Preprints are preliminary reports that have not undergone peer review.

6 Research Square They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Fertilization Mitigates Polyethylene Microplastic-Induced
Disruptions in Plant Growth and Soil Microbial Processes
in Agricultural Soil

Yibo LI

liyiboB®xaut ., edu,cn

Xi'an University of Technology Institute of Water Resources and Hydro-electric Engineering https://orcid.org/0000-
0002-6225-2372
Shenglong Sun

Ge Li

Weibo Nie

Xiaoyi Ma

Research Article

Keywords: Polyethylene microplastics, Fertilizer, Pisum sativum L., Microbial community, Biomarkers
Posted Date: September 13th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10852683/v1

License; €© @ This work is licensed under a Creative Commons Attribution 4.0 International License. Read Full License

Page 1/56


https://doi.org/10.21203/rs.3.rs-10852683/v1
https://doi.org/10.21203/rs.3.rs-10852683/v1
https://orcid.org/0000-0002-6225-2372
https://orcid.org/0000-0002-6225-2372
https://doi.org/10.21203/rs.3.rs-10852683/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Background

Microplastics have emerged as an important environmental concern in agricultural soils; however, their ecological
impacts under common management practices remain insufficiently understood. In particular, whether fertilization can
mitigate microplastic-induced disturbances in plant—soil-microbe systems is still unclear.

Scope

In this study, we investigated the interactive effects of polyethylene microplastics (PE-MPs) and fertilization on a Pisum
sativum L.—soil system. Plant growth traits, soil physical and chemical properties, microbial biomass, extracellular
enzyme activities related to carbon, nitrogen, and phosphorus cycling, and microbial community composition were
jointly analyzed.

Key findings

The results revealed that PE-MPs significantly inhibited plant growth and altered soil structure and nutrient availability in
a particle size- and concentration-dependent manner, accompanied by reductions in microbial biomass and enzyme
activities. Fertilization substantially alleviated the negative effects of PE-MPs on plant performance and soil quality.
This mitigation effect was closely associated with enhanced microbial biomass and increased activities of nutrient-
cycling enzymes, suggesting that soil microbial processes played a key mediating role. Correlation analyses further
revealed consistent linkages between microbial variables and plant growth parameters, supporting an indirect pathway
through soil-microbe interactions rather than direct phytotoxic effects.

Conclusions and perspectives

Overall, our findings demonstrate that fertilization can effectively modulate the impacts of microplastics on agricultural
soil systems by regulating soil microbial functioning. This study highlights the importance of incorporating agricultural
management practices into assessments of microplastic pollution and provides practical insights for mitigating
microplastic stress in cropland ecosystems.

1. Introduction

Microplastics (MPs), characterized as polymeric particulates less than 5 mm in diameter (Casella et al., 2024; Li et al.,
2025; Zeb et al., 2022), present persistent environmental contaminants due to their recalcitrance to degradation in
terrestrial systems. Due to their slow degradation in terrestrial environments, MPs can accumulate and eventually enter
marine systems via runoff, posing a significant global environmental challenge (Norling et al., 2024). In recent years,
increasing attention has been directed toward the impact of MP pollution within agricultural ecosystems, particularly
given their ecosystem-level implications (Bethanis and Golia, 2024; Meng et al., 2022). Agricultural soils serve as major
sinks for MPs, with primary sources including plastic mulch (Li et al., 2025), greenhouse materials (Ng et al., 2018),
irrigation (Nizzetto et al., 2016), soil conditioners (Ng et al., 2018), sludge (Zhou et al., 2024), and atmospheric
deposition (J. Wang et al., 2025). In China, the average concentration of MPs in soil is estimated at 18,760 particles per
kilogram (Li et al., 2025). This contamination not only alters soil structure and physicochemical properties (de Souza
Machado et al., 2018; Zhang et al., 2022), but also is easily absorbed or adsorbed by plants, thereby posing potential
risks to crop growth and agricultural sustainability (Sun et al., 2020). Among the agricultural soils contaminated by MPs,
polyethylene microplastics (PE-MPs) are the most prevalent type in Chinese farmland, primarily resulting from the
degradation of plastic mulch film (Liu et al., 2018). Due to their non-biodegradable nature, PE-MPs accumulate in large
quantities within the soil, posing significant threats to both crop health and soil microbial ecosystems (Li et al., 2025).
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Consequently, as persistent pollutants, PE-MPs are likely to continue accumulating in farmland, thereby posing a long-
term risk to the soil environment.

Recent investigations demonstrate that persistent polyethylene microplastic residues in edaphic environments
significantly alter key soil physical characteristics such as bulk density, hydraulic properties, and aggregation stability,
while simultaneously modifying chemical parameters including pH balance and essential nutrient cycles (carbon,
nitrogen, and phosphorus) (Inubushi et al., 2022; Li et al., 2025; J. Wang et al., 2025; Zhang et al., 2023; M. Zhao et al.,
2022). For example, once introduced into the soil, PE-MPs may alter pore structure and modulate the assembly
processes of soil structural units. (de Souza Machado et al., 2018; Steinmetz et al., 2016). Empirical evidence
demonstrates that large particle size (643 pm) and high concentration (2% w/w) of PE-MP effectively lower soil bulk
density while enhancing the proportion of water-stable aggregates, though exhibiting negligible alterations in water
holding capacity (de Souza Machado et al., 2019, 2018). Contrastingly, >-mm PE-MP fractions at subcritical
concentrations (0.5% and 1% w/w) can induce soil surface cracking, whereas 2-mm variants predominantly cause soil
boundary shrinkage (Wan et al., 2019). The adsorptive capacity of PE-MPs, attributable to their extensive surface-area-
to-volume ratio, mediates nutrient-pollutant co-adsorption dynamics within edaphic system (Hodson et al., 2017). In
addition, PE-MP at mass fractions of 0.1%, 1%, and 10% decrease pH (W. Yang et al., 2021). Specifically, 100-um
particulates at 1% w/w induced the available potassium (AK) and available nitrogen (AN), while increasing soil organic
carbon (SOC), total nitrogen (TN), and available phosphorus (AP) (J. Wang et al., 2025). In contrast, PE-MPs at 100-um
particulates with 5% w/w elevated the levels of nitrate nitrogen (NO5~-N) and ammonium nitrogen (NH4*-N) (Li et al.,
2025). Although fertilization practices may help mitigate the negative impacts of PE-MPs on soil ecosystems by
enhancing soil structure, nutrient cycling, and microbial activity (Judy et al., 2019; Shah et al., 2023; Wang et al., 2019;
Xu et al., 2020), critical knowledge gaps persist regarding fertilizer-PE-MPs interactions in modified pedo-environments.

The biogeochemical cycling of soil carbon (C), nitrogen (N), and phosphorus (P) constitutes a cornerstone of terrestrial
ecosystem functionality, critically regulating fertility preservation, phytogenic development, and planetary ecological
equilibrium. (Hu et al., 2025). Microbial biomass carbon (MBC), nitrogen (MBN), and phosphorus (MBP) serve as labile
organic reservoirs, functioning as sensitive indicators of microbial metabolic vigor and nutrient transformation efficacy
within pedospheric systems (Yan et al., 2022). Specialized microbial consortia and their enzymatic outputs orchestrate
C-N-P cycling dynamics[29]. Several studies have demonstrates that PE-MPs can alter the content of MBC, MBN, and
MBP, as well as modulate key enzymes involved in the carbon (B-glucosidase), nitrogen (leucine aminopeptidase), and
phosphorus (alkaline phosphatase) cycles, thereby influencing the transformation of C, N, and P in the soil (Feng et al.,
2021; Yan et al.,, 2021). The impact of PE-MPs on soil enzyme activity may vary depending on particle size,
concentration, and the presence or absence of fertilization (Feng et al., 2021; Igbal et al., 2025; Liang et al., 2024; S.
Zhao et al., 2022). For instance, smaller-sized microplastics may adsorb phosphate in the soil, reducing the substrate
availability for phosphatases and inhibiting their activity. High concentrations of microplastics can alter the soil pore
structure, restrict microbial activity, and inhibit the activity of enzymes such as sucrase (Liang et al., 2024). Additionally,
PE-MPs influence the structure of soil microbial communities. PE-MPs can loosen the soil structure, increasing the
surface area available for microbial attachment, which may enable microorganisms to form biofilms on the plastic
surface (Zhang et al., 2019). This can lead to changes in the microbial community structure, including increased
differences in bacterial community succession (Huang et al., 2019). Furthermore, endocrine-disrupting compounds
such as bisphenol A and phthalates, which are often associated with PE-MPs, can leach into the soil and inhibit
microbial activity (Wang et al., 2016). Current research extensively documents PE-MPs capacity to modify edaphic
enzymatic systems,, yet few studies have specifically investigated their effects on enzymes involved in the C, N, and P
cycles and their interactions with soil microorganisms, especially with different fertilizer applications.

