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Abstract

Biodegradable mulch film (BDM) is regarded as a key solution to combat plastic mulch
film pollution due to its ability to degrade completely into CO; and H,O through environ-
mentally friendly microorganisms. However, commercial BDM often fails to degrade fully
after use, leading to the accumulation of BDM residues in soil and their transformation
into microplastics (MPs) via various processes, posing a threat to the soil ecosystem. Given
these discrepancies between the theoretical and practical degradation performance of BDM,
there is an urgent need to understand the impacts of BDM residues on plant growth and
soil health. This research conducted pot experiments spanning the entire growth cycle of
Chinese cabbage to evaluate the impact of PBST-BDM raw material (R), PBST-BDM residues
(M), and PBST-BDM composting product (P) on crop growth and soil quality. The findings
revealed that R treatments had a slight effect on Chinese cabbage growth (e.g., a 5.80%
increase in emergence rate in R 1% treatment, p < 0.05), while M treatments significantly
hindered the emergence rate, plant height, leaf area, and biomass accumulation of Chinese
cabbage by 30.4% (p < 0.05), 2.71 cm (p < 0.05), 39.0% (p < 0.05), and 1.86 g (p < 0.05) in the
M 1% treatment compared to the control group (CK). In contrast, P treatments enhanced
Chinese cabbage growth, with greater improvements at higher weight ratios, resulting in
increases of 8.89% (p < 0.05), 4.96 cm (p < 0.05), 36.3% (p < 0.05), and 2.31 g (p < 0.05) in the
P 1% treatment. Microbial network topology in the M 1% treatment is highly variable, with
the increased proportion of positive correlations in the P 1% treatment hinting at stronger
symbiotic interactions between species (p < 0.05). Analysis results of PCoA and PLS-DA
showed significant differences in microbial community and soil metabolites between M 1%
treatment and CK (p < 0.05). These findings suggest that, although composting post-use
BDM may reduce their negative ecological effects, possibly via accelerating the early break-
down of residues, the feasibility and scalability of this approach require further validation
under real-world field conditions.

Plants 2025, 14, 1902

https://doi.org/10.3390/plants14131902


https://doi.org/10.3390/plants14131902
https://doi.org/10.3390/plants14131902
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-1333-7422
https://doi.org/10.3390/plants14131902
https://www.mdpi.com/article/10.3390/plants14131902?type=check_update&version=1

Plants 2025, 14, 1902

20f21

Keywords: biodegradable mulch film (BDM); composting; crop growth; soil microbes;
metabolites

1. Introduction

Considering the potential harm of polyethylene mulch film (PE) to ecosystems,
biodegradable mulch film (BDM) has gradually attracted widespread attention [1]. In
addition to biodegradable polyesters, the components/composition of BDM may include
starches and celluloses, which enhance the biodegradability and reduce the cost [2]. In
theory, BDM can decompose into harmless CO, and H,O through the action of naturally
occurring microorganisms within a specific timeframe after entering the soil. This decom-
position process is likely facilitated by microorganisms that utilize enzymes to break down
BDM polymer chains for energy [1]. BDM exhibits comparable efficacy to PE in maintain-
ing optimal soil thermohygric conditions and suppressing weed proliferation [3]. Studies
claimed that utilizing BDM not only increases rice yields and conserves irrigation water
but also reduces greenhouse gas emissions from soil [4]. Moreover, due to its carbon-based
nature, BDM enhances soil carbon storage through microbial breakdown, offering potential
benefits for improving soil conditions and productivity [5].

Although BDM has many advantages, whether it can serve as a viable substitute for
PE remains unclear. On the one hand, current methodologies rely on indirect parameters
such as CO; evolution measurements and macroscopic morphological observations [6].
Conventional testing is predominantly performed under idealized conditions, failing to
replicate the dynamic characteristics of real-world agricultural ecosystems. On the other
hand, commercial BDM does not degrade rapidly and completely after its lifespan. A
study based on field data modeling predicts that it would require 21-58 months to achieve
90% degradation [7]. This implies that, while BDM is being transformed into CO, and
microbial biomass, microplastics (MPs, <5 mm) originating from BDM are produced. MPs
can generate a series of negative ecological benefits in soil. For example, MPs reduce the
cation exchange capacity of soil aggregates [8]. Given the heterogeneous characteristics
of MPs and the adjacent soil, MPs can provide distinct habitats conducive to microbial
colonization [9]. This enhances the transportation and enrichment of pollutants by MPs,
resulting in a continuous deterioration in soil quality. Notably, MPs generated might
migrate vertically down the soil profile through processes like soil water infiltration and/or
biological disturbances, resulting in wider ecological impacts concerns [1]. However, extant
research regarding their degradation remains comparatively sparse [10]. Given the eco-
logical risks associated with BDM-derived microplastics demonstrated above, developing
effective degradation pathways becomes imperative to mitigate secondary contamination.

From an ecological sustainability standpoint, composting is the most preferable choice
for biodegradable plastics. Composting is a controlled process facilitated via microorgan-
isms, commonly used to convert various residues into organic fertilizers. Studies indicate
that composting enhances soil physical properties, boosts microbial activity, supports
crop growth [11], and is integral to the processes of soil bioremediation and carbon se-
questration [12]. The biodegradation of BDM under composting conditions seems to be a
recommended approach, as most of the microorganisms involved in bioplastics degradation
are typically found in soil or compost habitats [13]. Meanwhile, composting parameters
have the characteristics of a nutrient-rich environment, well-suited humidity and temper-
ature, and vigorous microbial proliferation and metabolic activity, all of which promote
BDM decomposition. However, current research on BDM composting remains insufficient.
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To address this knowledge gap, PBST material with superior properties (e.g., enhanced
gas barrier performance) was selected as the research subject [14]. We investigate the differ-
ential effects and relationships of PBST-BDM raw material (R), PBST-BDM residues (M),
and PBST-BDM composting product (P) on crop and soil, hypothesizing that the central-
ized composting of PBST-BDM may enhance its early degradation, thereby mitigating its
long-term soil ecological impacts upon reapplication. The objectives include the following:

(1) Understanding the impact of PBST-BDM raw material, PBST-BDM residues, and
PBST-BDM composting product on Chinese cabbage growth;

(2) Analyzing the varying responses of soil to these materials;

(8) Uncovering the relationships between different factors.

The findings will establish a basis for evaluating the safety of BDM farmland in China,
promoting environmentally friendly, healthy, and sustainable cultivation strategies.

2. Results and Discussion

2.1. Growth Index of Chinese Cabbage
2.1.1. Emergence Rates

The emergence rate of Chinese cabbage was investigated under treatments of PBST
raw material (R), PBST-BDM residues (M), and PBST-BDM composting product (P), with
three weight ratios (0.01%, 0.1%, and 1%) applied between each treatment (R, M, P) and
soil (Figure 1a). Emergence rates consistently increased rapidly during the initial phases
and slowed down during the final phases across all treatments. R treatment exhibited a
slight impact on the emergence rate of Chinese cabbage, with a 5.80% (p < 0.05) reduction
observed in the R 1% treatment compared to the control (CK). Obviously, the presence
of PBST-BDM residues exhibited a notably unfavorable impact on the emergence rate.
Higher concentrations of PBST-BDM residues led to a more pronounced inhibition of the
emergence rate, aligning with previous research [15]. Studies indicate that residues from
mulch film can alter soil porosity and air circulation, resulting in negative impacts on the
sprouting of seeds and the growth of seedlings [16]. Water scarcity during the sprouting
of seeds can result in decreased crop emergence rate. The infiltration rate of the soil was
impacted by the residues from mulch film, leading to a restriction in water supply to
crop seeds, and the degree of influence increased with the amount of residues [17]. Focus
should be put on the problems that residues from mulch film can stick to the seed surface,
inhibiting water absorption, or the seeds can become embedded in the residues, resulting
in difficulty in penetrating the film and impeding seed germination [18], subsequently
causing delays or decreases in germination rates. Consistent with previous studies, the
emergence rate of Chinese cabbage under the M treatment decreased significantly by 11.6%
(p < 0.05), 23.2% (p < 0.05), and 30.4% (p < 0.05) at residue weight ratios of 0.01%, 0.1%, and
1%, respectively, compared to the CK. In addition, acidic substances are released during
the degradation of BDM, hindering the germination of seeds [19].

The use of PBST composting product significantly enhanced the emergence rate,
showing a positive correlation with the weight ratio of PBST-BDM compost product and
soil. The final emergence rate of Chinese cabbage under the P 1% treatment was 8.89%
(p < 0.05) higher compared to the CK group. Composting can convert biodegradable
materials into substances like humus, improving the quality and fertility of soil. Research
has shown that composting can enhance the biodegradability of BDM, reducing its negative
effects on soil or even benefiting soil health [20], thereby increasing emergence rates in
this study.
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Figure 1. Time histories of emergence rate (a), plant height (b), leaf area (c), and fresh biomass
accumulation (d) under different treatments for Chinese cabbage. R 0.01%, R 0.1%, and R 1%
represent the weight ratios between PBST raw material and soil; M 0.01%, M 0.1%, and M 1%
represent the weight ratios between PBST-BDM residues and soil; P 0.01%, P 0.1%, and P 1% represent
the weight ratios between PBST-BDM composting product and soil. Significant differences in plant
growth parameters among treatments (p < 0.05) are presented in Table S2.

