PES, and PVC treatments at the vegetative stage (p < 0.05, 
Fig. S2). Moreover, the shifts of C:N ratio were found to be different 
between black and fluvo-aquic soil. In the black soil, the C: N ratio was 
significantly decreased by the PA treatment at the soybean vegetative 
stage, whereas it was significantly increased by the PES treatment at the 
same stage (p < 0.05, Fig. S2). In the fluvo-aquic soil, C: N ratio was 
significantly decreased by the PA treatment, whereas it was significantly 
increased by the PE treatment at two growth stages (p < 0.05, Fig. S2). 

3.2. Effect of MPs on rhizosphere bacterial abundance 

The qPCR results showed that the effects of MPs on the copy number 
of the 16 S rRNA gene in the fluvo-aquic soil varied with the type of MPs 
(Fig. 1). The abundance of the 16 S rRNA gene was significantly 
inhibited by the PA and PE treatments at the soybean vegetative stage (p 
< 0.05, Fig. 1), whereas significant increases were observed in the PA, 
PES, and PVC treatments at the soybean reproductive stage (p < 0.05, 
Fig. 1). 

3.3. Effect of MPs on rhizosphere bacterial diversity 

Bacterial diversity of the rhizosphere was assessed based on 16 S 
rRNA sequencing data. After merging and quality filtering, totally, 
6,289,789 sequences were obtained from 120 samples, with 52,414 
sequences per sample. The rarefaction curves of 16 S rRNA attained the 
saturation plateau, indicating that all samples had sufficient sequencing 

depth (Fig. S1). 
The MPs treatment did not alter the rhizosphere bacterial alpha di

versity significantly in the black soil (p > 0.05, Fig. 2), except that the 
PA treatment significantly suppressed the alpha diversity (Shannon and 
Faith’PD indexes) of rhizosphere bacterial communities at the soybean 
vegetative stage (p < 0.05, Fig. 2a and c). In the fluvo-aquic soil, 
rhizosphere bacterial alpha diversity (Shannon and Faith’PD indexes) 
was significantly enhanced by the PA treatment at the soybean vegeta
tive stage, while it was significantly decreased at the soybean repro
ductive stage (p < 0.05, Fig. 2b and d). Shannon and Faith’PD indexes in 
the PVC-treated rhizosphere soil were observed significantly higher than 
those in CK at the soybean vegetative stage (p < 0.05, Fig. 2b and d). 
Moreover, the Shannon index was significantly reduced in the PE 
treatment and Faith’PD index was significantly increased in the PES 
treatment at the soybean vegetative stage (p < 0.05, Fig. 2b and d). 

3.4. Effect of MPs on rhizosphere microbial community and identification 
of sensitive bacterial species 

PCoA plot revealed the distinct clustering of each MPs treatment. The 
first two principal components of the black soil and the fluvo-aquic soil 
explained 34.66% and 49.66% of the community variance, respectively. 
The OTUs from both soil samples (Fig. 3a and b) were separated as per 
the plant growth stage. We compared the dissimilarity distances among 
the five treatments at each soil type (Fig. 3c and d). The effect of MPs 
contamination on bacterial distribution patterns in the rhizosphere soil 
varied with two soil types. The microbial community structure was more 
susceptible to MPs treatment in the fluvo-aquic soil than that in the 
black soil. 

The taxonomic composition of the bacterial phylum in rhizosphere 
soil was shown in Fig. 4. The dominant phyla were Proteobacteria 
(48.8%− 79.6%), Acitinobacteriota (9.7%− 21.6%), Bacteroidota 
(0.2%− 31.5%), Firmicutes (0.4%− 15.7%), Chloroflexi (1.3%− 4.5%), 
Acidobacteriota (0.6%− 3.6%), Gemmatimonadota (0.3%− 1.6%), Ver
rucomicrobiota (0.2%− 1.0%) and Cyanobacteria (0.01%− 1.4%) in the 
black soil and Proteobacteria (51.3%− 89.9%), Acitinobacteriota 
(4.0%− 20.6%), Firmicutes (0.1%− 26.2%), Bacteroidota (0.3%−

11.6%), Chloroflexi (0.5%− 2.9%), and Acidobacteriota (0.2%− 3.0%) in 
the fluvo-aquic soil. In two soils, Proteobacteria was the dominant 
phylum at both growth stages. Moreover, the relative abundance of 
phylum Bacteroidota was observed to be higher at the vegetative stage 
than the reproductive stage, whereas the opposite phenomenon was 
observed for the relative abundances of phylum Firmicutes. 