It is evident that PE-MPs exert indirect effects on the complex system comprising plants, soil, and microorganisms.. For
instance, they have been demonstrated to exert influence on plant growth by various environmental factors, including
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soil bulk density, pH, nutrient content, enzyme activity, bacterial and fungal communities, soil contaminants, and other
environmental and biological factors (de Souza Machado et al., 2018; Feng et al., 2021; Li et al., 2025; Rillig, 2018;
Zhuang et al., 2024). Research has demonstrated that submicron and micron-sized MPs are capable of traversing the
xylem of plants such as wheat and lettuce through cracks at the lateral root germination site, subsequently being
transported from the roots to the stems, transpiration pull is the primary driving force for this movement (Li et al.,
2020). In Lepidium sativum, MPs accumulate in the root hairs, blocking channels, inhibiting root development, and
disrupting water and nutrient uptake (Bosker et al., 2019). In pumpkin systems, Colzi et al. (2022) documented
concentration-dependent reductions in leaf expansion chlorophyll content, photosynthetic efficiency, and root biomass
parameters under PE-MP contamination. Subsequent mechanistic studies suggest these phytotoxic effects may be due
to PE-MPs interfering with metabolic pathways involved in material accumulation and energy consumption (Wu et al.,
2022). Conversely, another study indicated that PE-MPs increased soil nitrogen content by enhancing the activity of
nitrogen cycle-related enzymes and the abundance of microbial communities in rhizosphere soil, which promoted
soybean growth (Li et al., 2025). Current research thus presents on the effects of PE-MPs on plant growth suggests
both inhibitory and promoting influences. Therefore, the impact of PE-MPs on plant growth is not universally negative,
and further research and comprehensive evaluations are prioritize needed.

Pisum sativum L. a globally cultivated leguminous crop, serves as both a vital protein source and a cost-effective
nutritional supplement in agroecosystems (Xiong et al., 2024; ). (Sapre et al., 2022). With its extensive root system and
modest plant height, Pisum sativum L. is especially susceptible to MPs present in the soil (Xiong et al., 2024). However,
research on the impact of PE-MPs on the plant-soil-microbe interactions remains fragmented. Therefore, this study
used Pisum sativum L. as the test plant and conducted a pot experiment to investigate how PE-MPs with different
particle sizes and concentrations, along with unfertilized and fertilized affected (1) Pisum sativum L. growth
characteristics; (2) soil physical and chemical properties; (3) soil C, N, and P content, along with microbial biomass C, N,
and P; (4) soil enzyme activity and microbial community. By integrating fertilization regimes, this multiscale analysis
advances predictive frameworks for microplastic fate in legume-based food systems, providing critical data for
ecological risk assessment.

2. Materials and methods
2.1 Soil and PE-MPs

Soil samples were taken from the 0-20 cm cultivated layer of agricultural fields in the Yangling Agricultural High-Tech
Industrial Demonstration Zone, Shaanxi, China, which have never been covered with mulch (108°06'41"E, 34°15'15"N).
Following air-drying and homogenization, soils were sieved (< 2 mm) to remove debris and analyzed for texture via laser
diffraction (Mastersizer 2000, Malvern Panalytical). Texture classification confirmed a sandy loam composition (USDA
system): 87.10% sand, 11.68% silt, and 1.22% clay. Baseline physicochemical properties (Table 1) were quantified prior
to experimentation. Polyethylene microplastics (PE-MPs) used for the microplastic pollution treatment were obtained
from Guangdong Hengfa Plastic Technology Co., Ltd., China.
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Table 1
Basic properties of experimental soil.

Soil Sand  Silt Clay FC pH Org;mic Total Tﬂtal . + - AP
texture carbon  nitrogen  phosphorus  N\pg N

(%) (%) (%) (g g 4 03 (mg

) (gkg™  (gkg™) (9 kg™") -N -N kg™")
) (mg  (mg
kg"") kg™")

Sandy 8710 11.68 122 157% 7.58 5.28 0.28 0.57 2.79 10.67 10.59
loam
Note: FC represent field capacity, NO3~, NH,", and AP represent nitrate nitrogen, ammonium nitrogen, and available
Phosphorus, respectively.

2.2 Pot experiment

Particle size and concentration parameters were selected based on field surveys of Chinese agroecosystems, where
PE-MP contamination ranges from 0.05-1.00% (w/w) with 50—-1000 um dominant particle sizes (95%) (Li et al., 2025).
Given the accumulation of PE-MPs in agricultural soils, this study selected three PE-MP particle sizes: D1 (550 pm), D2
(50 pm), and D3 (6.5 pm), and three concentrations (w/w): C1 (0.5%), C2 (1%), and C3 (2%). The experimental
treatments also included unfertilized and fertilized conditions, with urea (0.15 g kg™ "), superphosphate (0.1 g kg™ '), and
potassium sulfate (0.2 g kg™ ") added to the fertilized treatments (Fig. 1). Control group (CK1 and CK2) without PE-MP
addition was included in unfertilized and fertilized conditions. In total, 20 treatments were designed, with three
replicates for each treatment.

The pot experiment was carried out from September to October 2024 in a climate-regulated greenhouse (25+ 1°C
day/18 = 1°C night, 65% RH, 14-h photoperiod) at Xi'an University of Technology using cylindrical polyethylene pots
(upper diameter 25.5 cm, base 22 cm, height 50 cm) filled with 100 kg of homogenized soil amended with polyethylene
microplastics (PE-MPs) across defined gradients of particle size (50-100 pm [micron-scale] vs. 0.1-1 ym [nano-scale])
and concentration (0.1%, 1%, and 5% w/w dry soil)Soil moisture content was controlled using the weighing method,
maintaining 60% to 70% of the field capacity to ensure optimal crop growth conditions. Crop disease and pest control
were managed according to standard field practices. Pisum sativum L. seeds (85% germination rate, Sichuan Kexi Seed
Co.) were surface-sterilized (30% H,0,, 15 min), rinsed, imbibed (deionized H,0, 6 h), and sown (8 seeds pot~'; 2 cm
depth). Seedlings were thinned to 6 uniform plants pot- at 7 days post-emergence.

2.3 Plant index determination

Plant height (PPH) was quantified using a graduated meter stick (+ 0.1 cm precision), on the 60th day after sowing.
Root systems underwent three-stage deionized water rinsing to remove rhizosphere particulates before parallel
desiccation processing—initial enzyme deactivation at 105°C (30 min) and subsequent drying at 85°C until mass
stabilization (+ 0.01 g), yielding aboveground dry weight (ADW) and root dry weight (RDW) measurements. Root
architectural analysis employed a calibrated scanner (Epson Perfection 4870 Photo, 600 dpi resolution) to capture
grayscale images, with WinRHIZO Pro 2023 software performing automated quantification of four key traits: total root
length (RL, cm), average diameter (RAD, mm), surface area (RFA, cm?), and volume (RV, cm?3) through vector-based edge
detection algorithms.

2.4 Soil index determination

This study quantified three soil physicochemical property indices, namely soil bulk density, pH, and water-stable
aggregate content (SAA); soil nutrient indices, namely SOC, TN, NO;~-N and NH,*-N, total phosphorus (TP) and AP; C, N,
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and P microbial biomass, namely MBC, MBN and MBP, respectively; and four enzymes activities, including 3-1,4-
glucosidase (BG) related to the C cycle; B-1,4-N-acetylglucosamine glycosidase (NAG) and leucine aminopeptidase
(LAP) related to the N cycle; and alkaline phosphatase (ALP) related to the P cycle. The methods for determining soil
indices are described in more detail in the supplementary material (Method S1).

2.5 Soil DNA extraction and high-throughput sequencing

The community diversity and structure of soil microorganisms (including fungi and bacteria) were characterized
through 16S/ITS rRNA amplicon sequencing. The targeted regions for amplification were the V3-V4 fragment of
bacterial 16S rDNA and fungal ITS1-5F. The primer sequences for the 16S rDNA V3-V4 region were: Forward (F)
CCTAYGGGRBGCASCAG and Reverse (R) GGACTACNNGGGTATCTAAT, and the primer sequences for the ITS1-5F region
were: Forward (F) GGAAGTAAAAGTCGTAACAAGG and Reverse (R) GCTGCGTTCTTCATCGATGC. The above was
completed by Beijing Novogene Bioinformatics Technology Co., Ltd. Detailed soil DNA extraction and high-throughput
sequencing are described in Methods S2.

2.6 Statistical analysis

Data visualization was performed using Origin Pro 2022b for statistical graphics and Microsoft PowerPoint 2021 for
schematic diagrams. Statistical analyses were conducted in R (v4.4.2), including one-way ANOVA, Pearson/Spearman
correlation matrices, microbial co-occurrence network construction, LDA effect size analysis (Lefse), Mantel test
analysis, and partial least squares structural equation modeling (PLS-SEM) to assess variable interactions. Gephi
(0.10.1) was used for visualisation of the network after calculation using R software (v. 4.4.2). Biomarkers at the genus
level were chosen to build correlation networks in rhizosphere soils, based on Spearman correlations, using the
software packages “phyloseq” (v. 2.0), “ggClusterNet” (v. 2.0), “tidyverse” (v. 2.0.0), “Biostrings” (v. 2.74.1), “SpiecEasi”
(v. 1.1.3), “igraph” (v. 2.1.4) and “tidyfst” (v. 1.8.1).