2.1.2. Plant Height, Leaf Area, and Fresh Biomass Production

Over time, the disparity in the growth indicators of Chinese cabbage among various
treatments steadily increased (Figure 1b-d). These three growth indicators increased
gradually across all treatments. PBST raw material slightly reduced plant height and
fresh biomass accumulation (decreased by 2.2 cm and 3.37 g in R 1% treatment, p < 0.05),
while it did not exert a significant detrimental impact on leaf area (increased by 11.3% in
the R 1% treatment, p < 0.05). PBST-BDM residues significantly negatively affected the
three growth indicators of Chinese cabbage, correlating with the amounts of PBST-BDM
residues added to soil. In the M 0.01%, M 0.1%, and M 1% treatments (sampling at 7-day
intervals), the decrease in plant height, leaf area, and fresh biomass accumulation were
0.9 cm (p <0.05),2.29 cm (p < 0.05), 2.71 cm (p < 0.05), 16.1% (p < 0.05), 28.0% (p < 0.05), 39.0%
(p <0.05),1.59 g (p < 0.05), 1.22 g (p < 0.05), and 1.86 g (p < 0.05), respectively. Research
conducted previously has confirmed the negative consequences of BDM residues on crops,
such as reducing the plant height of wheat [21]. Crops can absorb MPs sourced from plastic
film fragments’ degradation, modifying plant (particularly for root crops) root traits and
influencing biomass accumulation [22]. In addition, decreased density parameters and
increased soil porosity caused by MPs may impact crop development and the uptake of
water and nutrients indirectly, which in turn affect root growth [23]. Modifications in the
soil environment influenced microbial composition and functionality, which affect soil
fertility and rhizosphere processes, thus impacting crop development [24].

After PBST-BDM composting, the plant height and fresh biomass accumulation
markedly rose with a greater increase observed in higher proportions of soil. The in-
crease in plant height and fresh weight were 0.58 cm (p < 0.05), 3.36 cm (p < 0.05), 4.96 cm
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(p <0.05),1.11 g (p < 0.05), 1.57 g (p < 0.05), and 2.31 g (p < 0.05) in the P 0.01%, P 0.1%,
and P 1% treatments (sampling at 7-day intervals), respectively. The leaf area also ex-
panded with the augmentation of PBST composting concentration, with an increase of
6.24% (p < 0.05), 17.3% (p < 0.05), and 36.3% (p < 0.05) in the P 0.01%, P 0.1%, and P 1%
treatments, compared to the CK. PBST-BDM composting enhanced nutrient cycling, im-
proved soil structure, and promoted plant growth, including height and fresh biomass
accumulation. Studies have shown that some BDM can be composted and degraded to
produce biomass [25]. The elevated temperatures and humidity levels in composting
processes not only stimulate microbial metabolism and create optimal conditions for mi-
crobial proliferation, but can also affect the oxygen diffusion rate within the composting
system. These conditions collectively contribute to accelerated oxidative decomposition
of MPs through synergistic effects, thereby promoting their degradation [26]. Research
has reported composting significantly enhances MPs’ biodegradability by reducing their
abundance and particle size and influencing the microbial composition, thereby influencing
MPs’ degradation process [26]. A significant reduction in MP quantity in sludge was cap-
tured when altering composting conditions and causing large-scale MPs to break down into
smaller pieces, thereby accelerating their further degradation [27]. The adverse influences
of MPs were reduced after composting in the present research, and the nutrients produced
facilitated the growth of Chinese cabbage.

According to the present study results, the composted BDM showed a positive impact
on Chinese cabbage emergence and growth compared to the untreated BDM. It is speculated
that non-composted BDM left in the soil as a more active carbon source may be rapidly
degraded and utilized by microorganisms in the short term. This microbial activity may
lead to temporary anaerobic conditions and nitrogen depletion in the rhizosphere soil,
creating changes in the micro-domain environment that are unfavorable for crop growth.
The essence is that compost application to the rhizosphere and compost-plant interactions
selectively recruit microbial taxa, leading to the short-term restructuring of the rhizosphere
microbiome composition. Furthermore, although short-term experiments (covering the
entire crop growth cycle) provide valuable insights into immediate effects, future research
should prioritize investigating the long-term accumulation of BDM residues in soil and
their potential impacts on crop productivity and soil ecosystem stability.

2.2. Variations of Soil Physicochemical Properties

Six soil physicochemical properties (pH, EC, TC, SOC, TN, AP) and three enzyme
activities (urease (UE), peroxidase (POD), and alkaline phosphatase (AKP)) were selected,
as they characterize basic soil properties, fertility status, and microbial metabolic activity
and serve as indicators for assessing pollutant-induced soil degradation. As shown in
Figure 2, all treatments displayed a notable increase in pH relative to the CK. Within each
group, soil pH showed no significant differences. The pH changes in the M treatments
were evident, with M 1% treatment showing a 3.25% (p < 0.05) increase compared to the
CK. Theoretically, the mineralization process of BDM might contribute to a decrease in soil
pH via the organic acids produced [28]. The rise in pH in the M groups could be due to
the presence of BDM inhibiting the growth of certain acidic microorganisms, as well as the
differences in type, dosage, size, and exposure time. Enhanced microbial activity, which
accelerates the decomposition of organic matter under high pH conditions, contributes to
nutrient supply and cycling [29].
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Figure 2. Variations of soil physicochemical properties and enzyme activities. Different lowercase
letters (a, b, ¢, d, e) indicate significant differences among groups at the p < 0.05 level (one-way
ANOVA followed by Tukey’s HSD test).

As a crucial indicator of soil physical properties, reducing EC poses a challenge to
sustainable agriculture [24]. As shown in Figure 2, the R 0.01%, R 0.1%, and R 1% increased
EC by 11.10% (p < 0.05), 21.40% (p < 0.05), and 6.90% (p < 0.05) respectively, possibly due to
the release of additives. The M 0.01% treatment reduced EC by 0.03% (p < 0.05), while the
M 0.1% treatment initially decreased it by 2.88% (p < 0.05), both possibly due to adsorption
on soil colloid surfaces reducing free ion concentrations. However, the M 1% treatment
ultimately increased EC by 8.44% (p < 0.05), likely caused by ion release from microbial
metabolites and desorption processes on these surfaces [24]. Compared with the CK, the
composting treatments (P 0.01%, P 0.1%, and P 1%) significantly increased soil EC by 13.5%,
20.2%, and 34.1%, respectively (p < 0.05 for all). PBST-BDM composting enhances ion
exchange through organic acids or functional groups that modify the surface charge of soil
particles. Concurrently, it stimulates microbial activity, leading to the release of inorganic
ions via metabolites (e.g., organic acids) and enzymatic reactions. These combined processes
elevate soil EC. A moderate EC increase further promotes microbial activity, improves
nutrient transformation and release, and supplies crops with more bioavailable nutrients,
thereby supporting growth [30]. However, excessively high EC levels may induce osmotic
stress in microorganisms, ultimately inhibiting their proliferation. pH and EC can directly
or indirectly affect soil nutrient absorption, thereby affecting soil fertility and ultimately
impacting crop growth and development [30].
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Both TC and SOC in the soil increased in the M treatments, which rose by 7.65%
(p < 0.05) and 95.4% (p < 0.05) in the M 1% treatment, respectively. BDM residues in the
soil can serve as an organic carbon source after degradation by microorganisms. While
BDM contributes minimally to TC input, it stimulates microbial activity, potentially altering
SOC dynamics. Microorganisms prioritize metabolizing BDM-derived carbon, partially
converting it into SOC and transiently elevating DOC levels [31]. However, long-term
SOC retention is constrained by environmental factors [30]. The R 1% and P 1% treatments
significantly increased TC (3.06% and 2.55%, p < 0.05) and SOC (94.8% and 102.1%, p < 0.05),
respectively. Through stimulating microbial activity, PBST-BDM composting facilitates
the conversion of organic matter into stable humic substances, leading to a significant
accumulation of SOC. Treatments P, post-composting, are nutrient-rich, boosting soil SOC
and AP while slightly decreasing soil TN. The impact of the R and M treatments on TN
levels was insignificant, in line with Liu’s results [3], but both increased AP.

The analysis of soil enzyme activity revealed that low levels of BDM residues (M 0.01%
and M 0.1%) slightly increased UE by 1.79% (p < 0.05) and 4.30% (p < 0.05), respectively,
and POD activity by 1.59% (p < 0.05) and 2.38% (p < 0.05), respectively. In contrast, the M
1% treatment caused significant reductions in both UE (4.50%, p < 0.05) and POD (15.9%,
p < 0.05) enzyme activities. In the M 1% treatment, AKP enzyme activity was reduced
by 34.1% (p < 0.05). Low concentrations of BDM may stimulate microbial activity, en-
hancing carbon cycling and thus improving soil carbon storage. In contrast, high BDM
concentrations can compromise soil structure, reducing air permeability and affecting
microbial growth and metabolism, thereby negatively impacting soil enzyme activity [30].
The released additives may interfere with the structure and function of the enzymes. After
composting, the activities of UE, POD, and AKP increased significantly, with respective in-
crements of 12.3% (p < 0.05), 22.2% (p < 0.05), and 25.1% (p < 0.05) under the P 1% treatment.
The compost likely activated soil enzymes by providing abundant nutrients and improving
soil physical properties [32]. Soil enzyme activity is closely related to the synthesis and
regulation of plant hormones, and its changes can affect the balance of plant hormones,
thereby affecting crop growth [29,30].