The LEfSe analysis showed that 114 biomarkers related to 12 phyla 
and 499 biomarkers related to 24 phyla were sensitive to MPs contam
ination in the black soil and the fluvo-aquic soil, respectively (Fig. 5 and 
Fig. S3, Supplementary excel 1 and Supplementary excel 2). Six bio
markers were significantly enriched in the PA treatment at both growth 
stages in the black soil, accounting for 7.9% of the total biomarkers at 
the vegetative stage and 15.8% at the reproductive stage (Fig. 5). These 
biomarkers were affiliated with the genera Phycicoccus, Paenar
throbacter, Terrabacter, Kribbella, Methylobacterium, and an unclassified 
genus within the family Pseudonocardiaceae. Similarly, in the fluvo-aquic 
soil, 23 biomarkers were affected by PA treatment at both growth stages, 
and these biomarkers accounted for 10.4% of the total at the vegetative 
stage and 8.3% at the reproductive stage (Fig. S3). These consistently 
increased biomarkers were affiliated with seven phyla, including Acti
nobacteriota, Patescibacteria, Firmicutes, Cyanobacteria, Deinococcota, 
Proteobacteria, and Bdellovibrionota. Besides, Pontibacter and Flaviaes
turariibacter, the family Hymenobacteraceae (phylum Bacteroidota), 
Paraliobacillus (phylum Firmicutes), and the order 0319_7L14 (phylum 
Actinobacteriota) were significantly enriched at both growth stages in 
the fluvo-aquic soil after treated by PE (p < 0.05). 
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3.5. Effect of MPs on the co-occurrence of rhizosphere microbiome 

Co-occurrence network analysis further indicated that MPs 

treatment affected the complex network of bacterial interactions in the 
soybean rhizosphere. From the topological properties of the obtained 
networks, we found that the correlations in the networks of both black 

Fig. 2. Diversity indices (Shannon and Faith’ PD) of rhizosphere bacterial community in diverse agricultural soils.  

Fig. 3. Principal coordinate analysis (PCoA) of rhizobacteria community was performed on the Bray− Curtis distance in the black soil (a) and the fluvo-aquic soil (b). 
Dissimilarity distance in the black soil (c) and the fluvo-aquic soil (d). 
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and fluvo-aquic soils were primarily positive (> 96%), which repre
sented both positive interactions and species occupying similar guilds or 
niches in the rhizosphere (Fig. 6 and Table 1). 

The networks of the PA treatment in the black soil and the fluvo- 
aquic soil incorporated 129 nodes and 461 edges, and 149 nodes and 
871 edges, respectively, and were smaller than the networks of the 
control in the black soil (178 nodes and 1329 edges) and in the fluvo- 
aquic soil (191 nodes and 6948 edges). Besides, the clustering coeffi
cient of the PA treatment was decreased by 0.024–0.186, and the 
network density of the PA treatment was reduced by 0.026–0.304 in 
both soils compared with the control (Table 1). Additionally, the clus
tering coefficient and network densities of the PE, PES, and PVC-treated 
black soils increased by 0.005–0.171 and 0.017–0.156, respectively, 
whereas those of the PE, PES, and PVC-treated fluvo-aquic soils 
decreased by 0.113–0.271 and 0.078–0.311, respectively, compared 
with the control. The clustering coefficient and network density of the 
PA-treated soils were lower than those of the other MPs-treated soils. 
The soil microbiome associations exhibited a greater lack of tightness 
with the PA contamination. 

