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a b s t r a c t

The expanding deployment of biodegradable mulch films in global agriculture aims to mitigate
persistent plastic pollution, yet the fate of resulting biodegradable microplastics (BMPs) in soil eco-
systems remains poorly characterized. Although these materials are engineered for mineralization, their
breakdown rates under realistic field conditions vary substantially, and plant roots fundamentally alter
soil biogeochemistry through rhizodeposition and microbial recruitment. Whether the biochemically
complex rhizosphere environment accelerates or retards BMP degradation, and how degradation
byproducts accumulate, represents a critical knowledge gap for assessing the environmental safety of
biodegradable agricultural plastics. Here we show that the soybean rhizosphere exhibits size-selective
effects on poly(butylene adipate-co-terephthalate) microplastic (PBAT–MP) degradation. Large particles
(998.7 ± 74.6 μm) degrade significantly faster than in bulk soil, whereas small particles (145.6 ± 3.1 μm)
remain largely protected within soil aggregates over a 70-day growth cycle. Advanced quantitative
proton nuclear magnetic resonance analysis reveals preferential hydrolysis of aliphatic adipate units,
resulting in greater accumulation of degradation monomers in the rhizosphere than in bulk soil. Mi-
crobial community profiling identifies enrichment of Proteobacteria—particularly Bradyrhizobium and
Ramlibacter genera—linked to PBAT hydrolysis and metabolite utilization, alongside increased microbial
biomass and altered soil carbon pools. These findings challenge the prevailing assumption that biode-
gradable mulches degrade uniformly and benignly under agricultural conditions. Rhizosphere-relevant
assessment criteria are essential for evaluating the true environmental safety of biodegradable plastics
in agricultural systems, with broader implications for sustainable soil management and plastic pollution
mitigation strategies worldwide.
© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The widespread agricultural use of conventional plastics,
particularly low-density polyethylene mulch films, has led to
persistent macroplastic and microplastic (MP) contamination of
soils [1]. Biodegradable mulch films, primarily composed of
polymers such as poly(butylene adipate-co-terephthalate) (PBAT),

have emerged as eco-friendly alternatives for reducing long-term
plastic accumulation in global agroecosystems [2,3]. However,
incomplete degradation of these films generates biodegradable
microplastics (BMPs), raising concerns about their ecological im-
pacts on agroecosystems [4]. Previous studies have quantified BMP
mineralization rates under varying soil conditions (e.g., tempera-
ture, moisture, and nutrient availability) [5,6], but a critical
knowledge gap persists regarding the role of plant roots in
modulating BMP degradation.

Plant roots fundamentally shape soil biogeochemistry through
rhizodeposition and selective microbial recruitment [7–9]. The
rhizosphere environment is characterized by high carbon avail-
ability, nutrient limitations, and acidic conditions—factors that
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can either enhance or inhibit BMP degradation [5,10,11]. The mi-
crobial community structure plays a pivotal role. Both the rhizo-
sphere and plastisphere (the unique ecological niche created by
MPs in soil [12]) favor copiotrophic bacteria [13,14], suggesting
potential synergistic interactions. However, recent findings indi-
cate that plant roots may disrupt plastisphere assembly processes
[8]. Although BMPs have been shown to increase populations of
potential degradative bacteria in the rhizosphere [4,15,16], the
extent of this niche specialization, particularly compared with
bulk soil microbial communities, remains to be investigated [17].
These uncertainties highlight the need to clarify how roots regu-
late BMP degradation relative to bulk soil.

Plants can accelerate the microbial degradation of synthetic
polymers in soil [18,19]. However, studies have primarily relied on
indirect measurements, such as weight loss, changes in mechan-
ical properties, and surface modifications, without determining
whether the lost polymer mass mineralizes completely or persists
as MPs and nanoplastics (NPs). Isotope tracing provides more
precise estimates of mineralization [2,20], while quantitative
proton nuclear magnetic resonance (q-1H NMR) enables direct
measurement of biodegradable plastics in soil [21]. Applying these
advanced techniques to investigate the influence of root systems
on BMP degradation provides critical insights into rhizosphere-
mediated polymer transformation processes.

In this study, we hypothesized that roots accelerate BMP
degradation, and this effect is influenced by particle size. PBAT
microplastics (PBAT–MPs) were selected as representative BMPs
because PBAT is among the most widely produced biodegradable
plastics and a primary component of biodegradable mulch films
[22]. Soybean (Glycine max (L.) Merr.) was chosen due to its
extensive global cultivation as a major food crop and its pro-
nounced rhizosphere effects [7].

We employed the q-1H NMR technique to quantitatively eval-
uate differences in the degradation rates of PBAT–MPs tested at
two particle sizes (median diameters of 998.7 ± 74.6 μm and
145.6 ± 3.1 μm) and two concentrations (0.1% and 1% w/w) be-
tween the rhizosphere and bulk soil. We then quantified degra-
dation products and characterized morphological and chemical
changes in PBAT–MPs. To elucidate the mechanisms driving
rhizosphere-enhanced biodegradation, we further analyzed soil
physicochemical properties, microbial biomass, enzyme activities,
bacterial community composition, and soil metabolic profiles.

2. Materials and methods

2.1. Chemicals

Chloroform (CHCl3, high performance liquid chromatography
(HPLC) grade) and methanol (MeOH, HPLC grade) were purchased
from Sinopharm Chemical Reagent Co., Ltd. Deuterated chloroform
(CDCl3, 99.8 atom% D) and p-nitrophenyl butyrate (pNP-B, >99%
purity) were obtained from Adamas-beta. 1,4-Dimethoxybenzene
(DMB, >99% purity) and p-nitrophenol (pNP, >99% purity) were
sourced fromMacklin Biochemical Co., Ltd. All additional reagents
for soil physicochemical analysis (purity >99%) were supplied by
Sinopharm Chemical Reagent Co., Ltd.

2.2. BMPs and soil

This study used two PBAT–MP sizes (Supplementary Fig. S1),
representing typical PBAT farmland residue sizes [23]. The detailed
preparation protocol is described in Supplementary Text S1.

The bulk soil was collected from the top 20 cm of a Shanghai
soybean field (30◦57′N,121◦03′E) with no history of biodegradable
plastic film use. The soil preparation methodology is detailed in

Supplementary Text S2, and its physicochemical properties are
presented in Supplementary Table S1. Flotation analysis detected
approximately 367MP items per kilogram in the original soil, with
no detectable BMPs (Supplementary Fig. S2).