2.3. Soil Bacterial Community Dynamics in Response to Different Treatments
2.3.1. Diversity and Structure

Soil microbes are pivotal in the processes of nutrient cycling and biochemical trans-
formation, altering the soil habitat through various mechanisms. Microorganisms de-
ploy a variety of adaptive strategies to manage environmental changes. Figure 3a shows
changes in microbial diversity under different treatments. Differences from CK were not
statistically significant in the Shannon index of R 0.01%, R 0.1%, and R 1% treatments
for microbial communities (e.g., a 1.03% increase in R 1% treatment compared to CK,
p < 0.05). Notably, compared to CK, the Shannon index of soil bacteria in M 0.01% and
M 0.1% treatments showed no significant variation, whereas a marked reduction of 7.7%
(p < 0.05) was observed in the M 1% treatment. The understanding of how residues from
mulch film affect soil microorganisms is currently inconclusive. For instance, some re-
searchers reported that the diversity of bacterial taxa was not influenced when 10% BDM
(w/w) was added [7], while others reported a reduction in the Shannon index when 1%
BDM was added (w/w) [33]. Various factors such as the type of soil and mulch film,
amount of mulch film residues, cultivation environment, and duration may all contribute
to different outcomes. The Shannon diversity index increased by 3.3% (p < 0.05) with the
P 1% treatment composting, indicating that composting enhanced microbial community
diversity. Composting can alter soil physical properties, sustain soil fertility, and positively
influence soil microorganisms [11]. Marked disparities were noted in the bacterial com-
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position using the PCoA method at the OTU-level (Figure 3b). Differences were noted
among various treatments, with explanatory variances of 17.09% (p < 0.05) and 14.6%
(p < 0.05), respectively. High similarity was observed among samples within each
group, with significant dispersion between groups. The clustering distance of the M
1% treatment is the farthest from CK, highlighting the greatest disparity between the
two experimental conditions.
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Figure 3. Effects of different treatments on bacterial community characteristics: Shannon index (a),
principal component analysis (b), relative abundance on phylum level (c), and genus level (d).

The phylum-level allocation of soil bacterial populations is shown in Figure 3c.
Actinobacteriota (21.0-32.1%, p < 0.05), Acidobacteriota (10.5-18.3%, p < 0.05), Chloroflexi
(8.29-12.5%, p < 0.05), and Firmicutes (5.28-9.02%, p < 0.05) are the top-four dominant
bacterial phyla in all treatments. Compared to CK, the relative abundance of Proteobac-
teria and Actinobacteriota in M 1% treatment increased by 30.4% (p < 0.05) and 31.4%
(p < 0.05), respectively, indicating their tolerance to BDM loading. This result aligns with
Liu’s research, where the abundance of these two dominant phyla also increased [7]. These
phyla have been found to contribute to the decomposition of MPs and carbonaceous
substances in soil [34], which is beneficial for MP degradation. However, Acidobacteriota,
Phloroflexi, and Firmicutes decreased by 41.8% (p < 0.05), 33.6% (p < 0.05), and 15.5% (p < 0.05),
respectively, suggesting their sensitivity to BDM. For P 1% treatment, the abundance of Fir-
micutes, Bacteroidota, Gemmatimonadota, and Myxococcota increased by 14.6% (p < 0.05), 25.7%
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(p < 0.05), 22.3% (p < 0.05), and 1.09% (p < 0.05), respectively (compared to CK). Firmi-
cutes are identified as the dominant bacteria in composting process [35]. Figure 3d further
illustrates the microbial structure at the genus level. Across all treatments, Arthrobacter,
Sphingomonas, and Bacillus are the principal genera. The proportional representation of
Arthrobacter and Sphingomonas in M 1% treatment increased from 4.87% (p < 0.05) and
4.71% (p < 0.05) to 8.59% (p < 0.05) and 5.28% (p < 0.05), respectively, suggesting they
may be the functional microorganisms associated with BDM loading. Arthrobacter and
Sphingomonas have been reported to enrich on BDM, suggesting their potential as BDM
degraders [36]. Known for degrading polymeric compounds, Arthrobacter was observed
to have a significant enrichment [37]. Sphingomonas has the capability to degrade various
harmful compounds, as shown in previous research [38]. The enrichment of these taxa
may be associated with their ability to utilize BDM residues as the carbon source, through
which Arthrobacter and Sphingomonas participate in the degradation of PBST-BDM and
the mineralization processes of its degradation byproducts (e.g., MPs). A higher abun-
dance of Bacillus was found in R 0.01% (3.78%, p < 0.05), R 0.1% (3.51%, p < 0.05), R 1%
(4.05%, p < 0.05), P 0.01% (4.44%, p < 0.05), P 0.1% (3.95%, p < 0.05), and P 1% (3.93%,
p < 0.05) compared to CK (3.25%, p < 0.05). The Bacillus genus, which belongs to Firmicutes,
shows antifungal and competitive abilities [39]. The presence of Bacillus can enhance the
humification effect during composting [40]. Additionally, Bacillus participated in the de-
composition of biodegradable plastics [41]. Bacillus likely mediates BDM biodegradation
during composting, concomitantly enhancing humification, which collectively improves
Chinese cabbage growth and soil quality in the present study.

Soil microorganisms are highly responsive to environmental changes, as microbial
communities tend to shift along with alterations in soil properties. The presence of BDM
residues results in fluctuations in the abundance of microbial communities at both the phy-
lum and genus strata. A significant shift in microbial community structure was observed in
the M 1% treatment, indicating that the effects of MPs on soil microbial populations are
connected to the amounts of residues present. The types of microorganisms experiencing
significant abundance changes post-composting differ from those in the M treatment, high-
lighting the distinct adaptability of microorganisms to varying environments. Additionally,
microbial diversity was enhanced under the P 1% treatment, further supporting the posi-
tive effects of BDM composting. More comprehensive exploration of the microorganisms
involved in BDM composting is necessary to gain insights for the improved utilization
of BDM.

2.3.2. Examination of the Topological Characteristics of Co-Occurrence Networks in
Bacterial Populations

Network analysis can investigate how external stress affects the stability of micro-
bial communities. The dynamics of symbiotic networks (such as changes in complex-
ity) are often a response mechanism of soil microbes to external disturbances. Persis-
tent environmental stress can decrease the network stability of microbial communities.
A symbiotic network (OTU-level) analysis of soil microbial consortia was carried out
(Figures 4 and S2, Table S3). The dominance of positive correlations in all groups demon-
strates that microorganisms are chiefly characterized by synergistic effect. Relative to
CK, R 0.01% and R 0.1% treatments exhibited a decrease in both node and edge numbers,
suggesting a diminished connectivity within the bacterial community. An increase in
edges within the R 1% treatment shows that interactions between nodes have become
more abundant and intensive. The alterations in node and edge counts in M 0.01% were
insignificant. The increased number of edges in the M 0.1% treatment suggests that species
exhibit more extensive symbiotic or interactive relationships under 0.1% PBST-BDM residue
addition. The M 1% treatment resulted in a considerable increase in node and edge counts,
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while the proportion of positive correlations decreased, suggesting that the presence of 1%
PBST-BDM residues increased network complexity and microbial interaction density [42].
An elevated concentration of BDM residues enriches dominant microorganisms, which re-
spond to environmental fluctuations by enhancing their interplay. Zhao et al. demonstrated
that BDM significantly increased rhizosphere microbial diversity, enriched beneficial taxa,
and enhanced microbial network complexity and stability, ultimately leading to improved
peanut yield [43]. Composting may modify the network’s topological structure and en-
hance the complexity and density of interactions among microbial communities, which
is reflected in the reduced nodes and expanded edges in the P 0.1% and P 1% treatments.
The enhanced proportion of positive correlations in the P 1% treatment signifies a height-
ened symbiotic pattern among bacterial populations, reflecting both the centralization of
microbial consortium composition and the intensification of interspecies interactions [44].
These results indicate that the richer nutrient supply might promote sophistication in

symbiotic networks.
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Figure 4. Co-occurrence network of soil bacterial community based on correlation analysis. Networks
were constructed at operational taxonomic unit (OTU) level. The sizes of nodes (OTU) were scaled
to the degree of nodes and the nodes were colored on phylum level. The edges colored by red and
green represent positive and negative correlations, respectively. The significant difference between
groups based on network topological indices (p < 0.05).

