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* PBAT microplastics increase to peak and then decrease 74.7 % within 180 days.

* PBAT plastic films mainly release film-shape microplastics smaller than 10 pm.

* Revealed dynamic shifts in bacterial and fungal communities due to microplastics.
* Fungi prefer to release more PBAT microplastics by damaging PBAT’s structure.

* Bacteria prefer to degrade PBAT microplastics by making them carbon sources.
Abstract

Biodegradable plastic poly(butylene adipate-co-terephthalate) (PBAT) has raised
concerns about the release of PBAT microplastics and their potential environmental
risks. In this study, PBAT plastic films were incubated in soil for 180 days to
investigate the temporal evolution of PBAT microplastics and the dynamic responses
of soil bacteria and fungi. The results showed that PBAT microplastics increase to
peak and then decrease 74.7 % within 180 days. The dominant microplastics were
smaller than 10 pm and in film shape. Based on the temporal patterns, three distinct
phases were identified: the initial release period (0-30 days), the critical release period
(60-120 days), and the critical degradation period (150-180 days). Notably, the
dominant fungal biomarkers, particularly Humicola and Schizothecium, preferred to
release more PBAT microplastics by damaging PBAT’s structure, while the dominant
bacterial biomarkers, such as Verrucomicrobiota, preferred to degrade PBAT

microplastics by making them carbon sources. Our findings provide a new perspective



on systematically evaluating the environmental behavior and potential environmental
risks of biodegradable microplastics and provides theoretical ideas for accelerating the

degradation of biodegradable microplastics in soil environments.
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Environmental implication

This study involves the environmental risks of degradation of biodegradable
plastic films, particularly PBAT films, in soil. In this study, PBAT microplastics,
mainly with <10 pum size and film shapes, increased to peak and then decrease 74.7 %
and affected the diversity, structure and composition of microbial communities during
180-day soil incubation. Dominant fungal and bacterial biomarkers respectively
preferred to release and degrade PBAT microplastics. The dynamic responses of
bacteria and fungi to PBAT microplastics indicated a shift in microbial function,
suggesting that the release and degradation of biodegradable microplastics might alter

the soil microenvironment and nutrient cycling over time.

1 Introduction

Polyethylene (PE), the most commonly used plastic in films and packaging,
contributes significantly to residual plastic and microplastic pollution due to its
widespread use and non-biodegradability [1-3]. Poly(butylene
adipate-co-terephthalate) (PBAT) with favorable mechanical properties and
biodegradability has been widely used and is expected to replace PE to reduce the
residual plastic pollution [4-7]. Previous studies have shown that PBAT exhibits
conditional degradability and releases PBAT microplastics in natural environments
such as water, air and soil, as well as in aerobic and anaerobic composting conditions
[8—13]. PBAT is found easy to release more microplastics compared with PE, which
raises concerns about the potential environmental impact and safety risks of PBAT
and hinders its promotion [9]. Soil environment is the main repository of

microplastics, because microplastics in water and air transfer faster than in soil and



easy transfer to soil according to atmospheric fallout, runoff, groundwater migration,
and hydrodynamics [14,15]. Therefore, it is necessary to investigate PBAT
microplastics on its durability and degradability under soil environment, and its
impact on soil microorganism.

PBAT microplastics have been found to show an abundance change of first
increasing and then decreasing over time, and its abundance, size and shape are more
prone to change than PE microplastics in previous laboratory and farmland
experiments [16,17]. A laboratory incubation experiment with PBAT and PE
microplastics found that the abundance of PBAT microplastics increased within 14
days and decreased to 21.9 % of the initial in 14 to 100 days, with decreased sizes and
changed shapes. Under the same conditions, the abundance, sizes and shapes of PE
microplastics were relatively stable [17]. The experiment above has analyzed the
dynamics of the abundance, size and shape of PBAT and PE microplastics at 20 to
250 pm sizes artificially added in soil but ignore the process of microplastics released
form plastic films, during which PBAT microplastics probably show more complex
dynamics. In another research of PBAT based films mulching in farmland, the
abundance of microplastics at 0.1 to 5 mm released from films into soil reached a
peak of 350 to 525 item/kg after 2.5 years and decreased to 50 to 125 items/kg [16].
This farmland experiment has explored the abundance dynamics of microplastics
released from plastic films, but the uncertain composition of microplastics and the
complexity of field environments make the results unreliable. Building on the
degradability of PBAT plastics, PE microplastics would remain with larger size for
longer time in soil, while PBAT microplastics might be degraded into smaller size
ones for shorter retention and used by soil microorganisms to reduce microplastics
pollution [8,18]. To track the temporal evolution of PBAT microplastics during release
and degradation, laboratory experiments with less environmental impacts are needed
to explore the abundance and morphological characteristics PBAT microplastics with
smaller sizes than previous. This is the meaningful premise to further explore the
potential environmental risks of PBAT microplastics.