3. Results
3.1 Effects of PE-MPs on Pisum sativum L. growth characteristics

Under unfertilized conditions, compared to the control group (CK1), both PPH and ADW exhibited a downward trend as
the concentration of PE-MPs increased for the same particle size. When comparing different particle sizes at the same
concentration, PPH and ADW also decreased as the particle size of PE-MPs decreased. The most significant reductions
in PPH (70.8%) and ADW (88.4%) were observed under the D3C3 treatment (Fig. 2). The results showed that the
addition of PE-MPs to the soil inhibited the aboveground growth of Pisum sativum L., and this inhibitory effect became
more obvious as the PE-MPs particle size decreased and the concentration increased. The main reason for this
inhibition is that PE-MPs can be adsorbed on the surface of plant root hairs, hindering the plant's ability to absorb water
and essential nutrients such as nitrogen, phosphorus, and potassium, ultimately inhibiting plant growth (Bosker et al.,
2019). As the PE-MPs particle size decreased and the concentration increased, its specific surface area and coverage
increased, thereby enhancing the inhibitory effect (Li et al., 2020). Under fertilization alone (CK2), PPH and ADW
increased by 48.9% and 48.3%, respectively, compared to the CK1. Furthermore, under fertilized conditions with the
addition of PE-MPs, PPH and ADW increased by 7.7%-74.9% and 180.8%-1061.6%, respectively, compared to the
unfertilized conditions with PE-MPs (Fig. 2). These results demonstrate that fertilization promotes the aboveground
growth of Pisum sativum L. and alleviates the negative impact of PE-MPs. The main reason for this alleviation is that
fertilization promotes root growth, enhancing the plant's ability to absorb water and nutrients more effectively from the
soil (S. Wang et al., 2025). Fertilization also boosts the plant’s stress resistance, allowing it to maintain normal
physiological functions under PE-MPs stress, thereby mitigating the inhibitory effects of PE-MPs on aboveground
growth (Sulaman et al., 2025).
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Under both fertilized and unfertilized conditions, the effects of PE-MPs with different particle sizes and concentrations
on Pisum sativum L. RDW and ADW were generally similar. Specifically, under unfertilized conditions, compared to the
CK1, the RL, RAD, RFA, RV, and RDW of Pisum sativum L. under PE-MP treatments changed by - 25.0%-41.8%, -
31.5%-0%, = 43.1%-46.3%, - 71.7%-9.85%, and - 72.7%--18.7%, respectively. Among these, the RL and RFA were largest
under the D1C1 treatment, measuring 81.75 cm and 23.0 cm?, respectively. In contrast, the RAD, RV, and RDW were
greatest under the CK1 treatment, with values of 0.51 mm, 0.39 cm?, and 2.9 g, respectively (Fig. 2). The results showed
that PE-MPs significantly reduced the RAD and RDW of Pisum sativum L., while the effects on RL, RFA and RV showed a
complex duality, with both promotion and inhibition. This specific effect was closely related to the particle size and
concentration of PE-MPs. The main reason is that PE-MPs can indirectly affect the root growth of Pisum sativum L. by
changing the soil physical and chemical properties, nutrient cycle, related enzyme activity and microbial community
(Colzi et al., 2022; de Souza Machado et al., 2019, 2018; J. Wang et al., 2025). Compared to CK1, the RL, RAD, RFA, RV,
and RDW under CK2 increased by 116.7%, 4.0%, 110.1%, 30.7%, and 7.6%, respectively. Additionally, compared to the
addition of PE-MPs under unfertilized conditions, RL, RAD, RFA, RV, and RDW under fertilized conditions increased by
19.3%-205.5%, 25.8%-88.3%, 30.8%-323.6%, 56.4%-443.7%, and 0.6%-144.3%, respectively (Fig. 2). These results indicate
that fertilization promotes the growth of the Pisum sativum L. root system and effectively mitigates the negative effects
of PE-MPs on root growth. The primary reason for this alleviation is that nitrogen fertilization stimulates root
development, while phosphorus and potassium fertilization contribute to root growth and enhance the stress resistance
of the root system. This enables the roots to better maintain normal physiological functions when subjected to PE-MPs
stress (Sulaman et al., 2025). These findings further support the conclusion that fertilization helps to counteract the
detrimental effects of PE-MPs on the Pisum sativum L. growth characteristics.

3.2 Effects of PE-MPs on soil physical and chemical properties

The particle size, concentration, and fertilization of PE-MPs had noticeable effects on soil bulk density, SAA, pH, SOC,
TP, AP, TN, NO5™-N, and NH,*-N (Figs. 3—4). Under unfertilized conditions, compared to the CK1, soil bulk density
decreased by 3.3%-12.3%, while SAA and pH increased by 7.7%-26.9% and 1.6%-6.5%, respectively. Under fertilized
conditions, compared to CK2, soil bulk density decreased by 1.6%-8.2%, and SAA and pH increased by 6.7%-26.5% and
0.3%-8.0%, respectively (Fig. 3). These results indicate that the addition of PE-MPs to the soil led to a reduction in soil
bulk density, an increase in SAA, and a rise in soil pH. The soil bulk density was negatively correlated with the particle
size and concentration of PE-MPs, while SAA and pH were negatively correlated with particle size and positively
correlated with PE-MP concentration (Fig.S2a-f). The primary reason for these effects is that PE-MPs have a lower
density than the soil, which causes them to occupy soil pores and increase the total volume of the soil, thus reducing
the soil bulk density (de Souza Machado et al., 2018). Furthermore, PE-MPs can act as aggregate core, adsorbing
surrounding soil particles and promoting the formation of aggregates (de Souza Machado et al., 2019). The smaller the
PE-MP particle size or the higher the concentration, the larger the specific surface area, enabling them to adsorb more
soil particles and more effectively promote aggregate formation. Additionally, PE-MPs may release some alkaline
metabolites during degradation, which increases soil pH (Liu et al., 2024). Fertilization also increased soil bulk density,
SAA, and pH compared to the unfertilized treatment. This is primarily due to the fact that fertilization can enhance the
organic matter content in the soil, which improves aggregate stability, thereby increasing both soil bulk density and SAA
(Tian et al., 2022). However, superphosphate, used in the fertilization treatment, contains acidic compounds that can
lower soil pH.

Under unfertilized conditions, PE-MPs increased SOC, AP, and NO3™-N contents by 46.7%—-280.0%, 4.3%—17.8%, and
16.7%—-137.5%, respectively (except for AP in the D3C3 treatment and NO5™-N in the D1C3 treatment). In contrast, PE-
MPs generally reduced TN and NH,*-N contents by 0-10.7% and 8.0%—21.4%, respectively (except for NH,*-N in the
D1C1 and D2C2 treatments) (Fig. 4). These results indicate that PE-MPs had minimal effects on soil TP and TN but
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exerted more pronounced effects on SOC, NO3™-N, and NH,*-N. This is likely because soil TP and TN primarily originate
from the decomposition of organic matter, fertilization, and atmospheric deposition, and PE-MPs do not directly supply
P or N (X. Wang et al., 2024). Therefore, their impact on TP and TN is relatively limited. In contrast, PE-MPs contain
approximately 80% carbon, which can enhance SOC storage and influence soil nitrogen dynamics, particularly
nitrification and denitrification processes (Li et al., 2025; J. Wang et al., 2025). Additionally, fertilization significantly
increased soil TR, AR, TN, NO3™-N, and NH,*-N contents (Fig. 4), attributable to the application of urea and
superphosphate.

To investigate the relationship between the particle size and concentration of PE-MPs and soil properties (SOC, TP, AP,
TN, NO5™-N, and NH,4*-N), linear regression analysis was performed. The results revealed that the particle size of PE-
MPs was negatively correlated with SOC, while positively correlated with TP, AP, NO;™-N, and NH,*-N. In contrast, the
concentration of PE-MPs showed a positive correlation with SOC but a negative correlation with TR, NO5™-N, and NH,*-N
(Fig.S2g-r).

3.3 Effects of PE-MPs on soil enzyme activities and microbial
biomass

Following a 60-day soil incubation, PE-MPs amendment in unfertilized soils elevated MBC (57.2-117.3 mg kg~"), MBN
(5.5-8.2 mg kg~"), and MBP (4.7-7.1 mg kg-"), representing 18.5%-96.3% (MBC), 0.9%-52.1% (MBN), and 9.1%-65.6%
(MBP), increases relative to CK1(except for D1C1 and D1C2 in MBC). Under fertilized conditions, MBC, MBN, and MBP
in the CK2 increased by 24.1 mg kg-', 7.0 mg kg-', and 0.94 mg kg-', respectively. For PE-MPs treatments combined
with fertilization, MBC, MBN, and MBP contents ranged from 37.1-68.1 mg kg-', 5.8-9.0 mg kg-', and 4.7-7.6 mg kg,
respectively (Table 2). These patterns indicate that both PE-MPs and fertilization enhanced soil MBC, MBN, and MBP.
However, fertilization reduced MBC under PE-MPs treatments, while MBN and MBP remained relatively stable. This may
be attributed to PE-MPs serving as an additional carbon source for soil microorganisms, thereby stimulating microbial
activity related to organic carbon decomposition and increasing MBC (J. Wang et al., 2025). Furthermore, PE-MPs may
enhance microbial C, N, and P cycling by promoting enzyme activities and increasing the abundance of functional
microbes and related genes (X. Wang et al., 2022), ultimately leading to elevated levels of MBC, MBN, and MBP.
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Table 2

The effects of different particle sizes and concentrations of PE-MPs on soil MBC, MBN, MBP, NAG, BG, LAP, and ALP
contents under unfertilized and fertilized conditions.