2.3. Soybean cultivation

The experimental design of this study is shown in
Supplementary Fig. S3. The cultivation experiment was conduct-
ed in polypropylene pots containing 2 kg of soil mixed with
PBAT–MPs at 0.1% w/w (environmentally relevant) and 1% w/w
(anticipating increased use and uneven distribution) [23]. A 300-
mesh (53 μm pore size) stainless steel barrier divided soybean
roots (rhizosphere soil) from the bulk soil while permitting
nutrient and water exchange in each pot (Supplementary Fig. S4).

Five treatments were established: BLK (no PBAT–MPs), L0.1
(0.1% large PBAT–MPs), L1 (1% large PBAT–MPs), S0.1 (0.1% small
PBAT–MPs), and S1 (1% small PBAT–MPs), with each treatment
replicated in triplicate. Surface-sterilized soybean seedlings were
grown under natural conditions (15–39 ◦C, 42–97% relative hu-
midity) for an entire life-cycle study (70 days), with soil moisture
maintained at 60% maximum water-holding capacity (MWHC).

Plant growth indicators (Supplementary Fig. S5–S7) were
measured at the flowering (Day 28), podding (Day 46), and filling
stages (Day 63). After harvest at the mature stage of soybean
growth, soil samples were collected from the outside (bulk soil)
and inside (rhizosphere soil) of the steel mesh. Meanwhile, the
plant biomass was measured (Supplementary Fig. S7). Detailed
cultivation procedures are described in Supplementary Text S3.

The bulk soil samples were labeled B_BLK, B_L0.1, B_L1, B_S0.1,
and B_S1; the rhizosphere samples were labeled R_BLK, R_L0.1,
R_L1, R_S0.1, and R_S1. As soybean roots fully occupied the mesh-
enclosed space, we designated the soil within the metal mesh as
rhizosphere soil.

2.4. Quantification of PBAT–MPs and degradation products in soil

We used Nelson et al.’s [21] modified method to quantify
PBAT–MPs in freeze-dried soil samples, combining ultrasonic
extraction with q-1H NMR spectroscopy detection. Specifically,
PBAT–MPs were extracted with 90:10 (v/v) CHCl3/MeOH under
ice-bath sonication. The extracts were evaporated naturally in
glass amber vials before being reconstituted in CDCl3 containing
known DMB amounts and transferred to an NMR tube for analysis.
Detailed methods are presented in Supplementary Text S4.

The q-1H NMR results showed linear responses for both sizes of
PBAT–MPs in CDCl3, with slopes of 0.99 and 1.00, respectively
(Supplementary Fig. S8). The 1H NMR spectra of the soil extracts
exhibited minimal baseline noise, with well-resolved peaks suit-
able for integration analysis (Supplementary Fig. S9). Recovery
rates for added PBAT–MPs were 99.1 ± 1.8% (large) and 97.2 ± 2.1%
(small) (Supplementary Table S2).

PBAT degradation products—terephthalic acid (TPA), adipic
acid (AA), and 1,4-butanediol—were extracted and quantified from
soil samples following Hua et al.'s methodology [24]. The detailed
procedure for monomer analysis is described in Supplementary
Text S5.

2.5. Extraction and characterization of PBAT–MPs

We extracted PBAT–MPs from freeze-dried soil samples (L1 and
S1 treatments) using an improved method based on Li et al. [25].
PBAT–MP morphology was identified using scanning electron
microscopy (SEM; GeminiSEM 300, ZEISS, Oberkochen, Germany).
Surface chemical compositionwas analyzed using attenuated total
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reflection Fourier Transform Infrared spectroscopy (ATR–FTIR;
Nicolet 6700, Thermo Fisher Scientific, Waltham, MA, USA) and
Raman spectroscopy with a 785 nm laser (LabRAM HR Evolution,
HORIBA Jobin Yvon, Longjumeau, France). The sample composition
was measured using NMR (ASCEND 400 MHz NMR, Bruker, Bill-
erica, MA, USA) with CDCl3. We performed thermogravimetric
analysis (TGA) using a thermogravimetric analyzer (TGA 3, Mettler
Toledo, Greifensee, Switzerland). Thermal analyses were per-
formed using differential scanning calorimetry (DSC; DSC 8500,
PerkinElmer, Waltham, MA, USA). Detailed PBAT–MP extraction
and characterization procedures are presented in Supplementary
Text S6.

2.6. Analysis of soil water-stable aggregates

Air-dried soil samples were fractionated into four size classes of
water-stable aggregates via wet sieving: >2000 μm (mega-aggre-
gates), 250–2000 μm (macroaggregates), 53–250 μm (micro-
aggregates), and <53 μm (silt and clay fractions) [26]. The detailed
methodology is described in Supplementary Text S7.

2.7. Analysis of the physicochemical properties of soil

We used fresh soil samples at 60%MWHC tomeasuremicrobial
biomass carbon (MBC) using the chloroform fumigation-
extraction method [27]. Freeze-dried samples were used for pH
(soil:water, 1:2.5) [28], dissolved organic carbon (DOC; soil:ul-
trapure water from a Milli-Q system, 1:10; shaken for 12 h) [29],
total dissolved nitrogen (TDN; 2M KCl; soil:water,1:2.5; shaken for
1 h) [30], nitrate nitrogen (NO3

− -N), ammonium nitrogen (NH4
+-N),

and dissolved organic nitrogen (DON; calculated as TDN minus
NO3

− -N and NH4
+-N) analysis. We quantified DOC and TDN using a

total organic carbon analyzer (TOC-L, Shimadzu, Kyoto, Japan), and
measured NO3

− -N and NH4
+-N with a discrete analyzer (AQ300,

SEAL Analytical, Mequon, WI, USA). Detailed procedures are pro-
vided in Supplementary Text S8.

We collected excitation-emission matrix (EEM) fluorescence
spectra of dissolved organic matter (DOM) using a fluorescence
spectrophotometer (F-7000, Hitachi High-Tech, Tokyo, Japan). Test
parameters and data analysis details are presented in Supple-
mentary Text S9.