Soil microorganisms, key components of soil ecosystems, play an important role



in degrading PBAT and assessing the potential environmental risks of PBAT
microplastics [19]. Previous studies have studied the effect of PBAT microplastics on
soil microorganisms. PBAT microplastics has been found to promote carbon
transferring into soil aggregates, significantly affecting soil conductivity, NO3-N and
TP contents, and pH, which potentially affect soil microorganisms by changing soil
properties [18,20]. PBAT has been confirmed as persistent carbon resources to
intensify competitive interactions of microbial food webs, increase the abundance of
some microorganisms likes Aspergillus and Penicillium, and affect their roles in
nutrient cycling and soil health [21-23]. PBAT microplastics can be colonized by soil
microorganisms, creating a distinct microhabitat like the "plastisphere" in aquatic
systems [24]. The abundance of PBAT microplastics influence soil bacterial diversity
and richness, with effects that may vary depending on the shapes of microplastic likes
those of PE microplastics [20,25]. Despite there are growing interest in PBAT
microplastics under soil environment, current studies have not been able to fully
reveal interactions between PBAT microplastics and soil microbes, especially
microbes’ potential capable of speeding up degradation of PBAT microplastics. In
summary, further research is needed to understand the detailed interactions between
PBAT microplastics and soil microorganisms, including the effects on bacterial and
fungal diversity, community structure, and ecological functions, as well as the
potential biodegradation of PBAT microplastics by soil microorganisms.

Under the above research background, we conducted a 180-day soil incubation
of PBAT plastic films to study the temporal evolution of PBAT microplastics and the
dynamic response of soil bacteria and fungi. The micromorphology, residual weight,
mineralization, and molecular weight of PBAT were tested to elucidate the
degradation characteristics of PBAT during incubation. PBAT microplastics were
separated from soil through density separation method and measured by
micro-Fourier-transform infrared spectroscopy (UFTIR) to analyze their temporal
abundance and morphological characteristics. Important periods were identified based
on the temporal evolution of PBAT microplastic. To figure out the dynamics of soil

bacteria and fungi, the diversity, structure and composition of soil bacterial and fungal



communities were studies by amplicon sequencing, and their co-occurrence networks
and predicted functions were further studies during different periods. This study can
provide theoretical basis and technical support for systematically evaluating the
environmental behavior and potential environmental risks of biodegradable
microplastics, offering valuable insights for risk assessment and management

strategies.

2 Materials and methods

2.1 Materials and soil

The polybutylene adipate-co-terephthalate (PBAT) used in this study was
provided by Jinhui Zhaolong (Shanxi, China). PBAT was made into 30 um thick
PBAT film by extrusion blow moulding and was cut into 5 mm x 5 mm film slices for
soil incubation experiments. The yellow—brown soil sample was collected from
Shunyi District, Beijing, China (40°06'N, 116°55'E), and was sieved through a 2 mm
mesh after air-drying. The soil contains a total organic carbon (TOC) content of 17.65
g/kg and a soil organic nitrogen (SON) content of 0.65 g/kg and has a pH value of 7.6.
Before the PBAT soil-incubation experiment, a one-week soil incubation was setup to
preserve soil microbial activity characteristics.
2.2 Experimental design

The PBAT soi-incubation experiments were carried out in 30-mL glass culture
bottles with breathable films (BS-QM-01A, Biosharp, China). In experimental
treatments (BP), we buried 100-mg PBAT slices in 10-g soil per bottle. To ensure full
contact between PBAT and soil as much as possible, PBAT was positioned at the
centre approximately 1 cm from both the soil surface and bottom. The control
treatments (CK) consisted of soil without PBAT. The experimental and control
treatments were set up with three replicates for each destructive sampling point. The
incubation experiments were conducted over 180 days at a temperature of 25°C £+ 1°C
in darkness. Autoclaved Milli-Q water was added to maintain a soil water content of
20% during the incubation process. Gas samples were collected from headspace gases

every five days to determine the mineralization rate of PBAT. The residual PBAT



samples and whole bottles soil samples were destructively collected every 30 days.
The residual PBAT samples were cleansed and dried for the test of micromorphology,
weight loss rate, and weight-average molecular weight of PBAT. The PBAT
microplastics and microbial DNA were separated and extracted from soil samples,
respectively.
2.3 Micromorphology observation