3.6. Effect of MPs on nitrogen-cycling functional genes in rhizosphere soil 

Compared to the control, the copy number of the nifH gene was not 
changed significantly (p > 0.05, Fig. 1) by any MPs treatments in the 
black soil, except that the PES and PVC treatments inhibited the abun
dance of the nifH gene at the soybean reproductive stage (p < 0.05, 
Fig. 1). In contrast, the copy number of nifH gene was significantly 
decreased in the PA treatment at the soybean vegetative stage, whereas a 
significant increase was associated with the PA, PES, and PVC treat
ments at the soybean reproductive stage in the fluvo-aquic soil 
(p < 0.05, Fig. 1). 

The abundance of the ammonia-oxidizing communities was esti
mated based on the archaeal amoA (AOAamoA) and bacterial amoA 
(AOBamoA) gene copy numbers. Compared with the control, the total 
number of the AOAamoA genes was not affected (p > 0.05, Fig. 1) by any 
MPs treatments in the black soil. However, in the fluvo-aquic soil the 
abundance of AOAamoA gene was significantly reduced in the PE and 
PVC treatments and upregulated in the PES treatment at the soybean 
vegetative stage, and enhanced in the PA, PES, and PVC treatments at 
the soybean reproductive stage (p < 0.05, Fig. 1). For the AOBamoA 
gene, the abundance was significantly decreased by the PE, PES, and 
PVC treatments at the soybean vegetative stage, whereas significant 
increases were found in the PA, PES, and PVC treatments at the soybean 

reproductive stage in both black and fluvo-aquic soils (p < 0.05, Fig. 1). 
The abundance of bacteria capable of reducing nitrite was quantified 

by determining the nirK and nirS gene copy numbers in the rhizosphere 
soil. In the black soil, none of the MPs exposure affected the abundance 
of the nirK gene throughout the experiment (p > 0.05, Fig. 1). In the 
fluvo-aquic soil, the copy number of the nirK gene was significantly 
decreased in the PA, PE, and PVC treatments at the soybean vegetative 
stage, whereas it exhibited significant abundance in the PA, PES, and 
PVC treatments at soybean reproductive stage compared to the control 
(p < 0.05, Fig. 1). Regarding the nirS gene, the PE, PES, and PVC 
treatments did not affect its abundance throughout the experiment, 
whereas the PA treatment stimulated the abundance of the nirS gene at 
two growth stages (p < 0.05, Fig. 1) in the black soil. In the fluvo-aquic 
soil, the nirS gene copy number was significantly reduced in the PA and 
PE treatments at the soybean vegetative stage, whereas it was signifi
cantly increased for the PA, PES, and PVC treatments at the soybean 
reproductive stage (p < 0.05, Fig. 1). 

3.7. Effect of MPs on potential functional profiling of rhizosphere 
microbiome 

According to the OTU annotation results, a total of 52 and 49 
ecological function groups were obtained using FAPROTAX in the fluvo- 
aquic soil and black soil, respectively (Fig. S4 and Fig. S5). The dominant 
functions were aerobic chemoheterotrophy and chemoheterotrophy 
across all soil samples. In the fluvo-aquic soil, six functional groups at 
both growth stages showed abundance advantage amended with PA. 
The addition of PA may induce the function associated with plastic 
degradation (p < 0.05, Fig. S6). Besides, after PA treatment, the abun
dance of bacteria associated with chitinolysis, ligninolysis, aliphatic 
non-methane hydrocarbon degradation, aromatic hydrocarbon degra
dation, and hydrocarbon degradation were significantly more abundant 
at the soybean vegetative stage and significantly decreased at the soy
bean reproductive stage (p < 0.05, Fig. S6). PE treatment significantly 
increased the level of dark hydrogen oxidation at two growth stages 
(p < 0.05, Fig. S6). Also, PVC treatment significantly activated the 
functional response of xylanolysis and cellulolysis (p < 0.05, Fig. S6). 
However, in the black soil, MPs treatments did not exhibit consistently 
significant effects on bacterial functional groups. 