Treatment MBC MBN MBP NAG BG LAP ALP
(mg kg~ (mg kg (mgkg™ (nmolg” (nmol g~ (nmol g~ (nmol g~
1) 1) 1) 1 h-1) 1 h-1) 1 h-1) h-1)
Unfertilized CK1 50.8+ 54+ 43+ 45+02b 4.0x20.1d 585+ 150.2 +
3.2c 0.4c 0.5b 5.9d 4.3d
D1C1 57.2+ 55¢% 54+ 59+0.3a 54+0.1c 66.1% 162.8 ¢
3.3c 0.3c 0.7a 3.3d 3.8d
D1C2 58.2+ 56+ 48+ 53+02a 64+01b 798¢ 171.3+
2.8c 0.2c 0.9b 2.3d 5.9d
D1C3 70.8+ 7.0+ 47+ 42+04b 7.5+02a 670+ 153.3 ¢
2.0b 0.6b 0.6b 3.2d 6.5d
D2C1 117.3 ¢ 6.6 + 5.7+ 47+03b 4101d 530+ 165.7 +
6.6a 0.1b 0.3a 2.8d 6.3d
D2C2 758+ 6.3 5.5+ 49+03b 3.1x02e 565+ 175.5+
5.2b 0.4b 0.3a 1.4d 3.7d
D2C3 85.5+ 7.7+ 59+ 56+0.2a 52+0.1c 542+ 155.9+
3.3b 0.2a 0.3a 1.2d 4.3d
D3C1 115.0+ 821 53+ 43+0.6b 51x0.1c 583z 185.3+
4.2a 0.2a 0.4b 1.9d 5.5d
D3C2 829+ 6.0+ 7.0+ 28+05c 3.5+0.1e 56.7% 177.1 4
2.4b 0.1b 0.6a 3.0d 4.6d
D3C3 109.3 + 6.5+ 50+ 25+03c 45+0.1d 61.2% 145.0
2.9a 0.4b 0.7b 1.0d 3.6d
Fertilized CK2 83.8+ 124 + 52+ 5.0+ 3.1+0.2d 559+ 192.8 +
2.5a 0.5a 0.2b 0.2cd 4.3d 6.5d
D1C1 62.4 6.8+ 52+ 59+02c 50+01b 780t 2054
2.3a 0.4c 0.1b 2.9d 3.7d
D1C2 57.3+ 58+ 52+ 6.9+03b 4.6+02b 656+ 2248+
2.8a 0.1c 0.6b 1.5d 6.9d
D1C3 554+ 71+ 47+ 7.3t04a 4110.17c 6561% 194.7 £
1.9a 0.3c 0.4b 3.3d 7.6d
D2C1 68.1+ 90+ 7.0+ 6.9+0.7b 6.6+0.1a 70.2% 2157+
1.7a 0.7b 0.3a 1.5d 6.3d
D2C2 60.2 + 7.3¢% 55+ 7.5+05a 6.1+x0.17a 899% 205.5+
4.2a 0.5c 0.2b 1.9d 4.7d

Note: The MBC, MBN, and MBP represent microbial biomass carbon, nitrogen, and phosphorus, respectively. The

NGA, BG, LAP, and ALP represent N-acety-B-D-glucosidase, B-1, 4-glucosidase, leucine aminopeptidase, and alkaline

phosphatase, respectively. “CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of

PE-MPs, respectively. “D1, D2, D3” represent the PE-MPs treatments with particle sizes of 550 pm, 50 ym, and 6.5

um, respectively. “C1, C2, C3” represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil

Bv%ight. Different letters above the bar represent statistically significant difference among all the treatments at P <
.05.
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Treatment MBC MBN MBP NAG BG LAP ALP

(mg kg~ (mg kg (mgkg~ (nmolg” (nmol g~ (nmol g~ (nmol g™’
1) 1) 1) 1 h-1) 1 h-1) 1 h-1) h-1)
D2C3 65.4 7.3+ 571 55+03c 4702b 91.7% 2559+
3.3a 0.6c 0.2b 4.0d 4.3d
D3C1 719 6.7t 7.6+ 35+0.2d 48+0.1b 728+ 236.3 +
3.3a 0.2c 0.4a 2.5d 5.4d
D3C2 371 7.6+ 6.2+ 33+04d 6.0+0.1a 627+ 207.1+
2.4b 0.2c 0.4ab 3.2d 3.6d
D3C3 39.7¢ 8.1 5.3% 43+03d 41+0.17c 635% 195.0¢
1.9b 0.1bc 0.1b 2.1d 5.7d

Note: The MBC, MBN, and MBP represent microbial biomass carbon, nitrogen, and phosphorus, respectively. The
NGA, BG, LAP, and ALP represent N-acety-B-D-glucosidase, B-1, 4-glucosidase, leucine aminopeptidase, and alkaline
phosphatase, respectively. “CK1, CK2” represent the unfertilized and fertilized treatments without the intervention of
PE-MPs, respectively. “D1, D2, D3" represent the PE-MPs treatments with particle sizes of 550 ypm, 50 pm, and 6.5
pm, respectively. “C1, C2, C3" represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil
weight. Different letters above the bar represent statistically significant difference among all the treatments at P <
0.05.

The activities of NAG, BG, LAP, and ALP were significantly influenced by PE-MPs particle size, concentration, and
fertilization (Table 2). Under unfertilized conditions, compared to the CK1, the activities of BG, NAG + LAP, and ALP in
soils treated with 550 um PE-MPs (D1) at various concentrations increased by 34.0%—85.1%, 13.0%—35.0%, and 2.0%~
14.0%, respectively. At a constant PE-MPs concentration of 0.5% (C1), BG and ALP activities increased by 1.7%-34.0%
and 8.4%—23.4%, respectively, across different particle sizes. Notably, NAG + LAP activity under D1 increased by 14.2%,
while activities under 50 pm (D2) and 6.5 pm (D3) PE-MPs decreased by 8.3% and 0.6%, respectively. Under fertilized
conditions, PE-MPs treatments resulted in increases in BG, NAG + LAP, and ALP activities by 31.3%-113.9%, 4.8%—
54.6%, and 1.0%—32.8%, respectively, compared to CK2 (Table 2). These findings establish that fertilization as a critical
modulator of PE-MP impacts on soil functionality, transitioning from size/concentration-dependent effects in nutrient-
poor systems to synergistic stimulation under nutrient-replete conditions. Linear regression analyses revealed distinct
size- and concentration-dependent patterns in PE-MP impacts on microbial biomass and extracellular enzyme activities
(Fig. S3). Particle size exhibited inverse relationships with MBC, MBN, MBP, and ALP, but positively correlations with
NAG, BG, and LAP. Conversely, PE-MPs concentration positively influenced BG and LAP, while negatively correlated with
MBC, MBN, MBP, NAG, and ALP (Fig.S3). These antagonistic size-concentration interactions suggest larger PE-MPs
preferentially stimulate enzymatic N/P acquisition through enhanced surface biofilm formation, whereas higher
concentrations induce metabolic stress that prioritizes C-cycling enzymes over microbial biomass accumulation.

3.4 Effects of PE-MPs on soil microbial communities

Based on the above results, we further analyzed changes in the bacterial and fungal communities in the rhizosphere soil
of Pisum sativum L. in response to PE-MPs particle size, concentration, and fertilization treatments. Under unfertilized
conditions, the bacterial Shannon index under PE-MPs treatments changed by - 50.3% to 5.1%, while the fungal
Shannon index changed by - 59.1% to 6.7%, relative to the CK1. Under fertilization, the bacterial Shannon index in CK2
decreased by 4.5%, whereas the fungal Shannon index increased by 19.4% (Fig. 5a). Principal coordinate analysis
(PCoA) of functional diversity showed that PC1 and PC2 explained 33.5% of the variation in bacterial communities and
31.8% in fungal communities between PE-MPs and fertilization treatments in rhizosphere soil (Fig. 5b). At the phylum
level, PE-MPs treatments increased the relative abundance of Ascomycota and Proteobacteria, while decreasing
Crenarchaeota and Basidiomycota, compared with CK1. In fertilized soils, the relative abundance of Acidobacteriota
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and Mortierellomycota decreased significantly, whereas Firmicutes and Ascomycota increased, compared with CK2
(Fig. 5c).

Additionally, both bacterial and fungal microbial communities were distinctly separated by the addition of PE-MPs under
both unfertilized and fertilized conditions. To further explore these relationships, we performed a co-occurrence
network analysis based on the OTU matrix (Fig. 6). The results showed that the number of microbial nodes and edges
decreased in both bacterial and fungal communities under fertilization compared to unfertilized treatments. Notably,
the number of nodes in the Proteobacteria bacterial phylum increased under fertilization, while the number of nodes in
the Chytridiomycota, Blastocladiomycota, and Aphelidiomycota fungal phyla decreased. This shift can be attributed to
the role of Proteobacteria in the N and P cycles, which are critical for soil fertility and ecological balance (Mohammed
and Dakora, 2024). Fertilization, which supplied N, P, and potassium (K), likely enhanced the growth and proliferation of
Proteobacterita. In contrast, Chytridiomycota, Blast, and Aphelidiomycota are important decomposers of complex
organic matter and can also cause plant diseases (Wang and Kuzyakov, 2024). The increase in readily available
nutrients from fertilization may have supported plant growth, thus inhibiting the growth of these fungal phyla.
Furthermore, the bacterial symbiotic network under the fertilization treatment with PE-MPs exhibited more negative
correlations, while fewer negative correlations were observed in the fungal network. This suggests that the addition of
PE-MPs under fertilized conditions had a more complex effect on the bacterial community, leading to enhanced
competition and antagonism among bacterial taxa. This increase in negative correlations may be linked to changes in
soil nutrient dynamics induced by fertilization.

We then conducted Lefse analysis to identify key bacterial and fungal taxa as biomarkers of Pisum sativum L. plants
affected by PE-MPs and fertilization in the rhizosphere soil. A total of 18 bacterial and 36 fungal taxa were identified as
biomarkers (Fig. 7a-b). Specifically, bacterial and fungal genera such as Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium and Pseudomonas were identified as biomarkers of PE-MPs involvement under fertilization. In contrast,
CENA518 and Pseudopithomyces were identified as biomarkers under unfertilized conditions. Other bacterial and
fungal genera, including Paenibacillus, Ceratobasidium, Microdiplodia, Siepmannia, Tulostoma, Myrothecium,
Acrocalymma, and Filobasidium, were associated with the fertilized rhizosphere soil, while genera such as
Ligilactobacillus, Ochrobactrum, Solicoccozyma, Geastrum, Kohlmeyeriopsis, Cylindrocarpon, Capronia,
Cephalotrichum, and Amesia were identified under unfertilized conditions. The results indicated that the addition of PE-
MPs to the rhizosphere soil reduced the abundance of several key microbial biomarkers. This effect can be attributed to
the formation of a "plastic circle" around the PE-MPs in the rhizosphere, which creates a microenvironment significantly
different from the surrounding soil. Such changes in habitat are likely unfavorable for the survival of certain microbial
groups, leading to a decrease in their population (Shang et al., 2024).