The surface micromorphology of PBAT film samples before and after incubation
were observed by a scanning electron microscopy (SEM) (SU8010, Hitachi, Japan)
operating at an acceleration voltage of 20 kV. Prior to SEM testing, samples were
affixed to carbon conductive adhesive tape and then sputter-coated with a 10-nm layer
of platinum/palladium alloy (80/20 w/w ratio) using a sputter coater (208HR,
Cressington Scientific Instruments Ltd., Watford, England).
2.4 Weight loss rate test

The PBAT film samples before and after incubation were weighed by a balance
(AUWI120D, Shimadzu, Kyoto, Japan) to determine the gravimetric mass loss. The
weight loss rate was obtained by calculating the percentage of gravimetric mass loss
to the mass of PBAT film samples before incubation.
2.5 Mineralization rate test

Gas samples were collected from headspace gases using gastight syringes after
bottles were sealed by stoppers featuring septa for 0 and 1 hour. The carbon dioxide
(CO2) concentrations of gas samples were tested by a gas chromatography (GC)
instrument (HP4890D, Agilent, Wilmington, DE, USA) and was determined by
referencing the calibration curve obtained using a calibration gas mixture with the
declared composition. GC was equipped with Porapak Q (1.829 m length, 80/100
mesh) and 5A molecular sieve (1.829 m length, 60/80 mesh) packed columns
connected in series along with a thermal conductivity detector. Nitrogen was served
as the carrier gas at a flow rate of 30 mL min !, with the column temperature set at
55°C. The mineralization rate of PBAT was calculated by computing the ratio of the
cumulative CO> amount of BP during incubation, with that of CK incubations

subtracted, to the theoretical maximum CO; yield from PBAT complete oxidation.



2.6 Weight-average molecular weight test

The weight-average molecular weight (Mw) of PBAT film samples before and
after incubation were determined by gel permeation chromatography (GPC) (LC20,
Shimadzu, Japan) coupled with a differential refractive index detector (RID-20,
Shimadzu, Kyoto, Japan). Each PBAT film sample was solubilized in chloroform and
was centrifuged and filtered through a polytetrafluoroethylene (PTFE) filter to remove
insoluble materials. 100-pL filtrate was injected into the analytical system at a flow
rate of 1 mL/min. Tetrahydrofuran (THF) served as the solvent and was maintained at
40°C. Polystyrene (PS) standards were used for calibration.
2.7 Microplastics separation and analysis

Microplastics samples were separated from soil samples in each destructive
sampling point through density separation method. Pretreated saturated Nal solution
at a density of 1.75 g/cm? was served as the flotation agent for density separation.
Each 3.7-g soil sample was mixed with the flotation agent in a tall beaker by a
multi-joint magnetic stirrer (Kylin Bell, GL-6250, China) at stir rate 255 r/min. To
break up soil aggregates and release more microplastics, the mixed solution
underwent ultrasonic treatment at 20 kHz for 30 min before 12-h standing. After
standing treatment, the clear upper solution was collected and transferred to another
beaker. The flotation agent was added into the rest of the solution and then underwent
the secondary mixing, ultrasonic, and standing treatment. The clear upper solution of
the secondary treatment solution was mixed with the solution obtained previously and
filtered using a 0.45-um polytetrafluoroethylene (PTFE) membrane filter. We
thoroughly rinsed the filter with 15% H>O; and subjected the resulting solution to a
40 °C water bath for 24h to remove organic matter. The solution after water bath was
filtered using a 0.2 um Anodisc™ 47 membrane filter (Cytiva, Whatman, Germany)
to collect microplastics.

Microplastics retained on filters were analyzed by a pFTIR imaging microscope
(Bruker Lumos II, Optik GmbH, Germany) in transmission mode in a wavenumber
range between 1250 and 3600 cm™! as described by Jakobs et al [26]. Backgrounds

were measured on blank filters with the same settings. We use particles editor in



Bayreuth Microplastics Finder described by Hufnagl et al [27] to identify and quantify
PBAT microplastics. To ensure the correct identification, we did double-check FTIR
spectra of automatically classified microplastics. The shapes of PBAT microplastics
were identified using length : width : height (L:W:H) ratios and Corey shape factor
(CSF) distributions described by Merel Kooi et al [28].