4. Discussion 

Our findings demonstrated that MPs could impact the composition, 

Fig. 4. Rhizosphere bacterial community composition in the black soil (a) and the fluvo-aquic soil (b) samples at the phylum level (>1% abundance).  
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co-occurrence patterns, and N-cycling function of the soybean rhizo
bacteria. Further, these effects varied with MPs polymer types, soil 
types, and soybean growth stages. This study reveals the overall impact 
of MPs contamination on the rhizosphere ecosystem. 

The response of the bacterial alpha and beta diversity in the rhizo
sphere soil to MPs varied according to the soil types. The fluvo-aquic 
soil, which has lower microbial biomass carbon and organic matter 
than black soil, was more affected by MPs contamination (Table S1) in 
terms of rhizobacterial diversity. The result was consistent with a prior 
study that revealed MPs had location-dependent impacts on the soil 
ecology (Bandopadhyay et al., 2020). The red soil was reported to be 
more sensitive to MPs contamination compared to paddy and 
fluvo-aquic soils (Li et al., 2021), and the impact of PE MPs on soil CO2 
and N2O emissions varied with soil types (Yu et al., 2021). This might be 
due to the fact that different soil types exhibit distinct differences in 
microbial community compositions and soil properties, which in turn 

led to different responses to anthropogenic stressors. 
The distinction of rhizobacterial diversities and community compo

sitions among studied MPs-treated soils indicated that PA treatments 
more significantly impacted the rhizosphere bacterial community 
structure and distribution pattern than did PE, PES, and PVC treatments. 
In the current study, compared with the PE, PES, and PVC, PA signifi
cantly increased soil nitrogen content in the long term (Fig. S2), which 
was consistent with the report of (de Souza Machado et al., 2019), who 
revealed that the PA could affect the growth of spring onion by the 
fertilizer effect. The potential reason may explain that PA could act as 
the new substrates or provide nutrient resources, and thus promote 
microbial stochastic colonization. However, the previous study found no 
significant variation in the alpha diversity in the soil contaminated with 
PA MPs (Shi et al., 2022). The different effects of MPs on soil ecosystems 
are mostly triggered by the variation of the soil properties, plant species, 
as well as exposure duration (Ge et al., 2021). 

Fig. 5. LEfSe results reveal rhizosphere bacterial biomarkers (from phylum level to genus level) that were enriched in each MPs treatment in the black soil.  
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Furthermore, high-dimensional biomarker taxa with noticeably 
different abundances across MPs treatments were found by the LEfSe 
analysis. PA treatment exhibited sustained effects on the bacterial 
community assembly. In both black and fluvo-aquic soils, a biomarker 
associated with the order Rhizobiales was more abundant in PA treat
ment. It was reported that Rhizobiales might be plant pathogens such as 
liberobacter asiaticum (Song et al., 2022). On the other hand, Rhizobiales 
might be considered as bacteria capable of fixing nitrogen that could 
provide necessary support for their host plants in agricultural produc
tion (Banerjee et al., 2018; Carvalho et al., 2010). Therefore, the effects 
of PA contamination on the rhizosphere function are needed for further 
investigation. Furthermore, the natural equilibrium in the indigenous 
rhizosphere bacterial community was disrupted by the stress of the PE, 
PES, and PVC, and distinct dominating bacterial groups formed. In the 
black soil, 17 biomarkers in PE treatment and 12 biomarkers in PVC 
treatment emerged at the soybean vegetative stage but disappeared at 
the soybean reproductive stage. We also observed that 10 biomarkers in 
PES treatment and 56 biomarkers in PVC treatment appeared at the 
soybean vegetative stage, but disappeared at the soybean reproductive 
stage in the fluvo-aquic soil. Given the tremendous bacterial diversity in 
rhizosphere soil (Fierer, 2017), both resistance (insensitivity to distur
bance) and resilience (rate of recovery after disturbance) drive the 
variance of sensitive microbiome taxa over time (Griffiths and Philippot, 
2013; Shade et al., 2012). Additionally, growing plants could produce 
different amounts and compositions of root exudates, which alter the 

bioavailability and toxicity of external contaminants (Huang et al., 
2017; Li et al., 2008). Thus, revealing the response of rhizobacterial 
communities to MPs contamination in multiple plant growth stages can 
provide a comprehensive understanding of its effects and risks on the 
soil-plant system. 