2.3.3. Sensitive Bacterial Populations

In order to identify the key species influencing environmental changes, bacterial pop-
ulations sensitive to different treatments were identified using LEfSe (Figure S1). A total
of 77 biomarkers were monitored across the 10 groups, based on the principle of marked
differentiation (LDA > 2) at various taxonomic levels. Across all R treatments, the number
of biomarkers remained below five. Specifically, 16, 3, and 6 bacterial populations were
found to be sensitive to the introduction of residues within the M 0.01%, M 0.1%, and M 1%
treatments, respectively. In addition, the Ramlibacter and Bradyrhizobium genera detected
in the M 1% treatment have been reported to exhibit BDM degradation potential [45]. In
further studies, these potential functional microorganisms could be isolated and validated
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through pure culture experiments to elucidate their roles in PBST-BDM degradation process.
The number of biomarkers in the P 1% treatment reached 40, indicating a high variability
in the bacterial community. Sporocytophaga, detected in the P treatment, demonstrates
cellulose-degrading capabilities that are intrinsically linked to composting processes [46].
The distinct biomarkers identified through LEfSe analysis among treatment groups sug-
gest that specific microbial taxa may play pivotal roles in composting and PBST-BDM
biodegradation processes.

2.4. Responses of Soil Metabolism to the Treatments of PBST Raw Material, PBST Residues, and
PBST Composting Product

2.4.1. Advanced Multivariate Evaluation of Metabolites

Metabolomic investigation was performed to ascertain the impact of non-indigenous
organisms on soil metabolic activity (Figure 5a). Soil metabolites are primarily categorized
into 13 groups based on the HMDB database. Lipids and lipid-like molecules comprised
26% of the primary types of metabolites. PLS-DA was applied to scrutinize the disparities
between CK and treatments intra- and inter-group, evaluating the impacts of various treat-
ments on soil metabolites (Figure 5b). Evidently, all treatments exhibit similar metabolites,
except for the notable difference between the M 1% treatment and CK group, indicating
significant dissimilarity in soil metabolites between the M 1% treatment and CK. Further-
more, a significant contrast was observed between the M 1% treatment and other treat-
ments, implying that the alteration in soil metabolites is influenced by PBST-BDM residues.
The model’s explanatory degree is 21.2% and 12.3%. By clustering the differentially ex-
pressed metabolites, the changing patterns of various metabolite groups can be visually
observed (Figure 5c). The metabolite cluster analysis yielded results consistent with PLS-DA
(p < 0.05). Exogenous substances have the potential to perturb soil metabolites, and this
response may manifest in the composition and quantity of metabolites [47]. Previous study
has reported that organic fertilizer usage can modify metabolic processes in microbial
communities, increasing the bioavailability of soil amino acids for microbial and plant
absorption [48]. The governance of amino acid metabolism serves as an adaptive strategic
response of organisms to environmental stress, according to Zhang’s study [49]. After
exposure to oxytetracycline and MPs, various metabolites, such as organic acids and sugars,
underwent significant changes [50]. Sugars and organic acids were identified as crucial
factors influencing rhizosphere microbial communities [51]. One study noted profound
variations in soil metabolites resulting from BDM residues, with a higher quantity of
differential metabolites compared to LDPE film residues [7].

Pathway enrichment analysis using KEGG indicated that the implicated pathways
predominantly pertained to metabolism (1.18-9.07%), organismal systems (1.38-4.60%),
human diseases (0.72—4.14%), and environmental information processing (0.59-3.29%)
(Figure 5d). The key pathways at Level 2 within metabolism included lipid metabolism,
the biosynthesis of other secondary metabolisms, amino acid metabolism, and so on. The
digestive system, nervous system, and endocrine system emerged as the primary pathways
within the organismal systems cluster. Cancer overview and signal transduction were the
main pathways within human diseases and environmental information processing, respec-
tively. The various pathways may represent the responses of different microorganisms to
environmental changes. For instance, the high prevalence of amino acid metabolism indi-
cates that it could function as an energy and carbon source for microorganisms, facilitating
their proliferation and metabolic activities [52].
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Figure 5. Metabolite classification and proportion (a), PLS-DA scores plot of metabolites (b), cluster
of metabolites (c), and metabolic pathway involved in different treatments (d).

2.4.2. Soil Differential Metabolites Analysis

The volcano plot alongside the classification of significant differential metabolites is
presented in Figure S3. The critical differential metabolites were structured into six distinct
groups. The R 0.01%, R 0.1%, and R 1% treatments significantly influenced 59, 42, and
187 metabolites, respectively. Noticeable changes were observed in the first five soil
metabolite classifications. Substantial differences in the differential metabolites were mon-
itored across the three M treatments that involved adding PBST fragments, indicating a
strong influence of PBST residues on soil metabolites. In comparison to CK, 281, 162, and
214 metabolites were identified in M 0.01%, M 0.1%, and M 1% treatments, respectively.
The metabolites showing significant changes were distributed across six classifications
under C treatments. In P 0.01%, P 0.1%, and P 1% treatments, a total of 100, 151, and
114 differential metabolites were detected, respectively. Among them, the first four metabo-
lite classifications showed more significant changes.
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Heightened presence of differential metabolites in the M Group may be associated with
the composition of BDM. The aromatic ring in terephthalic acid, an essential component of
BDM, leads to an increase in benzenoids and organoheterocyclic compounds [53]. Lipids
and lipid-like molecules are generated through the stimulation of butylene adipate, a lipid-
related substance [54]. Terephthalic acid in BDM is likely to elevate the levels of organic
acids. Further investigation is warranted to comprehend the prospective consequences of
BDM residues on soil metabolite structures.

2.4.3. Differential Pathway Enrichment

Exploration of differential pathway enrichment was conducted (Figure S4). While or-
ganismal systems and human diseases emerged as the primary pathways, their prevalence
varied across treatments. Analysis revealed distinct enrichment pathways for three, nine,
and eight organismal systems and two, five, and five human diseases at R 0.01%, R 0.1%,
and R 1%, respectively. Both in M 0.01%, M 0.1%, and M 1% treatments, eight organis-
mal systems were observed, with slight differences in the abundance of human diseases.
P 0.01% treatment showed 6 metabolisms and 4 human diseases, while both P 0.1% and
P 1% treatments exhibited 10 organismal systems and 5 human diseases. Variations in
pathways suggest that microorganisms respond differently to treatment conditions. For
instance, PBST-BDM residues may serve as energy sources for soil microorganisms, leading
metabolites and metabolic pathway changes. Compost products, rich in nutrients, impact
soil reflected in differences in metabolites and metabolic pathways.

2.4.4. Comprehensive Effects of Soil Physicochemical Properties, Microbial Communities,
Enzyme Activities, and Microbial Metabolism on Chinese Cabbage Growth

Structural equation modeling (SEM) was conducted in this study to investigate the
comprehensive effects of soil physicochemical properties, microbial communities, enzyme
activities, and microbial metabolism on Chinese cabbage growth (Figure 6). The results
showed that soil physicochemical properties (path coefficient 0.025), soil enzyme activities
(0.423), and the microbial community (0.337) primarily indirectly affect Chinese cabbage
growth by regulating the soil microbial metabolism, consistent with previous studies [55,56].
Soil enzyme activity is a core factor driving soil microbial metabolism, indirectly promoting
crop growth by facilitating organic matter decomposition, nutrient cycling, and improving
soil physicochemical properties [57]. Notably, soil enzyme activities exerted a highly signif-
icant direct positive effect on Chinese cabbage growth (path coefficient 0.921). However,
the direct effect of the microbial community on Chinese cabbage growth was not significant
(path coefficient 0.014), contrasting with previous studies emphasizing its crucial role in
crop growth. For instance, Gao et al. (2023) reported a positive correlation between the
increased abundance of specific taxa (e.g., Bacillus) and enhanced crop growth [58]. The
non-significant direct effects observed in this study are likely attributable to the absence
or non-dominance of key functional groups (e.g., growth-promoting bacteria) in the soil
and/or environmental constraints on microbial functionality. These results imply that
the direct contribution of microbial communities to crop growth is likely limited, high-
lighting the critical role of environmental conditions [59]. Future studies should integrate
metagenomics with functional validation experiments to elucidate the specific mechanisms
through which microbial communities influence Chinese cabbage growth.
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Figure 6. The structural equation among soil physicochemical properties, soil microbial community,
enzyme activities, and soil microbial metabolome on growth attributes of Chinese cabbage. Note:
*’ represents p < 0.05, and “***’ represents p < 0.001.

3. Materials and Methods
3.1. Soil Preparation and Experiment Materials

Soil was sourced from a farm located in Beijing, China, air-dried and sieved through a
2 mm mesh. The type of soil texture is loam. The basic initial properties of the soil included a
pH value of 7.20, an electrical conductivity (EC) of 85 uS/cm, a bulk density of 1.42 g/cm3,
and an organic matter content of 9.18 g/kg. This site was free from any past use of PE or
BDM. The materials were provided by Sinopec Beijing Research Institute of Chemical Industry,
including PBST-BDM raw material (PBST resin granules), BDM with the main ingredient of
PBST (produced via blow molding), and the composting product of PBST (bio-composted
at 58 °C for 180 days). The carbon content of the mulch film was 61.0%, which decreased
to 42.9% after composting. The density of PBST-BDM is 1.35 g/cm?, and the material was
cut into fragments of 1 mm X 1 mm, 5 mm X 5 mm, and 10 mm X 10 mm to match
BDM residues.