To investigate the correlation and potential competition or cooperation between key biomarkers in the rhizosphere soil,
we constructed symbiotic microbial networks for these biomarkers under four conditions: no fertilization, fertilization,
no fertilization with PE-MPs intervention, and fertilization with PE-MPs intervention. The results revealed that under the
no fertilization condition, biomarkers in the rhizosphere were negatively correlated, such as Ligilactobacillus with
Capronia, Amesia, and Kohimeyeriopsis. In contrast, under fertilized conditions, biomarkers exhibited positive
correlations, such as Paenibacillus with Filobasidium, Siepmannia, Myrothecium, and Ceratobasidium (Fig. 7c). The
observed patterns can be explained by the differences in nutrient availability. In unfertilized soil, nutrients are relatively
scarce, and plant root secretions serve as a limited carbon source. As a result, microbial groups compete for these
resources, leading to negative correlations. Conversely, fertilization provides abundant nutrients (C, N, and P),
promoting microbial growth and fostering a mutually beneficial symbiotic relationship between the microbes (Sun et al.,
2021).

3.5 Pisum sativum L.-soil-microbe relationships
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To investigate the correlation between soil parameters, Pisum sativum L. growth, and soil microbial communities, we
conducted a Mantel test to analyze the relationships between the abundance of bacterial and fungal biomarkers, soil
parameters, and Pisum sativum L. growth (Fig. 8). Pearson correlation analysis revealed that the abundance of bacterial
biomarkers was significantly positively correlated with SAA, bulk density, PPH, RFA, RV, DRW, DSW, SOC, AP, TN, NO;™-N,
MBC, MBN, MBP, NGA, and ALP. Similarly, the abundance of fungal biomarkers was significantly positively correlated
with RL, NO3™-N, and ALP, and positively correlated with SBD, SAA, RAD, RFA, RV, DRW, DSW, SOC, AP, TN, NH,*-N, MBP,
BG, LAP, and ALP. We further examined the direct and indirect effects of different PE-MPs particle sizes and
concentrations and fertilization treatments on Pisum sativum L.-soil-microbe interactions using structural equation
modeling (SEM) (Fig. 9). The SEM results showed that PE-MPs had negative effects on soil physicochemical properties,
bacterial biomarkers, and Pisum sativum L. growth indicators, while positively influencing soil nutrients, fungal
biomarkers, microbial biomass, and enzyme activities. Fertilization treatments, on the other hand, had positive effects
on soil physicochemical properties, nutrients, microbial biomass, enzyme activities, bacterial and fungal biomarkers,
and Pisum sativum L. growth indicators. Additionally, both PE-MPs and fertilization treatments were found to indirectly
influence soil C, N, and P-related enzyme activities (0.50 and 0.15) and Pisum sativum L. growth indicators (- 0.64, p <
0.05 and - 0.42) through bacterial and fungal biomarkers.

Importantly, we found that CENA518 and Pseudopithomyces, as key biomarkers in the Pisum sativum L. rhizosphere
under PE-MPs treatment, were not only enriched but also positively correlated with Pisum sativum L. root growth
indicators, including RL, RAD, RFA, RV, and DRW. In contrast, Paenibacillus, Ceratobasidium, Microdiplodia, Siepmannia,
Tulostoma, Myrothecium, Acrocalymma, and Filobasidium, identified as key biomarkers under fertilization treatment,
showed negative correlations with these same root growth parameters. Collectively, these findings suggest that PE-
MPs and fertilization treatments can directly influence Pisum sativum L. growth and indirectly affect soil C, N, and P-
related enzyme activities, as well as Pisum sativum L. growth indicators, through their impact on microbial biomarker
abundance.

4 Discussion

Existing research on microplastics (MPs) has predominantly concentrated on soil-microbe interactions, whereas limited
investigations of their systemic impacts on tripartite plant-soil-microorganism networks—a critical gap in understanding
agroecosystem responses (Li et al., 2025). Additionally, the influence of fertilization has often been overlooked in
studies examining the effects of MPs on these systems. Our findings demonstrate that PE-MPs significantly impaired
the growth of both the aboveground and root systems of Pisum sativum L. under unfertilized conditions, while
fertilization alleviated the inhibitory effects of PE-MPs on Pisum sativum L. growth. Notably, specific PE-MPs treatments
even enhanced growth, with these effects being closely related to the particle size and concentration of the PE-MPs
(Fig. 2 and S1). This may be due to the mechanical blocking effect of PE-MPs on root growth (M. Yang et al., 2021),
which inhibits root expansion and nutrient uptake from the soil. Smaller particles as well as higher concentrations of
PE-MPs tend to be adsorbed onto surface of the plant root, blocking cell wall pores, thus hindering the normal
absorption and transport of water and nutrients by the roots, and ultimately stunting plant growth (Hernandez-Arenas et
al., 2021; Liao et al., 2019; Lozano et al., 2020). These findings are consistent with our results under unfertilized
conditions. However, other studies have highlighted the importance of MPs' shape (beads, fibers, and fragments), size,
and chemical composition (e.g., high-density polyethylene, PEHD; polyester fiber, PES; polyester terephthalate, PET;
polypropylene, PP; polystyrene, PS; polyamide, PA) of the MPs in their effect on plants. MPs with shapes and properties
that differ significantly from natural soil particles tend to have a more pronounced impact on plants (de Souza Machado
et al.,, 2019). Notably, PEHD and PE have been shown to promote root elongation, increase total root length, and reduce
average root diameter, which can help plants absorb water and nutrients more effectively, ultimately enhancing root and
aboveground plant biomass (de Souza Machado et al., 2019; Li et al., 2025). These findings align with our results under
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fertilization conditions. Thus, the impact of PE-MPs on plant growth is closely linked to fertilization treatment. On one
hand, the application of N, P, and K fertilizers promotes root growth (Jo et al., 2024). On the other hand, fertilization
appears to modulate the effects of PE-MPs (Li et al., 2021), potentially accelerating the degradation of PE-MPs (Zhang
et al., 2020) and mitigating their inhibitory impact on plant growth (Zhuang et al., 2024).

The addition of PE-MPs to the soil can lead to changes in soil bulk density, SAA, pH, nutrients, and the activity of
enzymes involved in the C, N, and P cycles, all of which impact plant growth (de Souza Machado et al., 2018; Li et al.,
2025; J. Wang et al., 2025; Zhuang et al., 2024). This study found that soil bulk density decreased with an increase in
PE-MPs particle size and concentration, while SAA and pH increased with decreasing particle size and increasing in PE-
MPs concentration (Fig. S2). The reduction in soil bulk density following PE-MPs addition is likely due to the lower
density of PE-MPs compared to many natural soil minerals. When large-sized or high-concentration PE-MPs are added,
they occupy space without significantly increasing mass, thus decreasing soil bulk density (de Souza Machado et al.,
2018; Rillig et al., 2017). Smaller PE-MP particles have a larger specific surface area and higher surface energy, which
allows them to adsorb more organic matter and microorganisms. This facilitates the formation of organic cement,
enhancing the stability of soil aggregates and promoting soil structure (de Souza Machado et al., 2018). Additionally, as
PE-MP concentration increases, their distribution becomes denser, creating more adsorption sites that promote the
aggregation of soil particles and increase the content of SAA (Liang et al., 2024). The effect of PE-MPs on soil pH is
likely due to their adsorption capacity, which can capture free H*, acidic substances, and alkaline compounds in the soil
(Rong et al., 2021; F. Wang et al., 2020). Furthermore, when PE-MPs were applied to the soil, there was an increase in
soil SOC, AP, and NO5;™-N content, while TN and NH,*-N content decreased (Fig. 4). This can be attributed to the

influence of PE-MPs on the activity of enzymes involved in the C, N, and P cycles (Guo et al., 2024). Specifically, the
application of PE-MPs resulted in a decrease in NAG, an enzyme involved in organic nitrogen mineralization, which in
turn reduced the release of NH,*-N from hydrolyzed organic nitrogen in the soil (Wang et al., 2023). In contrast, the
activity of BG, involved in the C cycle, increased, leading to the hydrolysis of B-glucosidic bonds and the release of
glucose, thus increasing the available carbon content in the soil (Lian et al., 2024; Liu et al., 2017). Similarly, the increase
in alkaline phosphatase activity, which is involved in the P cycle, facilitated the hydrolysis of phosphates and the release
of inorganic phosphorus, thereby boosting the available phosphorus content (J. Wang et al., 2025; Zhuang et al., 2024).
Moreover, the polymer units of PE-MPs contain approximately 80% carbon, which contributes to an increase in SOC
storage after the addition of PE-MPs to the soil (Rillig, 2018). Previous studies have also shown that PE-MPs increase
the content of water-stable aggregates (Fig. 3), which reduces NO3™-N leaching and increases its content in the soil (Li

et al., 2025).