Co-occurrence patterns help to elucidate potential microbiome in
teractions and evaluate subsequent changes in community structure 
(Faust and Raes, 2012). Interestingly, we discovered that the network 
connectivity (links) was predominantly positive (> 96%) in rhizosphere 
assemblages, with microorganisms occupying similar guilds or niches, 
and this highlighted the possibility of widespread cooperative or syn
trophic interactions among rhizosphere microbiomes (Shi et al., 2016). 
Similarly, previous research has identified that the positive associations 
of the bacterial co-occurrence patterns occurred in the rhizosphere of 
plants (Hallam and McCutcheon, 2015; Ren et al., 2015; Shi et al., 
2016). The decreased topological indexes (clustering coefficient and 
network density) in the PA treatment in both soils indicated that the 
bacterial community associations exhibited a remarkable lack of tight
ness under PA interference. Moreover, the variation in the network 
structure shows that MPs treatments impacted bacterial interactions 
(Fig. 6 and Table 1). Additionally, the network size (nodes) and con
nectivity (links) for PA, PE, PES, and PVC treatments decreased 
compared to those for the control in the fluvo-aquic soil, which implied 
that these four MPs contamination could decrease bacterial network 
complexity. Previous studies have reported that PA, PE, polystyrene 

Fig. 6. Network analysis indicates the changes of the bacterial co-occurrence pattern in the rhizosphere under MPs exposure. For the node, the size of each node 
shows the number of connections (degree), and the bacterial phyla were used to color each node. Positive interaction between two nodes is labeled with red, whereas 
negative interaction is marked with blue. 

Table 1 
Topological properties of rhizosphere microbiome networks were obtained under the control and different MPs treatment in each soil.   

Black soil Fluvo-aquic soil 

Control PA PE PES PVC Control PA PE PES PVC 

Number of nodes  178  127  149  178  187  191  149  189  168  185 
Number of edges  1329  461  1110  2122  4177  6948  871  4175  1005  5194 
Positive edges  1307  450  1093  2041  4150  6582  841  4014  976  4998 
Negative edges  22  11  17  81  27  366  30  161  29  196 
Percentage of positive edges (%)  98.3%  97.6%  98.5%  96.2%  99.4%  94.7%  99.3%  96.1%  97.1%  96.2% 
Percentage of negative edges (%)  1.7%  2.4%  1.5%  3.8%  0.6%  5.3%  0.7%  3.9%  2.9%  3.8% 
Clustering coefficient  0.519  0.495  0.524  0.542  0.69  0.768  0.582  0.586  0.497  0.655 
Network density  0.084  0.058  0.101  0.135  0.24  0.383  0.079  0.235  0.072  0.305 
Modularity  0.433  0.514  0.441  0.341  0.197  0.08  0.415  0.204  0.413  0.148  
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(PS), polyethylene terephthalate (PET), and PLA MPs could reduce the 
microbial interactive relationships (Chen et al., 2020; Rong et al., 2021; 
Sun et al., 2022) and the community stability (Shi et al., 2022). The 
potential reason may be that the MPs are more recalcitrant and have 
lower perviousness compared to the natural soil particles, which may 
induce the physical block effect and thus cut off the interactions between 
soil microorganisms (Shi et al., 2022). Additionally, the clustering co
efficient and network densities of the PE, PES, and PVC-treated black 
soils were increased, indicating that rhizosphere soil microorganism 
associations were more tightened and consequently increased system 
stability to resist adverse environmental interference of these MPs in the 
black soil. The structure and dynamics of ecological communities are 
primarily driven by the co-occurrence interactions between taxa 
(Schmidt et al., 2017). Therefore, mechanisms of the observed varia
tions in the rhizosphere soil microbial co-occurrence network structures 
of different soil types yet need to be identified. 