3.2. Experiment Procedure

Pot trials were performed in the glasshouse. Chinese cabbage (Brassica rapa subsp.
pekinensis) was selected as the model plant due to its relatively short growth period
(60 days to maturity), facilitating pot-based experimentation, and comparative sensitivity
to soil environmental stressors, such as microplastics [60]. Ceramic vessels with dimen-
sions of 45 cm x 23 cm x 17 cm (Iength x width x height), each filled with 15 kg of soil,
were employed to plant Chinese cabbage. In addition to the control group (soil only), we
established nine treatments with three replicates each (Table S1), using three concentration
gradients (0.01%, 0.1%, and 1%). These treatments represent PBST-BDM in its three typical
agricultural states-raw material input, residue accumulation, and composting product-to
simulate different exposure scenarios. The study aims to clarify how PBST-BDM at different
stages affects Chinese cabbage growth and soil properties while exploring practical appli-
cation methods to promote sustainable agricultural production. The ceramic vessels were
arranged randomly, and their positions were rotated every two weeks to minimize potential
micro-environmental biases. The temperature and humidity data were recorded at 10 min
intervals throughout the experiment, which are shown in Figure S5. Although a total of
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100 premium Chinese cabbage seeds were planted, the number of plants was reduced to 10
on the eighth day after sowing to guarantee a suitable density. No fertilizers were applied
to maintain a controlled soil micro-environment. After sowing, daily irrigation was applied
uniformly across all treatments to ensure consistent management.

3.3. Analytical Methods
3.3.1. Growth Parameters of Chinese Cabbage

The emergence rate was quantified by the number of surviving seeds/sowing amount
after sowing for 3 days. Plant specimens were photographed before the first true leaf
emergence for subsequent ImageJ-based (Version v1.53t) cotyledon area measurement.
Plant height, leaf area, and fresh biomass production were also examined (7 days/time).

3.3.2. Soil Physicochemical Properties

Five-point sampling methodology was conducted to acquire soil samples with three
duplicates for all treatments when the Chinese cabbages were harvested. EC and pH
were obtained by a multiparameter water quality meter (SevenExcellenceS400, Mettler-
Toledo, Zurich, Switzerland). The organic carbon (SOC) content was determined using
the potassium dichromate method, while available phosphorus (AP) was extracted with
0.5 M sodium bicarbonate (NaHCOj3, pH 8.5) and quantified via spectrophotometry [7].
The elemental analyzer was utilized to assess total carbon (TC) and total nitrogen (TN)
(Flash Smart NC SOIL, Beijing, China). The activities of urease (UE), peroxidase (POD),
and alkaline phosphatase (AKP) were ascertained based on the manufacturer’s protocols of
kits [61]. Concisely, 0.1 g of soil was combined with different enzyme extractants in a test
tube. The mixture was centrifuged after thorough extraction, followed by the introduction
of the reaction solution. The enzyme concentration was determined by measuring the
absorbance of the supernatant at a specified wavelength using spectrophotometry.

3.4. Microbiological Analysis

Soil samples of CK, R 0.01%, R 0.1%, R 1%, M 0.01%, M 0.1%, M 1%, P 0.01%, P 0.1%,
and P 1% treatments were gathered with three duplicates after Chinese cabbage was har-
vested (stored at —80 °C before analysis). All samples designated for microbiological
analysis were dispatched to Shanghai Majorbio Technology Co., Ltd. (Shanghai, China)
for the high-throughput sequencing of the 165 rRNA gene using the [llumina MiSeq plat-
form (Tllumina, USA). Prior to sequencing, DNA was extracted using the E.Z.N.A.® Soil
DNA Kit (Omega Bio-tek, Norcross, GA, USA). The V3-V4 hypervariable regions were
amplified via PCR with primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 806R
(5'-GACTACHVGGGTWTCTAAT-3'), followed by the purification of the amplified prod-
ucts using the PCR Clean-Up Kit (YuHua, Shanghai, China). The paired-end raw se-
quencing reads were subjected to quality control using fastp (version 0.19.6), followed by
assembly with FLASH (version 1.2.11). During processing, reads were truncated at posi-
tions where the average quality score fell below 20 within a 50 bp sliding window. Reads
shorter than 50 bp after truncation were discarded. Overlapping sequences longer than
10 bp were merged based on their overlapping regions, with a maximum mismatch ratio
of 0.2 allowed in the overlap. Operational taxonomic units (OTUs) were clustered from
sequences at a 0.03 distance threshold (corresponding to 97% similarity) using UPARSE 7.1.
The number of 165 rRNA gene sequences from each sample was rarefied to 20,000 after the
quality filtering of raw sequences, which still yielded an average Good’s coverage index
of 99.09%.
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3.5. Non-Specific Soil Metabolic Profiling

Soil samples of CK, R 0.01%, R 0.1%, R 1%, M 0.01%, M 0.1%, M 1%, P 0.01%, P 0.1%,
and P 1% treatments were taken and stored at —80 °C until analysis. Before being analyzed
through LC-MS/MS, soil samples were extracted after frozen tissue grinding (—10 °C,
50 Hz, 6 min) and low-temperature ultrasonic extraction (30 min). All samples were
mixed in equal volumes to create pooled quality control samples (QC) to monitor the
stability of the analysis. Both QC and analytical samples were processed under identical
conditions. The LC-MS/MS analysis of the samples was conducted on a Thermo UHPLC-Q
Exactive HF-X system equipped with an ACQUITY HSS T3 column (100 mm x 2.1 mmi.d.,
1.8 pm; Waters, Milford, MA, USA). The mobile phases consisted of 0.1% formic acid in
water-acetonitrile (95 : 5, v/v) (solvent A) and 0.1% formic acid in acetonitrile-isopropanol-
water (47.5: 47.5 : 5, v/v) (solvent B). The flow rate was 0.40 mL/min and the column
temperature was 40 °C. The injection volume was 3 pL. The mass spectrometric data were
collected using a Thermo UHPLC-Q Exactive HF-X Mass Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an electrospray ionization (ESI) source
operating in positive mode and negative mode. The detection was carried out over a mass
range of 70-1050 m/z. Progenesis QI (Waters Corporation, Milford, CT, USA) software
(Version v4.1) was employed to perform the primary data and exported in the CSV format.
The identification of metabolites involved querying a database to acquire the data matrix,
which was then analyzed utilizing Majorbio cloud platform. Differential metabolites
between two groups were mapped into their biochemical pathways through metabolic
enrichment and pathway analysis based on KEGG database. Metabolite classification,
clustering, and KEGG metabolic pathway analysis were conducted by metabolic enrichment
methods, with visualization performed utilizing Origin software (Version 9.8.0.200).

3.6. Statistical Assessment

The variations in soil physicochemical properties across treatments were assessed
using one-way ANOVA with Tukey’s Honestly Significant Difference (HSD) test (p < 0.05).
The MajorBio platform (http://www.majorbio.com/) was utilized for analyzing the bac-
terial community characteristics. The assessment of bacterial diversity at the OTU level
was conducted via the Shannon index. Bray-Curtis dissimilarity was utilized in princi-
pal coordinate analysis (PCoA) to ascertain the similarity between bacterial populations
across multiple samples. Histograms and heat maps were utilized to illustrate the vari-
ability of bacterial composition. The biomarkers were identified using the LEfSe method,
which includes detecting significantly differentially abundant species across groups via
the Kruskal-Wallis test, validating their subgroup consistency through the Wilcoxon rank-
sum test, and quantifying their discriminative impact on group separation with linear
discriminant analysis (LDA). Metabolite clustering was demonstrated using a cluster
heat map. Metabolites exhibiting significant differences were identified by VIP > 1 and
p < 0.05 using Variable Importance in Projection (VIP) obtained from the PLS-DA model
and p-values from Student’s t-test. The volcano plot displayed differential metabolites
across all groups. Mantel test analysis was conducted using the R (Version 4.3.1) pack-
age “linkET” and “ggplot2”, and correlation calculations used Spearman correlation co-
efficients. The visualization of the co-occurrence network of microbial species was ex-
hibited using software, including R language (Version 4.3.1) and Gephi (Version 0.10.1).
Python (Version 1.20) package “scipy.stats” was used to perform enrichment analysis for
experimental treatments.
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4. Conclusions

This study elucidates the differential effects of PBST-BDM raw material (R), PBST-
BDM residues (M), and PBST-BDM composting product (P) on both crop growth and soil
quality. The findings suggest that M treatments had a notably detrimental influence on
Chinese cabbage growth, with the emergence rate, plant height, leaf area, and biomass
accumulation of Chinese cabbage being decreased by 30.4% (p < 0.05), 2.71 cm (p < 0.05),
39.0% (p < 0.05), and 1.86 g (p < 0.05), respectively, in the M 1% treatment (compared to
the CK). In general, PBST-BDM residues affect the activities of microorganisms directly or
by altering the soil properties. A positive effect on both Chinese cabbage and soil was ob-
served after PBST-BDM composting, and, compared to the CK, increases of 8.89% (p < 0.05),
4.96 cm (p < 0.05), 36.3% (p < 0.05), and 2.31 g (p < 0.05) were detected, respectively, in the
P 1% treatment. The topological structure of the microbial network indicates a stronger
symbiotic pattern between species after composting. Specific composting conditions ac-
celerate the early breakdown of PBST-BDM residues, alleviating the adverse ecological
impacts. While composting PBST-BDM shows promise in mitigating its negative impacts
on crop growth and microbial ecology, further studies across diverse soil types and climatic
conditions are needed to evaluate decomposition rates and residual effects for broader
applicability. This study was conducted under controlled conditions and has limited ap-
plicability to real-world agricultural systems. Future research should focus on long-term,
systematic field investigations to generate more practical foundational data. In addition,
the future quantification of organic carbon release from plastic degradation and its rela-
tionship with plant-derived carbon would provide critical insights into soil-microbe-plant
carbon cycling.