2.8. Determination of esterase activity of soil and PBAT–MPs

We measured soil and PBAT–MP esterase activities using a
modifiedmethod based on Tsuboi et al. [31], which employs pNP-B
as a substrate and quantifies the pNP produced by esterase-
mediated hydrolysis. For soil esterase activity, we analyzed fresh
soil samples at 60% MWHC. For PBAT–MP-associated esterase ac-
tivity, we isolated PBAT–MP particles from the rhizosphere and the
bulk soil of the L1 group by wet sieving, with 28 particles per pot
(14 from each zone). These particles werewashedwith phosphate-
buffered saline buffer and placed in a 96-well plate for analysis.
Detailed methods are provided in Supplementary Text S10.

2.9. 16S rRNA gene amplicon sequencing

We subjected bulk and rhizosphere soil samples from the BLK,
L1, and S1 treatments to 16S rRNA gene amplicon sequencing. DNA
was extracted from 0.50 g of soil (stored at − 80 ◦C) using the
E.Z.N.A. Stool DNA Kit (Omega Bio-Tek, Norcross, GA, USA),
following the manufacturer's instructions. The partial 16S rRNA
gene was amplified with a barcode-containing primer set 338F/
806R and sequenced on a Sequel IIe System (Pacific Biosciences,
Menlo Park, CA, USA). Detailed DNA extraction and sequencing

methods are provided in Supplementary Text S11.

2.10. Determination of soil metabolism

We analyzed bulk and rhizosphere soil samples from the BLK,
L1, and S1 treatments for soil metabolism. The samples were
placed in 2 mL centrifuge tubes and stored at − 80 ◦C. Metabolites
were then extracted and analyzed using a UHPLC-Q Exactive HF-X
system (Thermo Fisher Scientific, Waltham, MA, USA). Details on
the extraction and instrument conditions are shown in Supple-
mentary Text S12.

2.11. Data analysis

We assessed normality and homogeneity of variance using the
Shapiro–Wilk and Levene tests before proceeding with further
statistical analysis. Parameters tested included soybean growth
and yield parameters, water-stable aggregates, soil physicochem-
ical properties, PBAT–MP and degradation product content,
esterase activity, fluorescent index (FI), biological index (BIX), and
humification index (HIX).

A one-way ANOVA and a Tukey's post-hoc test were used to
compare treatments (BLK, L0.1, L1, S0.1, and S1) when assumptions
were met; otherwise, the Kruskal–Wallis test with Dunn's post-
hoc test was applied. Within each treatment, we compared bulk
versus rhizosphere soil using a two-sample t-test when assump-
tions were met; otherwise, we used the Mann–Whitney U test.

We also used a t-test to assess differences in the abundance-
based coverage estimator (ACE), Shannon indices, and bacterial
phylum abundances between treatments. Nonmetric multidi-
mensional scaling (NMDS) based on Bray–Curtis distances for
amplicon sequence variants (ASVs) was performed to evaluate
bacterial community clustering. Bacterial co-occurrence networks
based on Spearman correlation analysis were visualized in Gephi
(v. 0.1).

We tested associations between soil physicochemical proper-
ties and bacterial communities using aMantel test implemented in
the R package vegan. We used partial least squares discriminant
analysis (PLS–DA) to identify differential metabolites. Co-
occurrence networks linking PBAT–MP degradation rates, bacte-
rial families, and soil metabolites were visualized in Cytoscape (v.
3.9.1). Unless stated otherwise, we performed statistical analyses
and generated plots in R (v. 4.3.3) and finalized figures in Adobe
Illustrator 2022.

3. Results and discussion

3.1. PBAT–MP degradation and characterization in the soybean
rhizosphere

After 70 days of incubation, the average degradation rates of
PBAT–MPs in the bulk soil were relatively low, ranging from 1.4% to
3.7% (Fig. 1a and b). These rates are substantially lower than the
8–13% degradation after 40 days reported by Zumstein et al. [2] for
PBAT films using 13C-labeled polymers and isotope-specific
analytical techniques. Compared to our experimental setup, the
divergent experimental conditions set by Zumstein et al.
[2]—neutral pH (7.5), 47% MWHC, and a constant 25 ◦C temper-
ature—may have created more favorable degradation conditions.

Soybean roots significantly promoted PBAT–MP degradation in
the L1 group (p < 0.05), where rhizosphere soil contained
0.92 ± 0.02% (w/w) compared to 0.96 ± 0.02% (w/w) in the bulk
soil (Fig. 1a). This aligns with prior work on polylactic acid/PBAT
blends, where larger particles (0.5–2.0 mm) degraded significantly
(15.4% after 230 days) in dry soil, while smaller particles
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(<0.5 mm) showed no significant degradation under both dry and
wet conditions [6]. Similarly, mineralization studies of starch-
blended PBAT–MPs across sizes (<100, 100–250, 250–500,
500–1000, 1000–2000, and 2000–4750 μm) showed size-
dependent rates in Ferralsol (faster for smaller sizes except the
largest) but minimal impact in Vertisol [5].

Concurrent with the degradation of PBAT–MPs, the monomers
TPA and AA were detected in the soil, whereas 1,4-butanediol was
not detected (Fig. 1c and d). This differential accumulation can be
attributed to the distinct biodegradation kinetics of the three
monomers. While 1,4-butanediol is ultimately mineralizable
despite slower dissolution, TPA exhibits a pronounced lag phase
and incomplete degradation, and AA degrades relatively slowly,

enabling transient accumulation [32].
TPA was predominantly detected in the L1 treatment, with

concentrations in the rhizosphere soil (0.50 ± 0.06 mg kg− 1)
exceeding those in the bulk soil (0.22 ± 0.07 mg kg− 1) by 125.5%
(p < 0.01; Fig. 1c). AA occurred in all PBAT–MP treatments,
following a size-dependent trend. In the bulk soil, AA concentra-
tions decreased in the order L1 (6.72 ± 0.46 mg kg− 1), S1
(1.95 ± 0.10 mg kg− 1), L0.1 (1.12 ± 0.58 mg kg− 1), and S0.1
(0.33 ± 0.13 mg kg− 1). In rhizosphere soil, AA concentrations
decreased in the following order: L1 (8.02 ± 0.37 mg kg− 1), S1
(2.62 ± 0.11 mg kg− 1), L0.1 (1.01 ± 0.67 mg kg− 1), and S0.1
(0.31 ± 0.21 mg kg− 1). Notably, AA concentrations in the rhizo-
sphere soil were significantly higher than in the bulk soil by 19.3%