Additionally, this research examined how MPs affected the rhizo
sphere function structure, including the N-cycling. Nitrogen-fixing mi
croorganisms are essential for soil NH4

+-N equilibrium (Zhang et al., 
2006). The different effects of MPs on the abundance of nifH indicated 
different impacts on microbial N fixation. Our results suggested that PES 
and PVC could inhibit ammonification processes in the soybean rhizo
sphere in the black soil, and PA could stimulate the growth of 
nitrogen-fixing bacteria in the fluvo-aquic soil. Studies have shown that 
LDPE MPs stimulate the nitrogen-fixing bacteria Burkholderia, which 
may affect the nitrogen-fixing process in the soil (Huang et al., 2019). A 
critical enzyme in nitrification, an ammonia monooxygenase (encoded 
by the amoA gene), oxidizes ammonia (NH4

+) to hydroxylamine 
(NH2OH) (Seeley et al., 2020). The changes of the copy number of 
AOAamoA and AOBamoA genes in the PE treatment in the fluvo-aquic 
soil, suggest that PE could temporarily inhibit ammonia oxidation. It 
was reported that the abundance of amoA gene was stimulated by the 
PUF and PLA MPs in sediments (Seeley et al., 2020). However, different 
MPs types, soil properties, and related communities may contribute to 
the varying results among studies (Ge et al., 2018). Denitrification is 
widely regarded as being primarily regulated by two nitrite reductases 
responsible for nitrite reduction, either a cytochrome cd1-encoding 
enzyme encoded by the nirS gene or a Cu-containing enzyme encoded 
by the nirK gene (Kandeler et al., 2006). In the fluvo-aquic soil, the 
abundance variation of the nirS and nirK genes suggested that PE 
treatment could inhibit the growth of nirS- and nirK-type bacteria in 
short term, whereas PA, PES, and PVC treatment could stimulate the 
growth of nirS- and nirK-type bacteria. Our observations showed that 
different soil ecosystems have different responses to MPs regarding ni
trogen cycling in rhizosphere soil. Nitrogen-cycling microorganisms 
were more sensitive in the fluvo-aquic soil than in the black soil. 

Interestingly, PA, PE, and PVC contamination induced significant 
shifts of soil C cycling functional groups and plastic degradation groups. 
As we know, previous research has demonstrated that the abundance of 
C, N, and P cycling genes in the compound fertilizers-treated soil was 
obviously increased by PE MPs exposure (Li et al., 2021), however, the 
sensitive taxa varied between studies and soil types. The levels of some 
functional groups of rhizosphere associated with pollutants degradation, 
such as xenobiotics biodegradation and metabolism, were found to be 
improved under PVC MPs treatment (Zhu et al., 2022b), which indicated 
that some species could use the PVC MPs as the carbon source in the 
rhizosphere soils. All these findings point to the potential ecological 
effects of MPs: once the functional groups of rhizospheres have been 
altered due to MPs contamination, biogeochemical cycling of C and N 
involving these functional groups could be impacted, which may have 
potential effects on plant growth and nutritional value. 

5. Conclusions 

In this study, the response of the rhizosphere bacterial community to 
MPs contamination at soybean vegetative and reproductive stages in 

black and fluvo-aquic soils was investigated systematically. The impact 
of MPs treatment was found to be more significant on the soybean rhi
zobacteria in the fluvo-aquic soil than that in the black soil, which might 
be caused by the difference in the inherent composition of the original 
soil. Additionally, the results revealed a greater impact of PA than those 
of PE, PES, and PVC, as reflected by more remarkable community dis
similarities, less bacterial network complexity and tightness, and more 
sensitive species and function changes under the PA contamination. 
Importantly, the shifts of the abundance of N cycling function genes 
observed in MPs treated soils suggested that MPs contamination 
inhibited ammonification, ammonia oxidation, and denitrification pro
cesses in the soybean rhizosphere. The present study shed new light on 
the comprehensive understanding of the effects of MPs contamination 
on the rhizosphere ecosystems and emphasized the critical role of 
agricultural soil types and plant growth stages on these effects. 
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