2.8 DNA extraction and amplicon sequencing

DNA of soil samples in each destructive sampling point were extracted using
TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech Co., Ltd. Beijing, China)
according to manufacturer's instructions and kept at -40°C. There were triplicates peer
samples. Bacterial amplicon libraries were generated by amplifying the full-length
region of 16S rRNA using primers 27F (16S-F):
5’-AGRGTTTGATYNTGGCTCAG-3’) and 1492R (16S-R):
5’-TASGGHTACCTTGTTASGACTT-3". Full-length regions of fungal ITS regions
were amplified using the primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’)
and ITS4 (5’-TCCTCCGCTTATTGATATGC-3).

BMKCloud (Biomarker, Beijing, China), based on PacBio sequencing platform,
was used to perform sequence results. Single-molecule real-time sequencing (SMRT)
Link software (version 8.0) with minPasses > 5 and minPredictedAccuracy > 0.9 was
used to obtain circular consensus sequencing (CCS) reads. Version 1.7.0 of lima was
employed to map CCS sequences to their respective samples via barcodes. Reads
lacking primers and those exceeding the length criteria (1,200-1,650 bp) were
eliminated through the identification of forward and reverse primers and via
Cutadapt's quality control (version 2.7). The UCHIME algorithm (version 8.1) was
utilized to identify and eliminate chimeric sequences, resulting in clean reads.
USEARCH (version 10.0) clustered sequences with >97% similarity into operational
taxonomic units (OTUs), with OTUs having an abundance of less than 0.005% being
filtered out. Taxonomic classification of the OTUs was conducted using the naive
Bayes classifier within QIIME2, employing the SILVA database (release 132) for
bacterial 16S and the UNITE database (version unite.v7) for fungal ITS, with a 70%



confidence threshold.
2.9 Statistical analysis

PBAT degradation characteristics and results about PBAT microplastics were
analyzed using Origin 2021. Operational taxonomic units (OTUs) of bacteria and
fungi in BP and CK treatments were analyzed using R v3.1.1 (VennnDiagram-v1.6.9).
Alpha diversity analysis of bacterial and fungal communities was performed using R
v3.1.1 (picante, v1.8.2). Beta diversity analysis was performed using QIIME1.8.0
(principal coordinates.py), employing principal coordinate analysis (PCoA) based on
Binary—Jaccard distance for bacterial and fungal community analysis. The relative
abundances of the top 10 phyla and top 20 genu of soil bacteria and fungi were
calculated using python2 (matplotlib-v1.5.1) and R v3.1.1 (pheatmap, v1.02.),
respectively. Linear discriminant analysis (LDA) effect size (LEfSe) was employed to
test significant taxonomic differences among the groups and discover biomarkers
from phylum to genus level using python 2 (Lefse). The LDA scores were greater
than 3.0. The biotic co-occurrence networks of bacterial and fungal communities were
analyzed using R-V3.6.1 (psych-v2.1.9, igraph-v1.2.5, visNetwork-v.2.1.0). Picrust2
(2.3.0) and FUNGuild (1.0) were used to predict functions of bacterial and fungal
communities, respectively.

3 Results
3.1 Morphology and degradation characteristics of PBAT in soil

The morphology of the surface of PBAT during 180-day incubation is shown in
Fig. la. With increasing incubation days, the microbial mycelium on the PBAT
surface, as well as the breakage and roughness of PBAT, progressively increased.
These observations suggest that soil microorganisms might degrade PBAT according
to releasing enzymes, leading to the breakage of PBAT’s molecular chain and the
formation of PBAT microplastics. Fig. 1b illustrates the degradation characteristics of
PBAT, including the weight loss rate, the mineralization rate, and the reduction rate of
Mw of PBAT, with these indicators increasing over the course of incubation. Based on

the above results, significant changes occurred in both morphology and molecular



structures of PBAT during 150-180 days. After 180 days, the weight loss rate,
mineralization rate, and reduction rate of Mw of PBAT were 31.86%, 16.19%, and
27.37%, respectively. It is evident that PBAT has underwent degradation into CO, and
experienced a change in its molecular structure. Furthermore, the discrepancy
between the weight loss and mineralization rates of PBAT suggests that a portion of

PBAT may be converted into microplastics but has not been degraded into COs.
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Fig. 1. Morphology and degradation characteristics of PBAT within 180 days of incubation in soil:
(a) Pictures and scanning electron microscopy (SEM) images of residual PBAT samples isolated
from soil; (b) The degradation characteristics of PBAT samples, including weight loss rate,
mineralization rate, and reduction rate of weight-average molecular weight (Mw).