Fig. 1. Rhizosphere effects on poly(butylene adipate-co-terephthalate) microplastic (PBAT–MP) degradation and monomer release after soybean cultivation. a–b, Residual
PBAT–MPs in bulk and rhizosphere soil at 0.1% (a) and 1% (b) PBAT–MP loading. Treatment: L0.1, 0.1% large PBAT–MPs; L1, 1% large PBAT–MPs; S0.1, 0.1% small PBAT–MPs; S1, 1%
small PBAT–MPs. Dashed lines indicate pre-cultivation levels. Data are means ± standard deviation (SD) (n = 6). c–d, Terephthalic acid (TPA; c) and adipic acid (AA; d) con-
centrations in bulk and rhizosphere soil. Treatment: BLK, no PBAT–MPs. Lowercase letters indicate differences among treatments (p < 0.05). Data are means ± SD (n = 3). Asterisks
indicate significant differences (*p < 0.05; **p < 0.01; ***p < 0.001). e, 1H NMR spectra of extracted PBAT–MPs showing terephthalate-to-adipate (T/A) ratios. B_L1 and B_S1: bulk
soil samples of L1 and S1 treatments; R_L1 and R_S1: rhizosphere samples of L1 and S1 treatments. Blue numbers indicate chemical shifts (ppm), while red intervals and values
represent normalized peak areas.
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and 34.5% in the L1 and S1 treatments, respectively (p < 0.05;
Fig. 1d).

The elevated TPA and AA levels in the L1 rhizosphere soil
correlated with the significant PBAT–MP degradation observed in
this treatment (Fig. 1a). Furthermore, the greater accumulation of
AA compared to TPA (Fig. 1c and d) indicates the preferential
degradation of aliphatic adipate units over aromatic terephthalate
units within the PBAT polymer [2]. The accumulation of these
degradation byproducts, especially the aromatic monomer TPA,
raises ecotoxicological concerns, as TPA is a known biotoxin that
can persist in soil at hazardous concentrations (131 mg kg− 1)
[33,34]. Moreover, AAwas detected at higher concentrations in the
L1 treatment, and it has been demonstrated that AA at 5 mg L− 1

significantly inhibits root and shoot growth in lettuce seedlings
[35]. Crucially, the observed rhizosphere effect accelerated
PBAT–MP degradation and led to a significant enrichment of these
byproducts directly in the root zone. This localized accumulation
raises concerns regarding long-term ecological risks, particularly
the potential for chronic phytotoxicity to hinder plant develop-
ment and disrupt soil ecosystem health.

SEM images showed that large PBAT–MPs, initially smooth-
surfaced, developed surface roughness and cavities after cultiva-
tion (Supplementary Fig. S10). In contrast, small PBAT–MPs had
similar surface structural damage before and after cultivation.
ATR–FTIR and Raman spectroscopy showed decreased functional
group intensities in PBAT–MPs across sizes (Supplementary
Figs. S11 and S12), indicating surface aging of the polymer [36].
The broad peak observed in the ATR–FTIR spectrum of the large
PBAT–MPs after cultivation, spanning 3100–3500 cm− 1, indicates
the formation of –OH groups resulting from ester bond cleavage
[37].

NMR analysis further confirmed an elevated terephthalate-to-
adipate ratio of PBAT–MPs after cultivation (Fig. 1e) [2]. Specif-
ically, this ratio increased by 0.8% and 5.5% for large PBAT–MPs and
by 3.9% and 3.0% for small PBAT–MPs in bulk and rhizosphere soils,
respectively (Fig. 1e and Supplementary Fig. S13). The elevated
terephthalate-to-adipate ratio aligns with preferential adipate
unit degradation and the substantial AA accumulation observed
(Fig. 1d). The TGA analysis showed a more pronounced high-
temperature shift in the TG curves of both small and large
PBAT–MPs in rhizosphere soil compared to the bulk soil
(Supplementary Fig. S14a). DSC analysis revealed increased
melting temperatures with large PBAT–MPs increasing from 125.0
to 127.9 and 130.2 ◦C in the bulk and rhizosphere soil, respectively.
Meanwhile, small PBAT–MPs increased from 123.6 to 126.3 and
129.8 ◦C in the bulk and rhizosphere soil, respectively
(Supplementary Fig. S14b). These changes in thermal properties
further suggest a reduction in the molecular weights of PBAT–MPs
[38].

Although these observations showed more advanced degra-
dation in the rhizosphere soil, the overall structural integrity
remained comparable to that of the original PBAT–MPs. Collec-
tively, these findings support a surface-erosion mechanism of
PBAT degradation, in which enzymatic removal of surface layers
occurs while the underlying polymer matrix retains its structural
integrity [39].

3.2. Role of soil aggregation in PBAT–MP degradation

Soybean cultivation typically enhances soil aggregation [40],
and we observed a similar pattern in this study. Compared with
the bulk soil, the proportions of the silt and clay fractions in the
rhizosphere soil significantly decreased by 12.3%, 9.1%, and 13.9%
in the BLK, L0.1, and L1 treatment groups, respectively (p < 0.05;
Fig. 2). Conversely, the proportion of macroaggregates

significantly increased in the BLK, L1, S0.1, and S1 treatments by
57.1%, 23.1%, 33.5%, and 62.8%, respectively (p < 0.05; Fig. 2). A
notable 75.8% increase in mega-aggregates was also observed
under the L1 treatment (p < 0.05; Fig. 2). Although improved soil
aggregation enhances aeration and microbial activity [41], poten-
tially aiding PBAT–MP degradation, significant degradation was
detected only for large PBAT–MPs at high concentrations in
rhizosphere soil (Fig. 1a).

We propose that PBAT–MP degradation is regulated by both
particle size and concentration via interactions with soil aggre-
gation. Previous studies have shown that small particulate MPs
predominantly resided within microaggregates, whereas larger,
film- or fragment-shaped particles were primarily associated with
macroaggregates or remained unbound [42,43]. In this current
study, soil aggregates physically sequestered small PBAT–MPs,
potentially limiting their exposure to degradative enzymes. By
contrast, larger PBAT–MPs exhibited reduced incorporation into
aggregates, resulting in greater surface exposure within soil pores
and enhanced enzyme accessibility despite their lower specific
surface area. The 1% large PBAT–MPs improved soil aggregation
(Fig. 2), thereby contributing to their significant degradation in
rhizosphere soil (Fig. 1a).