PBST-BDM involves ensuring food security production and long-term soil safety in
farmland. In-depth research should investigate the tolerance of diverse plant species to
PBST-BDM residues and address long-term soil health risks from residual PBST-BDM
accumulation. It is also critical to clarify the spatiotemporal variability in PBST-BDM
degradation efficiency across climates and soil types, as inconsistent degradation rates may
exacerbate microplastic pollution. In the case of PBST-BDM residues, composting serves
as an eco-friendly and sustainable treatment approach. Through this process, PBST-BDM
residue is decomposed by microorganisms that utilize it as their energy source. Additional
research is warranted to comprehend the influence of composting on elemental cycling
throughout the entire ecosystem. At present, the use of BDM indeed poses challenges
related to environmental/ecological issues and imperfect regulatory systems. To ensure
ecological safety, it is imperative to establish standardized certification systems for BDM
degradation performance to regulate market quality, along with policy support to dismantle
technological monopolies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants14131902/s1, Figure S1: LEfSe cladogram of soil bacte-
rial community; Figure S2: Co-occurrence network of soil bacterial community based on correla-
tion analysis; Figure S3: Volcano plot of differential metabolites for R 0.01% (a), R 0.1% (b), R 1%
(c), M 0.01% (d), M 0.1% (e), M 1% (f), P 0.01% (g), P 0.1% (h), and P 1% (i) treatments; Figure S4:
KEGG pathway enrichment analysis; Figure S5: The temperature (a) and air humidity (b) during
the experiment; Table S1: Experimental design; Table S2: Significant differences in plant growth
parameters among treatments (p < 0.05).; Table S3: Co-occurrence network properties of various
treatments in soil microbial communities.


https://www.mdpi.com/article/10.3390/plants14131902/s1
https://www.mdpi.com/article/10.3390/plants14131902/s1

Plants 2025, 14, 1902 18 of 21

Author Contributions: Conceptualization, L.L. (Liuliu, Li) and D.L.; methodology, L.L. (Liuliu, Li)
and L.L. (Liyuan, Liu); validation, X.W.; formal analysis, L.L. (Liuliu, Li) and L.L. (Liyuan, Liu);
investigation, L.L. (Liuliu, Li) and L.L. (Liyuan, Liu); data curation, L.L. (Liuliu, Li); writing—original
draft preparation, L.L. (Liuliu, Li); writing—review and editing, Y.Y., ].L., and H.L.; visualization, L.L.
(Liyuan, Liu); supervision, X.W. and L.X.; project administration, D.L.; funding acquisition, G.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the Capacity-building Projects by the Bei-
jing Academy of Agriculture and Forestry Sciences (KJCX20230421), the National Natural Science
Foundation of China (42407035), the National Key Research and Development Program of China
(2023YFD1701901-05), the Earmarked Fund for China Agriculture Research System (CARS-02-23),
and the Beijing Postdoctoral Research Foundation (2024-zz-077).

Data Availability Statement: Data are contained within the article.

Acknowledgments: We fully appreciate the editors and all anonymous reviewers for their construc-
tive comments on this manuscript.

Conflicts of Interest: Authors Yong Yang and Jinfeng Liu were employed by the company SINOPEC
(Beijing) Research Institute of Chemical Industry Co., Ltd.. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Huang, F; Zhang, Q.; Wang, L.; Zhang, C.; Zhang, Y. Are biodegradable mulch films a sustainable solution to microplastic mulch
film pollution? A biogeochemical perspective. |. Hazard. Mater. 2023, 459, 132024. [CrossRef] [PubMed]

2. Ghasemlou, M,; Daver, F.; Murdoch, B.J.; Ball, A.S.; Ivanova, E.P.; Adhikari, B. Biodegradation of novel bioplastics made of starch,
polyhydroxyurethanes and cellulose nanocrystals in soil environment. Sci. Total Environ. 2022, 815, 152684. [CrossRef]

3. Liu, L.; Li, H.; Zhao, H; Zuo, Q.; Gu, J.; Zhou, J.; Du, L; Liu, D. Large mulch film residues are more unfavourable to the reduction
of soil antibiotic resistance genes induced by organic fertilisation than small mulch film residues. Environ. Technol. Innov. 2023, 32,
103335. [CrossRef]

4. Yao, Z.; Zheng, X,; Liu, C,; Lin, S.; Zuo, Q.; Butterbach-Bahl, K. Improving rice production sustainability by reducing water
demand and greenhouse gas emissions with biodegradable films. Sci. Rep. 2017, 7, 39855. [CrossRef]

5. Liu, Y;; Zhang, W.; Chen, M.; Zhao, X,; Liu, H.; Ge, M,; Li, N.; Ning, Z.; Gao, W.; Fan, C.; et al. Molecular insights into effects
of PBAT microplastics on latosol microbial diversity and DOM chemodiversity. ]. Hazard. Mater. 2023, 450, 131076. [CrossRef]
[PubMed]

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

7. Liu, L.; Zou, G.; Zuo, Q.; Li, C,; Gu, J; Kang, L.; Ma, M,; Liang, K.; Liu, D.; Du, L. Soil bacterial community and metabolism
showed a more sensitive response to PBAT biodegradable mulch residues than that of LDPE mulch residues. |. Hazard. Mater.
2022, 438, 129507. [CrossRef]

8. Yu,H,;Fan, B;; Hou, J.; Dang, Q.; Cui, D.; Xi, B.; Tan, W. Inhibitory effect of microplastics on soil extracellular enzymatic activities
by changing soil properties and direct adsorption: An investigation at the aggregate-fraction level. Environ. Pollut. 2020, 267,
115544. [CrossRef]

9. Rillig, M.C,; Kim, S.W.; Zhu, Y.G. The soil plastisphere. Nat. Rev. Microbiol. 2024, 22, 64-74. [CrossRef]

10. Li, S; Ding, F,; Flury, M.; Wang, J. Dynamics of macroplastics and microplastics formed by biodegradable mulch film in an
agricultural field. Sci. Total Environ. 2023, 894, 164674. [CrossRef]

11. Wang, Y.X,; Liu, X.Y,; Di, HH.; He, X.S.; Sun, Y.; Xiang, S.; Huang, Z.B. The mechanism of microbial community succession and
microbial co-occurrence network in soil with compost application. Sci. Total Environ. 2024, 906, 167409. [CrossRef]

12.  Wei, Z.; Mohamed, T.A.; Zhao, L.; Zhu, Z.; Zhao, Y.; Wy, J. Microhabitat drive microbial anabolism to promote carbon sequestration
during composting. Bioresour. Technol. 2022, 346, 126577. [CrossRef] [PubMed]

13.  Guliyeyv, V,; Tanunchai, B.; Noll, M.; Buscot, F.; Purahong, W.; Blagodatskaya, E. Links among microbial communities, soil

properties and functions: Are fungi the sole players in decomposition of bio-based and biodegradable plastic? Polymers 2022, 14,
2801. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jhazmat.2023.132024
https://www.ncbi.nlm.nih.gov/pubmed/37572603
https://doi.org/10.1016/j.scitotenv.2021.152684
https://doi.org/10.1016/j.eti.2023.103335
https://doi.org/10.1038/srep39855
https://doi.org/10.1016/j.jhazmat.2023.131076
https://www.ncbi.nlm.nih.gov/pubmed/36848842
https://doi.org/10.1016/j.scitotenv.2020.138668
https://www.ncbi.nlm.nih.gov/pubmed/32334227
https://doi.org/10.1016/j.jhazmat.2022.129507
https://doi.org/10.1016/j.envpol.2020.115544
https://doi.org/10.1038/s41579-023-00967-2
https://doi.org/10.1016/j.scitotenv.2023.164674
https://doi.org/10.1016/j.scitotenv.2023.167409
https://doi.org/10.1016/j.biortech.2021.126577
https://www.ncbi.nlm.nih.gov/pubmed/34923079
https://doi.org/10.3390/polym14142801
https://www.ncbi.nlm.nih.gov/pubmed/35890577

Plants 2025, 14, 1902 19 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Qin, P; Wu, L.; Li, B,; Li, N.; Pan, X; Dai, J. Superior gas barrier properties of biodegradable PBST vs. PBAT copolyesters: A
comparative study. Polymers 2021, 13, 3449. [CrossRef] [PubMed]

Wang, D.; Xi, Y.; Shi, X.; Guo, C.; Zhong, Y.; Song, C.; Guan, Y.; Huang, L.; Yang, Q.; Li, F. Effects of residual plastic film on crop
yield and soil fertility in a dryland farming system. J. Integr. Agric. 2023, 22, 3783-3791. [CrossRef]

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

Cao, J.; Chen, P; Gao, X.; Zou, Q.; Fang, Y.; Gu, X.; Zhao, X,; Li, Y. Effects of plastic film residue and emitter flow rate on soil water
infiltration and redistribution under different initial moisture content and dry bulk density. Sci. Total Environ. 2022, 807, 151381.
[CrossRef]