3.2 Release of PBAT microplastics during degradation

The abundances of PBAT microplastics generated from PBAT film degradation



are presented in Fig. 2a. The abundance of PBAT microplastics increased to 976
items/g after 30 days of incubation and further rose to 5695 items/g after 90 days.
Subsequently, a decrease was observed, with the abundance of PBAT microplastics in
range of 19 to 1438 items/g between 150 and 180 days. Based on the temporal
evolution of PBAT microplastics, the periods of 0-30 days, 60-120 days, and 150-180
days are considered as the initial release period, the critical release period, and critical
degradation period of PBAT microplastics, respectively. In comparison to the critical
release period, PBAT microplastics experienced over 74.7 % degradation during the
critical degradation period. Furthermore, we analyzed the relationships between the
Mw of PBAT and its weight loss rate, mineralization rate and microplastics abundance
using Allometricl, Logistic, and Bigaussian functions, as the variation in Mw is a key
characteristic of PBAT degradation (Fig. 2b and Table S1). The results indicated that
the weight loss rate and mineralization rate increased with Mw decreased.
Additionally, significant release of PBAT microplastics were observed when 75000 <
Mw < 80000. The abundances of PBAT microplastics with different sizes and shapes
during the 180-day incubation are presented in Fig. 2c and d. Images of PBAT
microplastics in various shapes are shown in Fig. 2e. The classifications of PBAT
microplastic by size and shape indicates that those with a size less than 10 pm or in
film shape accounted for the majority of the total PBAT microplastics during the
180-day incubation. The temporal evolutions of PBAT microplastics with sizes less
than 1000 pum, regardless of shapes, were consistent with that of total PBAT
microplastics. PBAT microplastics larger than 1000 pm were primarily released after

180-day incubation.
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Fig. 2. The abundance of PBAT microplastics and its relationship with PBAT degradation
characteristics: (a) The abundance of PBAT microplastics within 180 days of degradation; (b) The
relationship between the abundance of PBAT microplastics and degradation characteristics of
PBAT samples. The equations of fitted models are shown in Table S1; (c¢) The abundance of PBAT
microplastics with different sizes within 180 days of degradation; (d) The abundance of PBAT
microplastics with different shapes within 180 days of degradation; (e) Images of different shapes
microplastics taken by Lumus II FTIR spectrometer.

Fig. 3 compares the abundances and temporal evolutions of differently shaped
microplastics in PBAT microplastics, categorized by size: smaller than 10 pm,
between 10-100 um, between 100-1000 um, and larger than 1000 pum. PBAT
microplastics smaller than 10 pum predominantly exhibited a film shape (Fig. 3a).

PBAT microplastics with size between 10-100 um were mainly represented by



fragment and pellet shapes during the initial release period and the critical release
period, respectively (Fig. 3b). PBAT microplastics in fragment shape constituted the
majority of those sized between 100-1000 um, as well as those larger than 1000 pm
(Figs. 3c and d).
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Fig. 3. The abundance of PBAT microplastics with different sizes and shapes within 180 days of
degradation: (a) The abundance of different shaped PBAT microplastics with sizes below 10 pm;
(b) The abundance of different shaped PBAT microplastics with sizes between 10 and 100 um; (c)
The abundance of different shaped PBAT microplastics with sizes between 100 and 1000 pm; (d)
The abundance of different shaped PBAT microplastics with sizes upon 1000 pum.
3.3 Effects of PBAT microplastics on soil bacterial and fungal communities
3.3.1 The diversity, structure and composition of soil bacterial communities