However, the “accelerated degradation” observed at high
PBAT–MP concentrations may not occur under environmentally
relevant levels, as evidenced by the lack of significant degradation
in the 0.1% large PBAT–MP treatment. In natural agricultural eco-
systems, PBAT–MP inputs are typically low and spatially dispersed,
reducing their potential to promote large aggregate formation and
likely resulting in slower biodegradation rates. Therefore, future
research should focus on the long-term behavior and ecological
safety of PBAT–MPs at environmentally relevant concentrations.

3.3. The rhizosphere as a biogeochemical hotspot driving PBAT–MP
degradation

Changes in soil properties were primarily driven by soybean
cultivation. The soil pH values in the BLK, L1, and S1 treatments
were significantly increased from 4.83, 4.79, and 4.76 to 4.96, 4.99,
and 4.93, respectively (p < 0.05; Fig. 3a). DOC in rhizosphere soil of
the BLK, L0.1, L1, S0.1, and S1 treatments increased significantly by
10.6%, 17.3%, 13.6%, 8.0%, and 10.9%, respectively, compared to the
bulk soil (p < 0.05; Fig. 3b). MBC in the L0.1, L1, and S1 treatments
increased significantly by 88.9%, 67.9%, and 17.1%, respectively,
relative to the bulk soil (p < 0.05; Fig. 3c).

Nitrogen contents (DON, NH4
+-N, and NO3

− -N) in the rhizo-
sphere soil across all treatments were significantly lower than
those in the bulk soil (p < 0.05; Fig. 3d–f). These shifts occurred
because soybean roots release metabolites—sugars, organic acids,
and amino acids—that stimulate microbial proliferation and
enhance the decomposition of soil organic matter [7,44]. Addi-
tionally, soybean roots accelerate organic nitrogen mineralization,
facilitating inorganic nitrogen uptake by plants and microorgan-
isms [45,46]. This process is often accompanied by an unequal
uptake of anions and cations. When anion uptake (particularly
nitrate) exceeds cation uptake, plant roots release hydroxide or
bicarbonate ions to maintain electrochemical balance, thereby
elevating the rhizosphere pH above that of the bulk soil [47].

In this current study, the changes in soil properties driven by
soybean cultivation created a complex environment for the
degradation of PBAT–MPs. The observed increases in rhizosphere
pH, DOC, and MBC established conditions that were generally
favorable for PBAT–MP degradation. Specifically, elevated soil pH
can indirectly promote PBAT degradation by increasing the activity
of hydrolytic enzymes [10]. The higher microbial biomass stimu-
lated by root exudates suggests a greater potential for microbially
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driven degradation processes in the rhizosphere [48]. However,
these favorable conditions were offset by a significant decrease in
nitrogen content in the rhizosphere soil.

The depletion of available nitrogen is detrimental to PBAT–MP

degradation because microorganisms require sufficient nitrogen
for cell maintenance and the synthesis of enzymes necessary for
polymer degradation [49]. Consequently, accelerated degradation
of PBAT–MPs was observed exclusively in the L1 group. This

Fig. 2. Water-stable aggregate composition in bulk and rhizosphere soil. Lowercase letters indicate significant differences among treatments within each compartment (p < 0.05);
asterisks indicate bulk vs. rhizosphere differences (*p < 0.05; **p < 0.01). BLK: no poly(butylene adipate-co-terephthalate) microplastics (PBAT–MPs) amended; L0.1 and L1: 0.1%
and 1% large PBAT–MPs; S0.1 and S1: 0.1% and 1% small PBAT–MPs.

Fig. 3. Soil physicochemical properties in bulk and rhizosphere soils after soybean maturation. pH (a), dissolved organic carbon (DOC; b), microbial biomass carbon (MBC; c),
dissolved organic nitrogen (DON; d), ammonium nitrogen (NH4

+-N; e), and nitrate nitrogen (NO3
− -N; f). The central vertical lines represent the median, box limits indicate the 25th

and 75th percentiles, and whiskers extend to the minimum and maximum values. Lowercase and uppercase letters indicate differences among treatments in bulk and rhizosphere
soils, respectively (p < 0.05); asterisks indicate bulk vs. rhizosphere differences (*p < 0.05; **p < 0.01; ***p < 0.001). BLK: no poly(butylene adipate-co-terephthalate) micro-
plastics (PBAT–MPs) amended; L0.1 and L1: 0.1% and 1% large PBAT–MPs; S0.1 and S1: 0.1% and 1% small PBAT–MPs.
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indicates that the net effect of the rhizosphere on PBAT–MP
degradation is conditional on MPs’ size and concentration. As
demonstrated in Section 3.2, the 1% large PBAT–MPs improved soil
aggregation, while the particles themselves were less incorporated
into these aggregates. This increased their surface-area exposure
and bioavailability to microbial attack. In contrast, the 0.1% large
PBAT–MPs and both concentrations of small PBAT–MPs did not
show significant degradation (p > 0.05), likely because their
impact on the soil aggregate structure was less pronounced
(Fig. 2a), thereby limiting their accessibility to microbial
degradation.

PBAT–MPs exerted distinct effects on bulk and rhizosphere soil
properties. Specifically, the pH and nitrogen content in the bulk
soil were more susceptible to PBAT–MP influences (Fig. 3). In the
L1 treatment, the bulk soil pH decreased significantly from 4.83 to
4.71 compared to the BLK (p < 0.05; Fig. 3a). The DON content in
the bulk soil rose significantly by 29.4%, 56.5%, 34.1%, and 26.5% in
the L0.1, L1, S0.1, and S1 treatments, respectively, compared to BLK
(p < 0.05; Fig. 3d). Compared to BLK, NH4

+-N content in the bulk
soil significantly increased by 57.3%, 21.0%, 32.4%, and 68.6% in the
L0.1, L1, S0.1, and S1 treatments, respectively (p < 0.05; Fig. 3e).
Similarly, NO3

− -N content in the bulk soil of the L1 treatment
increased significantly by 41.7% relative to BLK (p < 0.05; Fig. 3f).