Soil microorganisms play a crucial role in the material cycling processes in the environment. Higher microbial diversity
typically leads to a more complex community structure, which contributes to greater ecosystem stability
(Blagodatskaya and Kuzyakov, 2008). PE-MPs can influence soil microbial communities by altering the physical and
chemical properties, nutrient transport, and plant growth (W. Yang et al., 2021). Furthermore, PE-MPs can act as a
habitat for microorganisms, fostering the enrichment of species with specific functions within the "microplastic ball" (Li
et al., 2023; Q. Wang et al., 2022). Research has shown that the impact of PE-MPs on soil microbial communities is
complex. On one hand, PE-MPs reduce the alpha diversity of bacterial communities in the soil, although the effect is not
strongly correlated with the concentration of PE-MPs (Huang et al., 2019). On the other hand, PE-MPs can promote
bacterial differentiation and succession, facilitating bacterial enrichment in the soil (J. Wang et al., 2020). Some studies
have also suggested that, in the short term, the effect of PE-MPs on microbial communities is relatively small (Blocker
et al., 2020). In our study, we observed that under unfertilized conditions, the impact of PE-MPs on bacterial and fungal
communities varied depending on the particle size and concentration, highlighting the complexity of these interactions
(Fig. 5a). This aligns with existing studies, which show that PE-MPs of different particle sizes, particularly small and
medium-sized PE-MPs (0.5-1500 um), have more pronounced effects on soil bacteria and fungi (Gao et al., 2024).
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Under fertilized conditions, we found that PE-MPs increased the diversity and evenness (Shannon index) of bacteria but
reduced the diversity and evenness of fungi (Fig. 5a). This may be due to fertilization altering the nutritional status of
the microbial community, which in turn influences how PE-MPs affect these communities (Qiong et al., 2018). Moreover,
we observed that under unfertilized conditions, PE-MPs increased the relative abundance of Ascomycota and
Proteobacteria, while decreasing the abundance of Crenarchaeota and Basidiomycota (Fig. 5c), consistent with
previous findings (Z.-C. Wang et al., 2024). Under fertilized conditions, the relative abundance of Acidobacteriota and
Mortierellomycota decreased, whereas the relative abundance of Firmicutes and Ascomycota increased (Fig. 5¢).
These changes are likely attributed to the increased nutrient availability from fertilization, which can drive shifts in the
relative abundance of these microbial phyla (Sun et al., 2021).

Microbial biomarkers are highly valuable in assessing soil health, investigating microbial community functions, and
monitoring soil fertility and plant health (Tackmann et al., 2018; F. Wang et al., 2024). In this study, we employed Lefse
analysis to identify microbial biomarkers in soil microbial communities under different treatment conditions.
Specifically, in the fertilization-PE-MPs coupling treatment, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium and
Pseudomonas genera were identified as key microbial markers (Fig. 7a). This finding can be explained by the fact that
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium is a significant member of the Rhizobium family, known for its
ability to fix nitrogen in symbiosis with plants (Gu et al., 2020). Fertilization likely alters the nitrogen balance in the soil,
and this genus can adapt to the change by fixing nitrogen, leading to its increased abundance in the microbial
community. Additionally, Pseudomonas is capable of forming biofilms on the surface of PE-MPs, allowing it to attach to
the microplastics and utilize the polymers in PE-MPs as carbon sources, which promotes its enrichment in the presence
of PE-MPs (Lee et al., 2020; Wilkes and Aristilde, 2017). Through Mantel test analysis, we found that bacterial
biomarkers were significantly and positively correlated with SAA, whereas fungal biomarkers were positively correlated
with RL, NO5™-N, and ALP (Fig. 8). We then used partial least squares structural equation modeling (SEM) to explore
further explored the direct and indirect effects of PE-MPs and fertilization treatments on Pisum sativum L. growth, soil
microbial communities, and enzyme activity using (Fig. 9). SEM results revealed that both PE-MPs and fertilization
treatments not only directly impacted Pisum sativum L. growth but also indirectly affected growth and soil enzyme
activities by altering fungal and bacterial biomarkers. Importantly, microbial biomarkers were predominantly influenced
by the particle size and concentration of PE-MPs, as well as by the fertilization treatments.

This study simulated environmental pollution scenarios by artificially introducing PE-MPs to investigate their effects on
the plant-soil-microorganism system. However, this simulation differs from the natural presence of PE-MPs in the
environment. In nature, PE-MPs undergo long-term degradation, migration, and aging processes, which introduce
additional complexities that are difficult to replicate or restore in a short experimental timeframe. Furthermore, although
this study primarily focused on the combined effects of PE-MPs and fertilization on the plant-soil-microorganism
system from a phenomenological perspective, the underlying mechanisms of these effects remain unclear. Future
research should therefore aim to explore these specific mechanisms in more detail to better understand the role of PE-
MPs in ecosystems.

5 Conclusion

In this study, we explored the effects of fertilization on Pisum sativum L. growth characteristics, soil physicochemical
properties, nutrient content, enzyme activity, and microbial communities in soils contaminated with PE-MPs of varying
particle sizes and concentrations. Our results underscore the negative impact of PE-MPs on the Pisum sativum L.-soil-
microbe agricultural ecosystem. Specifically, PE-MPs significantly inhibited Pisum sativum L. growth, reduced soil bulk
density, TN, and NH,*-N, while increasing SAA, pH, SOC, AP, and NO5;~-N levels. These effects were closely linked to the
particle size and concentration of PE-MPs. Further analysis revealed that, in addition to their direct impact on Pisum
sativum L. growth characteristics, PE-MPs also indirectly influenced soil enzyme activity and Pisum sativum L. growth by
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decreasing the diversity of bacterial and fungal communities in the soil. However, our study also demonstrated that
fertilization can effectively mitigate the negative impacts of PE-MPs on the Pisum sativum L.-soil-microbe ecosystem.
Notably, we identified specific biomarkers enriched in the rhizosphere of Pisum sativum L. under different treatments
(unfertilized, fertilized, unfertilized-PE-MPs, and fertilized-PE-MPs), which may serve as valuable indicators for
assessing soil health. These findings provide a new perspective on soil quality assessment under PE-MPs
contamination. Nevertheless, the mechanisms underlying these effects in other soil types or under long-term cultivation
conditions remain unclear. Future research should further explore the interaction between fertilization and PE-MPs in
the plant-soil-microbe system and identify optimal fertilization strategies for PE-MPs-contaminated agricultural soils.
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Figure 1

Schematic representation of the experiment. Polyethylene microplastics (PE-MPs) were added of 550 pm (D1), 50 um
(D2), 6.5 um (D3) particle size and 0.5% (C1), 1.0% (C2), 2.0% (C3) concentration under the conditions of unfertilized

and fertilized.
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Figure 2

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on Pisum sativum L.growth
under fertilized and unfertilized conditions. (a, b) Plant heigth, (c, d) Root length, (e, f) Root average diameter, (g, h) Root
surface area, (i, j) Root volume, (k, I) aboveground dry weight and dry root weight. Data are means + SD (n = 3). “CK1,
CK2” represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3"
represent the PE-MPs treatments with particle sizes of 550 pm, 50 um, and 6.5 pm, respectively. “C1, C2, C3" represent
the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above the bar
represent statistically significant difference among all the treatments at P < 0.05.
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The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on Pisum sativum L.growth
under fertilized and unfertilized conditions. (a, b) Plant heigth, (c, d) Root length, (e, f) Root average diameter, (g, h) Root
surface area, (i, j) Root volume, (k, I) aboveground dry weight and dry root weight. Data are means + SD (n = 3). “CK1,
CK2” represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3"
represent the PE-MPs treatments with particle sizes of 550 pm, 50 um, and 6.5 pm, respectively. “C1, C2, C3" represent
the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above the bar
represent statistically significant difference among all the treatments at P < 0.05.
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Figure 2

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on Pisum sativum L.growth
under fertilized and unfertilized conditions. (a, b) Plant heigth, (c, d) Root length, (e, f) Root average diameter, (g, h) Root
surface area, (i, j) Root volume, (k, I) aboveground dry weight and dry root weight. Data are means + SD (n = 3). “CK1,
CK2” represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3"
represent the PE-MPs treatments with particle sizes of 550 pm, 50 um, and 6.5 pm, respectively. “C1, C2, C3" represent
the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above the bar

represent statistically significant difference among all the treatments at P < 0.05.
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Figure 2

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on Pisum sativum L.growth
under fertilized and unfertilized conditions. (a, b) Plant heigth, (c, d) Root length, (e, f) Root average diameter, (g, h) Root
surface area, (i, j) Root volume, (k, I) aboveground dry weight and dry root weight. Data are means + SD (n = 3). “CK1,
CK2” represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3"
represent the PE-MPs treatments with particle sizes of 550 pm, 50 um, and 6.5 pm, respectively. “C1, C2, C3" represent
the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above the bar
represent statistically significant difference among all the treatments at P < 0.05.
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Figure 3

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil bulk density (a),
soil water stable aggregates (b), and pH (c) under fertilized and unfertilized conditions. Data are means + SD (n = 3).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3" represent the PE-MPs treatments with particle sizes of 550 ym, 50 ym, and 6.5 pym, respectively. “C1, C2, C3"
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above
the bar represent statistically significant difference among all the treatments at P < 0.05.
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Figure 3

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil bulk density (a),
soil water stable aggregates (b), and pH (c) under fertilized and unfertilized conditions. Data are means + SD (n = 3).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3" represent the PE-MPs treatments with particle sizes of 550 ym, 50 ym, and 6.5 pym, respectively. “C1, C2, C3"
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above
the bar represent statistically significant difference among all the treatments at P < 0.05.
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Figure 3