Harms, LK.; Diekétter, T.; Troegel, S.; Lenz, M. Amount, distribution and composition of large microplastics in typical agricultural
soils in Northern Germany. Sci. Total Environ. 2021, 758, 143615. [CrossRef]

Wei, X.E,; Antonio, ].C.; Cui, Y.X,; Li, L.W.; Aron, H.; Liu, B.C.; Mikael, S.H. Millions of microplastics released from a biodegradable
polymer during biodegradation/enzymatic hydrolysis. Water Res. 2022, 211, 118068. [CrossRef]

Xu, Z,; Li, R.; Liu, J.; Xu, X; Wang, S.; Gao, F; Yang, G.; Yao, Y,; Zhang, Z.; Zhang, X.; et al. The impact of ammonifying
microorganisms on the stabilization and carbon conversion of cow manure and wheat husk co-composting. Chem. Eng. |. 2024,
490, 151626. [CrossRef]

Qi, Y.L.; Yang, X.M.; Amalia, M.P.; Esperanza, H.L.; Nicolas, B.; Henny, G.; Paolina, G.; Violette, G. Macro- and micro- plastics
in soil-plant system: Effects of plastic mulch film residues on wheat (triticum aestivum) growth. Sci. Total Environ. 2018, 645,
1048-1056. [CrossRef] [PubMed]

Tayyab, M.; Kazmi, S.5.U.H.; Pastorino, P; Saqib, H.S.A.; Yaseen, Z.M.; Hanif, M.S.; Islam, W. Microplastics in agroecosystems:
Soil-plant dynamics and effective remediation approaches. Chemosphere 2024, 362, 142641. [CrossRef]

Masciarelli, E.; Casorri, L.; Luigi, M.D.; Beni, C.; Valentini, M.; Costantini, E.; Aielli, L.; Reale, M. Microplastics in agricultural
crops and their possible impact on farmers” health: A review. Int. J. Environ. Res. Public Health 2025, 22, 45. [CrossRef] [PubMed]
Khalid, N.; Ageel, M.; Noman, A.; Rizvi, Z.F. Impact of plastic mulching as a major source of microplastics in agroecosystems. J.
Hazard. Mater. 2023, 445, 130455. [CrossRef]

Hosni, A.S.A.; Pittman, ].K.; Robson, G.D. Microbial degradation of four biodegradable polymers in soil and compost demon-
strating polycaprolactone as an ideal compostable plastic. Waste Manag. 2019, 97, 105-114. [CrossRef]

Sun, X.; Anoopkumar, A.N.; Madhavan, A.; Binod, P; Pandey, A.; Sindhu, R.; Awasthi, M.K. Degradation mechanism of
microplastics and potential risks during sewage sludge co-composting: A comprehensive review. Environ. Pollut. 2023, 333,
122113. [CrossRef]

Chen, Z.; Zhao, W.Q.; Xing, R.Z,; Xie, S.G.; Yang, X.G.; Gui, P; L1, J.; Liao, H.P; Yu, Z.; Wang, S.H.; et al. Enhanced in situ
biodegradation of microplastics in sewage sludge using hyperthermophilic composting technology. J. Hazard. Mater. 2019, 384,
121271. [CrossRef] [PubMed]

Wei, Z.Y.; Shen, W.L.; Feng, K.; Feng, Y.Z.; He, Z.L.; Li, Y,; Jiang, C.Y,; Liu, S.J.; Zhu, Y.G.; Deng, Y. Organic fertilizer potentiates
the transfer of typical antibiotic resistance gene among special bacterial species. ]. Hazard. Mater. 2022, 435, 128985. [CrossRef]
Barrow, N.J.; Hartemink, A.E. The efects of pH on nutrient availability depend on both soils and plants. Plant Soil 2023, 487, 21-37.
[CrossRef]

Bandopadhyay, S.; Martin-Closas, L.; Pelacho, A.; DeBruyn, ].M. Biodegradable plastic mulch films: Impacts on soil microbial
communities and ecosystem functions. Front. Microbiol. 2018, 9, 819. [CrossRef]

Li, X.; Zheng, G.; Li, Z.; Fu, P. Formulation, performance and environmental/agricultural benefit analysis of biomass-based
biodegradable mulch films: A review. Eur. Polym. J. 2024, 203, 112663. [CrossRef]

Wei, T].; Li, G.; Cui, Y.R; Xie, ].; Liang, Z.W.; Guan, F.C.; Li, Z.H. Response of alfalfa leaf traits and rhizosphere fungal communities
to compost application in saline-sodic soil. Microorganisms 2024, 12, 2287. [CrossRef]

Shi, J.; Wang, Z.; Peng, Y.; Zhang, Z.; Fan, Z.; Wang, J.; Wang, X. Microbes drive metabolism, community diversity, and interactions
in response to microplastic-induced nutrient imbalance. Sci. Total Environ. 2023, 877, 162885. [CrossRef]

Huang, D.; Xu, Y,; Lei, F; Yu, X.; Ouyang, Z.; Chen, Y,; Jia, H.; Guo, X. Degradation of polyethylene plastic in soil and effects on
microbial community composition. J. Hazard. Mater. 2021, 15, 126173. [CrossRef]

Wang, X.J.; Pan, S.Q.; Zhang, Z.].; Lin, X.Y.; Zhang, Y.Z.; Chen, S.H. Effects of the feeding ratio of food waste on fed-batch aerobic
composting and its microbial community. Bioresour. Technol. 2017, 224, 397-404. [CrossRef]

Bandopadhyay, S.; Gonzélez, ].E.L.Y.; Henderson, K.B.; Anunciado, M.B.; Debruyn, .M. Soil microbial communities associated
with biodegradable plastic mulch films. Front. Microbiol. 2020, 11, 2840. [CrossRef]


https://doi.org/10.3390/polym13193449
https://www.ncbi.nlm.nih.gov/pubmed/34641264
https://doi.org/10.1016/j.jia.2023.04.026
https://doi.org/10.1016/j.jhazmat.2021.125521
https://doi.org/10.1016/j.scitotenv.2021.151381
https://doi.org/10.1016/j.scitotenv.2020.143615
https://doi.org/10.1016/j.watres.2022.118068
https://doi.org/10.1016/j.cej.2024.151626
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://www.ncbi.nlm.nih.gov/pubmed/30248830
https://doi.org/10.1016/j.chemosphere.2024.142641
https://doi.org/10.3390/ijerph22010045
https://www.ncbi.nlm.nih.gov/pubmed/39857498
https://doi.org/10.1016/j.jhazmat.2022.130455
https://doi.org/10.1016/j.wasman.2019.07.042
https://doi.org/10.1016/j.envpol.2023.122113
https://doi.org/10.1016/j.jhazmat.2019.121271
https://www.ncbi.nlm.nih.gov/pubmed/31611021
https://doi.org/10.1016/j.jhazmat.2022.128985
https://doi.org/10.1007/s11104-023-05960-5
https://doi.org/10.3389/fmicb.2018.00819
https://doi.org/10.1016/j.eurpolymj.2023.112663
https://doi.org/10.3390/microorganisms12112287
https://doi.org/10.1016/j.scitotenv.2023.162885
https://doi.org/10.1016/j.jhazmat.2021.126173
https://doi.org/10.1016/j.biortech.2016.11.076
https://doi.org/10.3389/fmicb.2020.587074

Plants 2025, 14, 1902 20 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Goel, R,; Zaidi, M.G.H,; Soni, R.; Lata, K.; Shouche, Y.S. Implication of arthrobacter and enterobacter species for polycarbonate
degradation. Int. Biodeterior. Biodegr. 2008, 61, 167-172. [CrossRef]

Gatheru, W.M.; Sun, K; Gao, Y.Z. Sphingomonas in microbe-assisted phytoremediation: Tackling soil pollution. Trends Biotechnol.
2017, 35, 883-899. [CrossRef]

Moshafi, M.H.; Forootanfar, H.; Ameri, A.; Shakibaie, M.; Dehghan-Noudeh, G.; Razavi, M. Antimicrobial activity of Bacillus sp.
strain FAS1 isolated from soil. Pak. J. Pharm. Sci. 2013, 24, 269. [CrossRef]

Duan, M.; Zhang, Y.; Zhou, B.; Qin, Z.; Wu, ]J.; Wang, Q.; Yin, Y. Effects of Bacillus subtilis on carbon components and microbial
functional metabolism during cow manure-straw composting. Bioresour. Technol. 2020, 303, 122868. [CrossRef] [PubMed]

Cho, J.Y,; Park, L.S,; Lee, H.J.; Kim, S.H.; Suh, M.J.; Ham, S.; Bhatia, K.S.; Gurav, R.; Park, H.S.; Park, K ; et al. Polyhydrox-
yalkanoates (PHAs) degradation by the newly isolated marine Bacillus sp. JY14. Chemosphere 2021, 283, 131172. [CrossRef]
[PubMed]

Danczak, R.E.; Johnston, M.D.; Kenah, C.; Slattery, M.; Wilkins, M.]. Microbial community cohesion mediates community turnover
in unperturbed aquifers. mSystems 2018, 3, e00066-18. [CrossRef]