Given that the PBAT–MPs themselves did not exhibit significant
degradation in the bulk soil, these changes in soil properties are
indirect. A plausible mechanism is that PBAT–MPs stimulate mi-
croorganisms to secrete more extracellular enzymes, thereby
accelerating the decomposition of native soil organic matter
through a positive priming effect [50]. This process releases sub-
stantial amounts of DON, an effect that was particularly evident in
the L1 treatment. Due to increased DON availability, mineraliza-
tion and subsequent nitrification rates were significantly
enhanced, leading to elevated NH4

+-N and NO3
− -N contents [51].

Consequently, the surge in nitrification in the L1 treatment caused
soil acidification by generating H+ ions [52], resulting in a decrease
in soil pH.

In rhizosphere soil, DOC and MBC increased more in response
to large PBAT–MPs. The DOC in the rhizosphere soil of the L0.1
treatment increased significantly, by 4.4%, compared to BLK
(p < 0.05; Fig. 3b). The MBC in rhizosphere soil of the L0.1 and L1
treatments significantly increased by 22.1% and 14.0%, respec-
tively, relative to BLK (p < 0.05; Fig. 3c). Previous studies have also
found that 0.2–1.0% PBAT–MPs increase DOC and MBC contents in
soybean rhizosphere soils, possibly because PBAT–MPs act as car-
bon sources for soil microorganisms, thereby stimulating micro-
bial activity [53].

The FI, BIX, and HIX are indicators that describe the origin,
autotrophic productivity, and humification of DOM, respectively
[54]. The FI values exceeding 1.7 across all samples and the stable
BIX index under varying treatments (Supplementary Fig. S15a and
b) indicate that DOM in our soil predominantly originates from
microbial activity, with microbially derived organics remaining
unaffected by PBAT–MPs [29]. However, the HIX values for DOM
from the rhizosphere soil were significantly lower than those from
the bulk soil in the BLK, L0.1, and L1 groups, with reductions of
22.9%, 22.7%, and 29.2%, respectively (p < 0.01; Supplementary
Fig. S15c).

The low degree of DOM humification suggests that the rhizo-
sphere soil is enriched with copiotrophic species, which rapidly
decompose low-molecular-weight carbon compounds to support
their growth, in contrast to species that decompose complex
organic compounds more slowly [55]. The addition of PBAT–MPs
tended to reduce soil HIX values. Specifically, 0.1% small
PBAT–MPs significantly reduced HIX in rhizosphere soil by 8.9%,
while 1% small PBAT–MPs significantly loweredHIX in the bulk soil

by 13.4% (p < 0.05; Supplementary Fig. S15c). While degradation
products of PBAT–MPs have been shown to increase soil DOM
humification [56], we observed a decrease in HIX values without
significant PBAT–MP degradation. This suggests that PBAT–MPs
altered the soil microenvironment, favoring a microbial commu-
nity that produces less humified, protein-like DOM [57].

The parallel factor analysis model identified six components
(Supplementary Fig. S16) from the EEM database of all samples, as
detailed in Supplementary Table S3. C1 was excluded from sub-
sequent analysis due to its probable classification as a fluorometer
artifact. C2, C3, C4, and C5 represent humic-like substances, while
C6 is a tryptophan-like component. The five remaining compo-
nents, excluding C1, exhibited higher loadings for DOM from
rhizosphere soil than from bulk soil, indicating active microbial
secretions and root-driven inputs [58]. Additionally, PBAT–MPs did
not significantly alter the proportional distribution of these five
components in DOM from either the bulk soil or the rhizosphere
soil (Supplementary Fig. S15d). This suggests that PBAT–MPs
indirectly regulate DOM quality by inducing shifts in the micro-
bial community rather than directly altering DOM composition
[57], a finding consistent with the observed HIX trends. Approxi-
mately half of the enzymes known to degrade PBAT are esterases,
and their activity in soil is associated with PBAT degradation
[31,59]. However, soil esterase activity showed significant differ-
ences only in the S0.1 treatment, with rhizosphere soil exhibiting a
102.7% higher activity than bulk soil (p < 0.01; Supplementary
Fig. S17). Notably, esterase activity on PBAT–MPs was 2.0- and
3.7-fold higher than the corresponding soil levels in bulk and
rhizosphere soils, respectively (Fig. 4). This suggests that PBAT–MP
surfaces develop a specialized plastisphere with enriched PBAT-
degrading microbiota and depolymerases [12]. This enrichment
is further pronounced in rhizosphere soil compared to bulk soil
(Fig. 4).

3.4. Bacterial community structure and metabolic pathways
driving PBAT–MP degradation in soil

Our findings indicate that the soil bacterial community re-
sponds to high concentrations of PBAT–MPs (1%) through
community-level redundancy characterized by a high degree of
structural resilience. NMDS analysis revealed that the rhizosphere
and bulk soils had similar bacterial community structures at the
mature stage of soybean growth, with no significant alterations
induced by high concentrations of PBAT–MPs (1%) (Fig. 5a).
Furthermore, neither the richness (ACE index) nor diversity
(Shannon index) of bacterial communities at the ASV level differed
significantly across treatment groups (Student's t-test, p > 0.05;
Fig. 5b and Supplementary Fig. S18), underscoring the overall
stability of the community. However, beneath this structural sta-
bility, we observed subtle reorganizations. The bacterial commu-
nities in the bulk and rhizosphere soils exhibited differential
responses to PBAT–MP exposure, with more pronounced pertur-
bations observed in the bulk soil. Notably, PBAT–MP exposure
resulted in a higher proportion of unique ASVs in the bulk soil
(B_L1: 38.1%, B_S1: 39.5%) compared to the rhizosphere soil (R_L1:
33.7%, R_S1: 29.2%) (Fig. 5c).

Over 90% of the bacterial taxa across all treatments belonged to
six phyla (Chloroflexi, Proteobacteria, Actinobacteriota, Acid-
obacteriota, WPS-2, and Gemmatimonadota) (Fig. 5d). PBAT–MPs
did not significantly alter the relative abundances of these phyla,
except for a 40.9% reduction in the Actinobacteriota abundance in
the B_S1 group compared to that in B_BLK (p < 0.05; Fig. 5d).
Concurrently, the bacterial co-occurrence networks were
restructured. All PBAT–MP treatments (1%) reduced the average
degree of bacterial co-occurrence networks in the bulk
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(B_L1: − 10.7%; B_S1: − 14.7%) and rhizosphere soils (R_L1: − 10.0%;
R_S1: − 4.0%), while positive correlations increased in most treat-
ments (B_L1: +13.1%; B_S1: +11.7%; R_L1: +22.8%), except in R_S1
(− 6.2%) (Fig. 5e).