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil bulk density (a),
soil water stable aggregates (b), and pH (c) under fertilized and unfertilized conditions. Data are means + SD (n = 3).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3" represent the PE-MPs treatments with particle sizes of 550 ym, 50 ym, and 6.5 pym, respectively. “C1, C2, C3"
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above
the bar represent statistically significant difference among all the treatments at P < 0.05.
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Figure 3

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil bulk density (a),
soil water stable aggregates (b), and pH (c) under fertilized and unfertilized conditions. Data are means + SD (n = 3).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3" represent the PE-MPs treatments with particle sizes of 550 ym, 50 ym, and 6.5 pym, respectively. “C1, C2, C3"
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight. Different letters above
the bar represent statistically significant difference among all the treatments at P < 0.05.
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Figure 4

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil organic matter
content (SOC), total phosphorus (TP), available phosphorus (AP), total nitrogen (TN), nitrate nitrogen ( -N),
and ammonium nitrogen ( -N) under fertilized and unfertilized conditions. “CK1, CK2" represent the unfertilized and
fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3” represent the PE-MPs treatments
with particle sizes of 550 ym, 50 um, and 6.5 pum, respectively. “C1, C2, C3” represent the concentrations of 0.5%, 1.0%,
and 2.0% PE-MPs (w/w) relative to the soil weight.
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The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil organic matter
content (SOC), total phosphorus (TP), available phosphorus (AP), total nitrogen (TN), nitrate nitrogen ( -N),
and ammonium nitrogen ( -N) under fertilized and unfertilized conditions. “CK1, CK2" represent the unfertilized and
fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3” represent the PE-MPs treatments
with particle sizes of 550 ym, 50 um, and 6.5 pum, respectively. “C1, C2, C3” represent the concentrations of 0.5%, 1.0%,
and 2.0% PE-MPs (w/w) relative to the soil weight.
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The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil organic matter
content (SOC), total phosphorus (TP), available phosphorus (AP), total nitrogen (TN), nitrate nitrogen ( -N),
and ammonium nitrogen ( -N) under fertilized and unfertilized conditions. “CK1, CK2" represent the unfertilized and
fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3” represent the PE-MPs treatments
with particle sizes of 550 ym, 50 um, and 6.5 pum, respectively. “C1, C2, C3” represent the concentrations of 0.5%, 1.0%,
and 2.0% PE-MPs (w/w) relative to the soil weight.
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Figure 4

The effects of three particle size and concentrations of polyethylene microplastics (PE-MPs) on soil organic matter
content (SOC), total phosphorus (TP), available phosphorus (AP), total nitrogen (TN), nitrate nitrogen ( -N),
and ammonium nitrogen ( -N) under fertilized and unfertilized conditions. “CK1, CK2" represent the unfertilized and
fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2, D3” represent the PE-MPs treatments
with particle sizes of 550 ym, 50 um, and 6.5 pum, respectively. “C1, C2, C3” represent the concentrations of 0.5%, 1.0%,
and 2.0% PE-MPs (w/w) relative to the soil weight.
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Differences in diversity and structure of bacterial and fungal communities in Pisum sativum L. rhizosphere soil with
polyethylene microplastics (PE-MPs) of different particle sizes and concentrations under unfertilized and fertilized
conditions. (a) Shannon index of bacterial and fungal community. (b) Principal coordinates analysis (PCoA) of bacterial
and fungal communities. (c) Relative abundance of the major phyla in the bacterial and fungal community (top 10).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3” represent the PE-MPs treatments with particle sizes of 550 pm, 50 ym, and 6.5 pm, respectively. “C1, C2, C3”
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight.
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Differences in diversity and structure of bacterial and fungal communities in Pisum sativum L. rhizosphere soil with
polyethylene microplastics (PE-MPs) of different particle sizes and concentrations under unfertilized and fertilized
conditions. (a) Shannon index of bacterial and fungal community. (b) Principal coordinates analysis (PCoA) of bacterial
and fungal communities. (c) Relative abundance of the major phyla in the bacterial and fungal community (top 10).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3” represent the PE-MPs treatments with particle sizes of 550 pm, 50 pm, and 6.5 pm, respectively. “C1, C2, C3”
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight.
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Differences in diversity and structure of bacterial and fungal communities in Pisum sativum L. rhizosphere soil with
polyethylene microplastics (PE-MPs) of different particle sizes and concentrations under unfertilized and fertilized
conditions. (a) Shannon index of bacterial and fungal community. (b) Principal coordinates analysis (PCoA) of bacterial
and fungal communities. (c) Relative abundance of the major phyla in the bacterial and fungal community (top 10).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3” represent the PE-MPs treatments with particle sizes of 550 pm, 50 ym, and 6.5 pm, respectively. “C1, C2, C3”
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight.
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Differences in diversity and structure of bacterial and fungal communities in Pisum sativum L. rhizosphere soil with
polyethylene microplastics (PE-MPs) of different particle sizes and concentrations under unfertilized and fertilized
conditions. (a) Shannon index of bacterial and fungal community. (b) Principal coordinates analysis (PCoA) of bacterial
and fungal communities. (c) Relative abundance of the major phyla in the bacterial and fungal community (top 10).
“CK1, CK2" represent the unfertilized and fertilized treatments without the intervention of PE-MPs, respectively. “D1, D2,
D3” represent the PE-MPs treatments with particle sizes of 550 pm, 50 ym, and 6.5 pm, respectively. “C1, C2, C3”
represent the concentrations of 0.5%, 1.0%, and 2.0% PE-MPs (w/w) relative to the soil weight.
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Figure 6

Co-occurrence networks of bacteria (a and b) and fungus (c and d) communities. Each node size indicates the relative
abundance of OTUs in bacteria and fungus communities in the treatments. A red edge indicates a negative relationship,

while a blue edge indicates a positive relationship between two individual nodes.
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Figure 6

Co-occurrence networks of bacteria (a and b) and fungus (c and d) communities. Each node size indicates the relative
abundance of OTUs in bacteria and fungus communities in the treatments. A red edge indicates a negative relationship,

while a blue edge indicates a positive relationship between two individual nodes.
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Bacterial and fungal biomarkers in three particle size and concentrations of polyethylene microplastics (PE-MPs),
unfertilized and fertilized conditions in Pisum sativum L. rhizosphere soil and their correlation networks. (a) and (b)
represents the linear discriminant analysis effect size (Lefse) analysis showing the significantly different bacterial and
fungal taxa (biomarkers) among the different fertilized and PE-MPs treatment (LDA > 3 and p< 0.05). (c) represents the
correlation networks of biomarkers in PE-MPs, unfertilized and fertilized conditions rhizospheres. “UF” represents the
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unfertilized treatment. “F” represents the fertilized treatments. “UF-M” represents the PE-MPs and unfertilized
treatments. “F-M" represents the PE-MPs and fertilized treatments.
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Figure 7

Bacterial and fungal biomarkers in three particle size and concentrations of polyethylene microplastics (PE-MPs),
unfertilized and fertilized conditions in Pisum sativum L. rhizosphere soil and their correlation networks. (a) and (b)
represents the linear discriminant analysis effect size (Lefse) analysis showing the significantly different bacterial and
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fungal taxa (biomarkers) among the different fertilized and PE-MPs treatment (LDA > 3 and p< 0.05). (c) represents the
correlation networks of biomarkers in PE-MPs, unfertilized and fertilized conditions rhizospheres. “UF” represents the
unfertilized treatment. “F” represents the fertilized treatments. “UF-M" represents the PE-MPs and unfertilized

treatments. “F-M" represents the PE-MPs and fertilized treatments.
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Bacterial and fungal biomarkers in three particle size and concentrations of polyethylene microplastics (PE-MPs),
unfertilized and fertilized conditions in Pisum sativum L. rhizosphere soil and their correlation networks. (a) and (b)
represents the linear discriminant analysis effect size (Lefse) analysis showing the significantly different bacterial and
fungal taxa (biomarkers) among the different fertilized and PE-MPs treatment (LDA > 3 and p< 0.05). (c) represents the
correlation networks of biomarkers in PE-MPs, unfertilized and fertilized conditions rhizospheres. “UF” represents the
unfertilized treatment. “F” represents the fertilized treatments. “UF-M" represents the PE-MPs and unfertilized
treatments. “F-M" represents the PE-MPs and fertilized treatments.
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Figure 7

Bacterial and fungal biomarkers in three particle size and concentrations of polyethylene microplastics (PE-MPs),
unfertilized and fertilized conditions in Pisum sativum L. rhizosphere soil and their correlation networks. (a) and (b)
represents the linear discriminant analysis effect size (Lefse) analysis showing the significantly different bacterial and
fungal taxa (biomarkers) among the different fertilized and PE-MPs treatment (LDA > 3 and p< 0.05). (c) represents the
correlation networks of biomarkers in PE-MPs, unfertilized and fertilized conditions rhizospheres. “UF” represents the
unfertilized treatment. “F” represents the fertilized treatments. “UF-M” represents the PE-MPs and unfertilized
treatments. “F-M" represents the PE-MPs and fertilized treatments.
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Figure 8