Zhao, Z.; Wu, H,; Jin, T.; Liu, H.; Men, J.; Cai, G.; Cernava, T.; Duan, G.; Jin, D. Biodegradable mulch films significantly affected
rhizosphere microbial communities and increased peanut yield. Sci. Total Environ. 2023, 871, 162034. [CrossRef] [PubMed]

Niu, L,; Li, Y.; Li, Y,; Hu, Q.; Wang, C.; Hu, ].; Zhang, W.; Wang, L.; Zhang, C.; Zhang, H. New insights into the vertical distribution
and microbial degradation of microplastics in urban river sediments. Water Res. 2021, 188, 116449. [CrossRef]

Xu, Z.; Zheng, B.; Yang, Y.C.; Yang, Y.; Jiang, G.; Tian, Y. Effects of biodegradable (PBAT/PLA) and conventional (LDPE) mulch
film residues on bacterial communities and metabolic functions in different agricultural soils. |. Hazard. Mater. 2024, 472, 134425.
[CrossRef]

Milkereit, J.; Geisseler, D.; Lazicki, P.; Settles, M.L.; Durbin-Johnson, B.P.; Hodson, A. Interactions between nitrogen availability,
bacterial communities, and nematode indicators of soil food web function in response to organic amendments. Appl. Soil Ecol.
2021, 157, 103767. [CrossRef]

Xie, Z.; Yu, Z.; Li, Y.; Wang, G,; Liu, X,; Tang, C.; Lian, T.; Adams, J.; Liu, J.; Liu, J.; et al. Soil microbial metabolism on carbon and
nitrogen transformation links the crop-residue contribution to soil organic carbon. npj Biofilins Microbiomes 2022, 8, 14. [CrossRef]
Ikoyi, I.; Fowler, A.; Schmalenberger, A. One-time phosphate fertilizer application to grassland columns modifies the soil
microbiota and limits its role in ecosystem services. Sci. Total Environ. 2018, 630, 849-858. [CrossRef] [PubMed]

Zhang, Z.; Zhao, L.; Jin, Q.; Luo, Q.; He, H. Combined contamination of microplastic and antibiotic alters the composition of
microbial community and metabolism in wheat and maize rhizosphere soil. ]. Hazard. Mater. 2024, 473, 134618. [CrossRef]
Guo, A.Y,; Pan, CR;; Su, X.M.; Zhou, X.; Bao, Y.Y. Combined effects of oxytetracycline and microplastic on wheat seedling growth
and associated rhizosphere bacterial communities and soil metabolite profiles. Environ. Pollut. 2022, 302, 119046. [CrossRef]
Koprivova, A. and Kopriva, S. Plant secondary metabolites altering root microbiome composition and function. Curr. Opin. Plant
Biol. 2022, 67,102227. [CrossRef] [PubMed]

Lopez-Gonzalez, J.A.; Suarez-Estrella, F.; Vargas-Garcia, M.C.; Lopez, M.].; Jurado, M.M.; Moreno, J. Dynamics of bacterial
microbiota during lignocellulosic waste composting: Studies upon its structure, functionality and biodiversity. Bioresour. Technol.
2015, 175, 406-416. [CrossRef] [PubMed]

Wortman, S.E.; Elizabeth, J.; Mitchell, B.S.; Rhae, D. A new method for detecting micro-fragments of biodegradable mulch films
containing poly (butylene Adipate-co-terephthalate) (PBAT) in soil. J. Environ. Qual. 2022, 51, 123-128. [CrossRef]

Ferreira, F.V.; Luciana, S.C.; Rubia, EG,; Liliane, M.EL. An overview on properties and applications of poly (butylene Adipate-co-
terephthalate)-PBAT based composites. Polym. Eng. Sci. 2019, 59 (Suppl. 2), E7-E15. [CrossRef]

Jin, L.; Jin, N.; Wang, S.; Li, J.; Meng, X; Xie, Y.; Wu, Y.; Luo, S.; Lyu, J.; Yu, J. Changes in the microbial structure of the root soil
and the yield of Chinese Baby Cabbage by chemical fertilizer reduction with bio-organic fertilizer application. Microbiol. Spectr.
2022, 10, €0121522. [CrossRef] [PubMed]

Luan, J.; Fu, Y,; Tang, W.; Yang, F,; Li, X.; Yu, Z. Impact of Interaction between Biochar and Soil Microorganisms on Growth of
Chinese Cabbage by Increasing Soil Fertility. Appl. Sci. 2023, 13, 12545. [CrossRef]

Burns, R.G.; DeForest, ].L.; Marxsen, J.; Sinsabaugh, R.L.; Stromberger, M.E.; Wallenstein, M.D.; Weintraub, M.N.; Zoppini, A. Soil
enzymes in a changing environment: Current knowledge and future Directions. Soil Biol. Biochem. 2013, 58, 216-234. [CrossRef]
Gao, F; Ye, L.; Mu, X,; Xu, L.; Shi, Z.; Luo, Y. Synergistic effects of earthworms and cow manure under reduced chemical
fertilization modified microbial community structure to mitigate continuous cropping effects on Chinese flowering cabbage.
Front. Microbiol. 2023, 14, 1285464. [CrossRef]

Wei, X,; Fu, T,; He, G.; Zhong, Z.; Yang, M.; Lou, F.; He, T. Characteristics of rhizosphere and bulk soil microbial community of
Chinese cabbage (Brassica campestris) grown in Karst area. Front. Microbiol. 2023, 14, 1241436. [CrossRef]


https://doi.org/10.1016/j.ibiod.2007.07.001
https://doi.org/10.1016/j.tibtech.2017.06.014
https://doi.org/10.1021/mp200189s
https://doi.org/10.1016/j.biortech.2020.122868
https://www.ncbi.nlm.nih.gov/pubmed/32032936
https://doi.org/10.1016/j.chemosphere.2021.131172
https://www.ncbi.nlm.nih.gov/pubmed/34157624
https://doi.org/10.1128/msystems.00066-18
https://doi.org/10.1016/j.scitotenv.2023.162034
https://www.ncbi.nlm.nih.gov/pubmed/36754316
https://doi.org/10.1016/j.watres.2020.116449
https://doi.org/10.1016/j.jhazmat.2024.134425
https://doi.org/10.1016/j.apsoil.2020.103767
https://doi.org/10.1038/s41522-022-00277-0
https://doi.org/10.1016/j.scitotenv.2018.02.263
https://www.ncbi.nlm.nih.gov/pubmed/29499540
https://doi.org/10.1016/j.jhazmat.2024.134618
https://doi.org/10.1016/j.envpol.2022.119046
https://doi.org/10.1016/j.pbi.2022.102227
https://www.ncbi.nlm.nih.gov/pubmed/35525222
https://doi.org/10.1016/j.biortech.2014.10.123
https://www.ncbi.nlm.nih.gov/pubmed/25459849
https://doi.org/10.1002/jeq2.20311
https://doi.org/10.1002/pen.24770
https://doi.org/10.1128/spectrum.01215-22
https://www.ncbi.nlm.nih.gov/pubmed/36377898
https://doi.org/10.3390/app132312545
https://doi.org/10.1016/j.soilbio.2012.11.009
https://doi.org/10.3389/fmicb.2023.1285464
https://doi.org/10.3389/fmicb.2023.1241436

Plants 2025, 14, 1902 21 of 21

60. Zhao, M.; Zou, G.; Li, Y,; Pan, B.; Wang, X.; Zhang, J.; Xu, L.; Li, C.; Chen, Y. Biodegradable microplastics coupled with biochar
enhance Cd chelation and reduce Cd accumulation in Chinese cabbage. Biochar 2025, 7, 31. [CrossRef]

61. Teng, Y.; Zhou, Q. Response of soil enzymes, functional bacterial groups, and microbial communities exposed to sudan I-IV.
Ecotoxicol. Environ. Saf. 2018, 166, 328-335. [CrossRef] [PubMed]

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


https://doi.org/10.1007/s42773-024-00418-y
https://doi.org/10.1016/j.ecoenv.2018.09.102
https://www.ncbi.nlm.nih.gov/pubmed/30278394

	Introduction 
	Results and Discussion 
	Growth Index of Chinese Cabbage 
	Emergence Rates 
	Plant Height, Leaf Area, and Fresh Biomass Production 

	Variations of Soil Physicochemical Properties 
	Soil Bacterial Community Dynamics in Response to Different Treatments 
	Diversity and Structure 
	Examination of the Topological Characteristics of Co-Occurrence Networks in Bacterial Populations 
	Sensitive Bacterial Populations 

	Responses of Soil Metabolism to the Treatments of PBST Raw Material, PBST Residues, and PBST Composting Product 
	Advanced Multivariate Evaluation of Metabolites 
	Soil Differential Metabolites Analysis 
	Differential Pathway Enrichment 
	Comprehensive Effects of Soil Physicochemical Properties, Microbial Communities, Enzyme Activities, and Microbial Metabolism on Chinese Cabbage Growth 


	Materials and Methods 
	Soil Preparation and Experiment Materials 
	Experiment Procedure 
	Analytical Methods 
	Growth Parameters of Chinese Cabbage 
	Soil Physicochemical Properties 

	Microbiological Analysis 
	Non-Specific Soil Metabolic Profiling 
	Statistical Assessment 

	Conclusions 
	References