The subtle shifts in the bacterial communities were directly
linked to PBAT–MP degradation. Mantel tests identified significant
associations between bacterial communities and soil properties,
including PBAT residual rates (p < 0.05; Fig. 5f). Proteobacteria
abundance correlated strongly with PBAT residuals (p < 0.01) and
other soil parameters (SEA, pH, DOC, HIX, NO3

− -N, and DON;
p < 0.05). Proteobacteria are the most abundant phylum producing
carbohydrate-active enzymes and plastic-degrading enzymes
(including various esterases) in the plastisphere of PBAT–MPs [60],
playing a crucial role in PBAT degradation in soil [3,10].

Building on Han et al.’s [10] study, we analyzed changes in
potential PBAT-degrading genera. Four potential PBAT-degrading
genera—Bradyrhizobium, Ramlibacter, Phenylobacterium, and Cau-
lobacter—all belong to the phylum Proteobacteria. However, only
Bradyrhizobium and Ramlibacter showed significant enrichment in
response to the presence of PBAT–MPs (Fig. 5g), indicating that
these two genera were the primary degraders in the studied soils.
Bradyrhizobium likely exploits its hydrolytic enzymes—originally
evolved for plant–microbe interactions—to target PBAT ester
bonds [61]. This capability stems from a genomic cluster encoding
key enzymes, including endoglucanases gunA and gunA2, pectin
methylesterase pme, and polygalacturonase pgl, which enable the
breakdown of complex biopolymers and can be repurposed for
synthetic substrates such as PBAT [62].

A recent metagenomic investigation identified the tphB gene in
Ramlibacter, which encodes an enzyme essential for TPA meta-
bolism, underscoring its potential for degrading terephthalate-
based polyesters [63]. However, fungi are also crucial players in
soils with strong enzymatic capacities to degrade complex poly-
mers [64]. For instance, Purpureocillium lilacinum strain BA1S and
Aspergillus pseudodeflectus isolated from farmland soils can
degrade PBAT [65,66], and isotope labeling studies confirm that
filamentous fungi assimilate carbon from PBAT monomers for
energy and biomass [2]. Compared with the bulk soil, plant roots
strongly reshaped fungal communities by providing labile carbon

sources and releasing signaling molecules that recruited beneficial
fungi [7,67]. Among them, arbuscular mycorrhizal fungi (AMF) are
especially important because they form symbioses with most
terrestrial plants, exchanging photosynthates for improved
nutrient and water uptake [68]. Although no direct evidence in-
dicates that AMF secrete enzymes to degrade PBAT, their extensive
hyphal networks, soil aggregation, and reshaping of rhizosphere
habitats [69]. These root-associated fungal effects may indirectly
influence PBAT degradation, yet the underlying mechanisms
require further investigation.

A total of 562 metabolites were detected in the bulk and
rhizosphere soils. PLS–DA analysis demonstrated distinct metab-
olite profiles between the bulk soil and the rhizosphere soil, with
clear separation along component 1 (35% variance) and compo-
nent 2 (29% variance) (Fig. 6a). Notably, metabolite profiles in bulk
soils underwent greater shifts than those in rhizosphere soils, as
evidenced by the clustering of B_L1 and B_S1 farther away from
their respective controls (B_BLK and R_BLK) (Fig. 6a). This pattern
echoes the findings of Wang et al. [8], who observed stronger
community and metabolic responses to MPs in unplanted soils,
suggesting that the absence of root exudates creates an ecological
vacancy that drives microbial niche specialization.

The addition of PBAT–MPs mainly caused significant changes in
metabolites, such as lipids and lipid-like molecules, organic oxy-
gen compounds, organoheterocyclic compounds, organic acids
and derivatives, and benzenoids (Fig. 6b). In the bulk soil, large
PBAT–MPs (1% w/w) upregulated all differential metabolites
within the benzenoids and organohalogen compound categories
(100% upregulation), while most other metabolic categories were
downregulated. In contrast, small PBAT–MPs (1% w/w) upregu-
lated 71.4% of differential metabolites in lipids and lipid-like
molecules, 75.0% in organic acids and derivatives, and 75.0% in
phenylpropanoids and polyketides, with the remaining categories
mostly downregulated. In the rhizosphere soil, large PBAT–MPs
upregulated 100% of differential metabolites in organic oxygen
compounds and benzenoids, along with 66.7% in organic acids and
derivatives, while small PBAT–MPs elevated 63.6% of differential
metabolites in lipids and lipid-like molecules, 75% in organic acids
and derivatives, and all (100%) in organosulfur compounds, with

Fig. 4. Esterase activity on poly(butylene adipate-co-terephthalate) microplastic (PBAT–MP) particle surfaces. Gray square points are individual particle measurements, hori-
zontally jittered to visualize the data distribution; triangles are compartment means. Solid and dashed black lines show the mean ± standard deviation of soil esterase activity.
PBAT–MP esterase activity was significantly higher in rhizosphere soil than in bulk soil (p < 0.01).
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other categories predominantly downregulated.
Furthermore, the content of these substances mostly showed a

negative correlation with PBAT–MP degradation rates (ρ > 0.6,
p < 0.05; Fig. 6c). The main hydrolysis products of PBAT fall within
these categories (AA belongs to lipids and lipid-like molecules, 1,4-
butanediol belongs to organic oxygen compounds, and TPA be-
longs to benzenoids), indicating that PBAT-degrading bacteria

simultaneously mineralized similar substances while degrading
PBAT and utilizing its degradation products. Xanthobacteraceae
(including Bradyrhizobium) and Comamonadaceae (including
Ramlibacter) were the two families significantly correlated with
PBAT–MP degradation rates (ρ > 0.6, p < 0.05; Fig. 6c).