Pairwise comparisons of soil physicochemical properties, microbial biomass, enzyme activity, and Pisum sativum L.
growth indicators were shown in the lower left corner, with a color gradient denoting Pearson’s correlation coefficient.
Bacterial and fungal biomarkers were related to soil physicochemical properties, microbial biomass, enzyme activity,
and Pisum sativum L. growth indexes by Mantel test. Edge color denotes the statistical significance and edge width
corresponds to the Mantel’s r statistic for the corresponding distance correlations. (*: p < 0.05, **: p < 0.01, ***: p <
0.001). The SBD, SAA, and pH represent soil bulk density, water-stable aggregate content and pH value, respectively.
The SOC, TP, TN, NO5, and NH," represent soil organic matter content, total phosphorus, available phosphorus, total
nitrogen, nitrate nitrogen, and ammonium nitrogen, respectively. The MBC, MBN, and MBP represent microbial biomass
carbon, nitrogen, and phosphorus, respectively. The PPH, RL, RAD, RFA, RV, DRW, and DSW represent lant height, root
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length, root average diameter, root surface area, root volume, aboveground dry weight, and dry root weight, respectively.
The NGA, BG, LAP, and ALP represent N-acety-B-D-glucosidase, -1, 4-glucosidase, leucine aminopeptidase, and alkaline
phosphatase, respectively. The ANRP, CA, Pm, Lb, Pb, and Ob represent Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, CENA518, Pseudomonas, Ligilactobacillu, Paenibacillus, and Ochrobactrum, respectively. The Pp, Sc, Gt, Cb,
Md, Ky, Sm, Tt, Mt, Cc, Cn, Ct, Ay, Fs, and As represent Pseudopithomyces, Solicoccozyma, Geastrum, Ceratobasidium,
Myrothecium, Kohlmeyeriopsis, Siepmannia, Tulostoma, Myrothecium, Cylindrocarpon, Capronia, Cephalotrichum,
Acrocalymma, Filobasidium, and Amesia, respectively.
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Pairwise comparisons of soil physicochemical properties, microbial biomass, enzyme activity, and Pisum sativum L.
growth indicators were shown in the lower left corner, with a color gradient denoting Pearson’s correlation coefficient.
Bacterial and fungal biomarkers were related to soil physicochemical properties, microbial biomass, enzyme activity,
and Pisum sativum L. growth indexes by Mantel test. Edge color denotes the statistical significance and edge width
corresponds to the Mantel’s r statistic for the corresponding distance correlations. (*: p < 0.05, **: p < 0.01, ***: p <
0.0017). The SBD, SAA, and pH represent soil bulk density, water-stable aggregate content and pH value, respectively.
The SOC, TP, TN, NO5, and NH,* represent soil organic matter content, total phosphorus, available phosphorus, total
nitrogen, nitrate nitrogen, and ammonium nitrogen, respectively. The MBC, MBN, and MBP represent microbial biomass
carbon, nitrogen, and phosphorus, respectively. The PPH, RL, RAD, RFA, RV, DRW, and DSW represent lant height, root
length, root average diameter, root surface area, root volume, aboveground dry weight, and dry root weight, respectively.
The NGA, BG, LAP, and ALP represent N-acety-3-D-glucosidase, -1, 4-glucosidase, leucine aminopeptidase, and alkaline
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phosphatase, respectively. The ANRP, CA, Pm, Lb, Pb, and Ob represent Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, CENA518, Pseudomonas, Ligilactobacillu, Paenibacillus, and Ochrobactrum, respectively. The Pp, Sc, Gt, Cb,
Md, Ky, Sm, Tt, Mt, Cc, Cn, Ct, Ay, Fs, and As represent Pseudopithomyces, Solicoccozyma, Geastrum, Ceratobasidium,
Myrothecium, Kohlmeyeriopsis, Siepmannia, Tulostoma, Myrothecium, Cylindrocarpon, Capronia, Cephalotrichum,
Acrocalymma, Filobasidium, and Amesia, respectively.
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Pairwise comparisons of soil physicochemical properties, microbial biomass, enzyme activity, and Pisum sativum L.
growth indicators were shown in the lower left corner, with a color gradient denoting Pearson’s correlation coefficient.
Bacterial and fungal biomarkers were related to soil physicochemical properties, microbial biomass, enzyme activity,
and Pisum sativum L. growth indexes by Mantel test. Edge color denotes the statistical significance and edge width
corresponds to the Mantel’s r statistic for the corresponding distance correlations. (*: p < 0.05, **: p < 0.01, ***: p <
0.001). The SBD, SAA, and pH represent soil bulk density, water-stable aggregate content and pH value, respectively.
The SOC, TR, TN, NO5, and NH," represent soil organic matter content, total phosphorus, available phosphorus, total
nitrogen, nitrate nitrogen, and ammonium nitrogen, respectively. The MBC, MBN, and MBP represent microbial biomass
carbon, nitrogen, and phosphorus, respectively. The PPH, RL, RAD, RFA, RV, DRW, and DSW represent lant height, root
length, root average diameter, root surface area, root volume, aboveground dry weight, and dry root weight, respectively.
The NGA, BG, LAP, and ALP represent N-acety-B-D-glucosidase, -1, 4-glucosidase, leucine aminopeptidase, and alkaline
phosphatase, respectively. The ANRP, CA, Pm, Lb, Pb, and Ob represent Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, CENA518, Pseudomonas, Ligilactobacillu, Paenibacillus, and Ochrobactrum, respectively. The Pp, Sc, Gt, Cb,
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Md, Ky, Sm, Tt, Mt, Cc, Cn, Ct, Ay, Fs, and As represent Pseudopithomyces, Solicoccozyma, Geastrum, Ceratobasidium,
Myrothecium, Kohlmeyeriopsis, Siepmannia, Tulostoma, Myrothecium, Cylindrocarpon, Capronia, Cephalotrichum,
Acrocalymma, Filobasidium, and Amesia, respectively.
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Figure 8

Pairwise comparisons of soil physicochemical properties, microbial biomass, enzyme activity, and Pisum sativum L.
growth indicators were shown in the lower left corner, with a color gradient denoting Pearson’s correlation coefficient.
Bacterial and fungal biomarkers were related to soil physicochemical properties, microbial biomass, enzyme activity,
and Pisum sativum L. growth indexes by Mantel test. Edge color denotes the statistical significance and edge width
corresponds to the Mantel’s r statistic for the corresponding distance correlations. (*: p < 0.05, **: p < 0.01, ***: p <
0.001). The SBD, SAA, and pH represent soil bulk density, water-stable aggregate content and pH value, respectively.
The SOC, TP, TN, NO5, and NH," represent soil organic matter content, total phosphorus, available phosphorus, total
nitrogen, nitrate nitrogen, and ammonium nitrogen, respectively. The MBC, MBN, and MBP represent microbial biomass
carbon, nitrogen, and phosphorus, respectively. The PPH, RL, RAD, RFA, RV, DRW, and DSW represent lant height, root
length, root average diameter, root surface area, root volume, aboveground dry weight, and dry root weight, respectively.
The NGA, BG, LAPR, and ALP represent N-acety-B-D-glucosidase, -1, 4-glucosidase, leucine aminopeptidase, and alkaline
phosphatase, respectively. The ANRP, CA, Pm, Lb, Pb, and Ob represent Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, CENA518, Pseudomonas, Ligilactobacillu, Paenibacillus, and Ochrobactrum, respectively. The Pp, Sc, Gt, Cb,
Md, Ky, Sm, Tt, Mt, Cc, Cn, Ct, Ay, Fs, and As represent Pseudopithomyces, Solicoccozyma, Geastrum, Ceratobasidium,
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Myrothecium, Kohlmeyeriopsis, Siepmannia, Tulostoma, Myrothecium, Cylindrocarpon, Capronia, Cephalotrichum,
Acrocalymma, Filobasidium, and Amesia, respectively.
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Figure 9

The effects of the bacterial and fungal biomarkers, soil physicochemical properties, soil nutrients, microbial biomass,
and enzyme activity in Pisum sativum L. growth indicators. a Standardized total effect of the bacterial and fungal
biomarkers, soil physicochemical properties, soil nutrients, microbial biomass, and enzyme activity, and Pisum sativum
L. growth indicators. b The structural equation model showing the relationship between the bacterial and fungal
biomarkers, soil physicochemical properties, soil nutrients, microbial biomass, and enzyme activity in Pisum sativum L.
growth indicators. Red solid arrows suggest significant positive causality, whereas black solid arrows indicate
significant negative causality. The number adjacent to each arrow represents the standardized path coefficient, and the
width of the arrow reflects the magnitude of this coefficient. Asterisks indicate statistical significance (* P < 0.05, ** P <
0.01, *** P < 0.001). The R? value represents the coefficient of determination, indicating the proportion of variance
explained by the model. The SBD, SAA, and pH represent soil bulk density, water-stable aggregate content and pH value,
respectively. The SOC, TR, TN, NO5’, and NH," represent soil organic matter content, total phosphorus, available
phosphorus, total nitrogen, nitrate nitrogen, and ammonium nitrogen, respectively. The MBC, MBN, and MBP represent
microbial biomass carbon, nitrogen, and phosphorus, respectively. The PPH, RL, RAD, RFA, RV, DRW, and DSW represent
lant height, root length, root average diameter, root surface area, root volume, aboveground dry weight, and dry root
weight, respectively. The NGA, BG, LAP, and ALP represent N-acety-B-D-glucosidase, -1, 4-glucosidase, leucine
aminopeptidase, and alkaline phosphatase, respectively. The ANRP, CA, Pm, Lb, Pb, and Ob represent Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium, CENA518, Pseudomonas, Ligilactobacillu, Paenibacillus, and Ochrobactrum,
respectively. The Pp, Sc, Gt, Cb, Md, Ky, Sm, Tt, Mt, Cc, Cn, Ct, Ay, Fs, and As represent Pseudopithomyces,
Solicoccozyma, Geastrum, Ceratobasidium, Myrothecium, Kohlmeyeriopsis, Siepmannia, Tulostoma, Myrothecium,
Cylindrocarpon, Capronia, Cephalotrichum, Acrocalymma, Filobasidium, and Amesia, respectively.
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respectively. The SOC, TR, TN, NO5’, and NH," represent soil organic matter content, total phosphorus, available
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