Xanthobacteraceae induced significant changes in benzenoids,
lipids, and lipid-like molecules, while Comamonadaceae induced

Fig. 5. Response of the soil bacterial community to poly(butylene adipate-co-terephthalate) microplastic (PBAT–MP) amendment. a, Nonmetric multidimensional scaling (NMDS)
analysis of the bacterial community compositions based on Bray–Curtis similarities. Ellipses represent the 95% confidence intervals for each treatment group. b, Abundance-based
coverage estimator (ACE) index of the bacterial community at the amplicon sequence variant (ASV) level. The central horizontal lines represent the median, box limits indicate the
25th and 75th percentiles, and whiskers extend to the minimum and maximum values. c, Venn diagram of bacterial communities at the ASV level. d, Relative abundance of
bacterial community composition components at the phylum level. e, Co-occurrence network of bacterial communities (Spearman ρ > 0.6, p < 0.05). Edge colors indicate positive
(yellow) and negative (blue) associations; node size scales with ASV relative abundance. Red star: average degree; blue star: positive correlation. f, Mantel test analysis of the
relationship between bacterial communities and environmental factors. Significance is shown as *p < 0.05; **p < 0.01; ***p < 0.001. g, Relative abundance of potential PBAT-
degrading genera. B_BLK and R_BLK: bulk and rhizosphere soils without PBAT–MPs amendment; B_L1 and R_L1: soils amended with 1% large PBAT–MPs; B_S1 and R_S1:
soils amended with 1% small PBAT–MPs.
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significant changes in organic oxygen compounds and lipids and
lipid-like molecules. This suggests that bacteria from Xantho-
bacteraceae and Comamonadaceae have different metabolic
modes for degrading PBAT–MPs. Although both can secrete ester-
ases and metabolize AA, bacteria in Xanthobacteraceae may
mainly metabolize terephthalic acid, while those in Comamona-
daceae may mainly metabolize 1,4-butanediol. This differential
metabolic preference highlights the complex interactions between
microbial taxa and PBAT–MP degradation pathways in soil
environments.

3.5. Mechanism for the degradation of PBAT–MPs in agricultural
soil

Based on our experimental evidence, we propose a three-part
mechanistic framework for PBAT–MP degradation in agricultural
soils. First, the incorporation status of PBAT–MPs within soil

aggregates governs their bioaccessibility, with reduced seques-
tration enhancing degradability. In our study, large PBAT–MPs
exhibited limited incorporation into aggregates, positioning
them within soil pores where they remained more exposed and
bioavailable for microbial attack.

Second, the rhizosphere functions as a conditional hotspot
whose net effect—whether promoting or inhibiting degrada-
tion—depends on a complex balance of competing factors.
Although elevated pH and microbial activity in our rhizosphere
soil overcame nitrogen limitations, enabling the significant
degradation of large PBAT–MPs, this phenomenon may not be
universally observable. Under typical conditions, rhizosphere pH is
lower than that of bulk soil, which can inhibit depolymerase ac-
tivity [10]. Thus, the rhizosphere effect is contingent on specific
combinations of particle size, concentration, and soil properties.

Third, PBAT–MP degradation proceeds via the microbial colo-
nization of particle surfaces and the secretion of specialized

Fig. 6. Soil metabolome responses to poly(butylene adipate-co-terephthalate) microplastic (PBAT–MP) amendment. a, Partial least squares discriminant analysis (PLS–DA) score
plots of soil metabolites. Ellipses represent the 95% confidence intervals for each treatment group. b, Distribution of differential metabolites identified from PLS–DA (variable
importance in projection >1, p < 0.05). The pie chart illustrates the proportion of differential metabolites across categories, with the height of the orange sector indicating the
proportion of upregulated metabolites in each category. c, Co-occurrence network of the degradation rate of PBAT–MPs, bacterial families, and soil metabolites (Spearman ρ > 0.6,
p < 0.05. Edge colors indicate positive (yellow) and negative (blue) associations; edge thickness reflects correlation strength. Green triangular nodes correspond to the abundance
of bacterial families. Pie charts display the distribution of metabolite types that are significantly correlated with the PBAT–MP degradation rate and with bacterial families,
respectively. B_BLK and R_BLK: bulk and rhizosphere soils without PBAT–MPs amendment; B_L1 and R_L1: soils amended with 1% large PBAT–MPs; B_S1 and R_S1: soils amended
with 1% small PBAT–MPs.
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depolymerases [2]. This process is driven by preferential hydro-
lysis of aliphatic adipate units, which initiates surface erosion,
while the underlying polymer matrix retains structural integrity.
Degradation generates intermediate oligomers and three mono-
meric products [24,70], the microbial utilization of which
concurrently modulates the metabolism of analogous soil sub-
stances (e.g., lipids and benzenoids).

4. Conclusion

This study demonstrated that the rhizosphere's capacity to
enhance PBAT–MPdegradation is highly conditional, depending on
specific combinations of particle size, concentration, and soil
conditions rather than acting as a universal accelerator. A critical
finding is that accelerated degradation can simultaneously enrich
phytotoxic monomers directly within a root zone, challenging the
assumption that root-mediated biodegradation is inherently
ecobeneficial.

Our short-term pot experiment focused on bacterial commu-
nities and used homogenized soil, which limited our ability to
capture natural rhizosphere heterogeneity. As a result, it offers
only a constrained view of long-term field dynamics, where fungi
and multiseasonal accumulation can be important. Notably,
although we quantified monomer accumulation, direct minerali-
zation data for these products and intermediate oligomers are
lacking. Future studies should prioritize multiyear field trials to
trace the complete fate of polymers, including nanoplastic for-
mation, across diverse crops and soil types. Integratedmicrobiome
analyses encompassing bacteria and fungi, coupled with isotopic
tracing to quantify mineralization and spatially resolved sampling,
are essential for elucidating complete carbon pathways and
identifying functional degraders under realistic rhizosphere
conditions.

Biodegradable mulches should not be assumed to self-degrade
in soil. Current application practices may lead to persistent BMP
accumulation, particularly for smaller particles that become
physically protected within aggregates. Management strategies
must include establishing soil-monitoring protocols for monomer
and oligomer accumulation near root zones and reforming
biodegradability certifications to require rhizosphere-relevant
testing with pass/fail criteria for the generation of toxic byprod-
ucts. Without such measures, biodegradable plastics risk
becoming a source of chronic contamination rather than a sus-
tainable solution to agricultural plastic pollution.
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