The number of endemic and shared operational taxonomic units (OTUs) of
bacterial communities in the BP and CK treatments were shown in Fig. 4a to display
the similarity and overlap of the OTU composition of samples. The results of Alpha
diversity (Figs. S1) reflect that PBAT microplastics have no significant effect on the

richness and diversity of bacterial communities. However, a lower PBAT



microplastics abundance may lead to more bacterial endemic OTUs, while a higher
one was the opposite (Fig. 4a). As the results of Principal Coordinate Analysis (PCoA)
presented in Fig. 4d, incubation days exert a more significant influence on the
composition of the bacterial community than the presence of PBAT microplastics. The
detailed descriptions of these results are shown in Supplementary Materials (Text S1).
A total of 10 dominant phyla and 20 dominant genera were compared in both
treatments in Fig. 4b and c to analyze the structure of soil bacterial communities. The
detailed results are presented in Supplementary Materials (Text S1). PBAT
microplastics may promote the survival of 3 phyla: Verrucomicrobiota,
Patescibacteria and Planctomycetota and 3 genera: unclassified Pedosphaeraceae,
uncultured soil bacterium and uncultured Microgenomates group bacterium, while
negatively affecting 4 phyla: Chloroflexi, Bdellovibrionota, Acidobacteritoa, and
Nitrospirota and 5 genera: unclassified Gemmatimonadaceae
unclassified Vicinamibacterale , MNDI, Nitrospira and
unclassified Vicinamibacteraceae. PBAT plastics with small abundance provide more
survival resources for Candidatus Omnitrophus, Flavisolibacter, and Massilia, while
those with large abundance are unconducive to their survival. The other bacterial
genera might be initially sensitive to PBAT microplastics but could gradually adapt to

such environments.
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Fig. 4. Soil bacterial community composition and diversity analysis of BP and CK treatments in 0
day (DO0), 30 days (D30), 60 days (D60), 90 days (D90), 120 days (D120), 150 days (D150), and
180 days (D180): (a) Veen diagram of OTU distribution to show different and shared OTU
numbers between BP and CK treatments; (b) Relative abundance of the top 10 bacterial phyla; (c)
Hierarchically clustered heatmap of the top 20 abundant bacterial genera; (d) Principal Coordinate
Analysis (PCoA) of bacterial abundance.
3.3.2 The diversity, structure and composition of soil fungal communities

Figs. 5a and S2 show the numbers of endemic and shared OTUs and Alpha
diversity indexes of fungal communities in BP and CK treatments, respectively. Fig.
5d depicts the differences and similarities in the composition of fungal communities
between BP and CK treatments as revealed by PCoA. Supplementary Materials (Text
S2) shows the detailed results of Figs. 5 and S2. The degradation and release of PBAT
microplastics are associated with an increase and a decrease in the number of endemic
fungal OTUs, respectively (Fig. S5a). Additionally, PBAT microplastics significantly

enhanced the richness and diversity of fungal communities at 150 days (Fig. S2) and



significantly affect the composition of the fungal community during the critical
release and degradation periods of PBAT microplastics (Fig. 5d).

Figs. 5b and ¢ compare the relative abundances of 10 dominant fungal phyla and
20 dominant fungal genera between BP and CK treatments, respectively. Detailed
descriptions about the results are presented in Supplementary Materials (Text S2). As
shown in Fig. 5b, PBAT microplastics may favor the survival of dominant
Ascomycota phyla, promote the survival of Mucoromycota at low abundances, but
adversely affect its survival at high abundance. The remaining dominant § fungal
phyla displayed initial sensibility to the presence of PBAT microplastics but gradually
adapted to such environments. In Fig. 5c, PBAT microplastics may enhance the
survival of 5 dominant fungal genera (Schizothecium, Acrophialophora, Alternaria,
Humicola, and Oidiodendron), but might adversely impact the survival of Fusarium.
Additionally, PBAT microplastics promote the proliferation of 4 fungal genera
(Chaetomium, Spizellomyces, Neonectria, and Aspergillus) at low abundances, but
detrimental effects at high abundance. The remaining 10 fungal genera showed initial
sensibility to the presence of PBAT microplastics but gradually adapted to such
environments.

In summary, during the 180-day evolution, PBAT microplastics have no
significant effect on the diversity of bacterial communities but affect their
composition and structure. In contrast, PBAT microplastics significantly affect the

diversity, composition, and structure of fungal communities.
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Analysis (PCoA) of fungal abundance.
3.4 Bacterial and fungal biomarkers at different periods

To identify bacterial and fungal biomarkers influenced by PBAT microplastics,
we analyzed microbial relative abundance differences between BP and CK treatments.
This analysis was conducted during three key periods: the initial release (0-30 days),
critical release (60-120 days), and critical degradation (150-180 days) of PBAT
microplastics, using Linear discriminant analysis effect size (LEfSe) (Fig. 6). The
numbers of bacterial and fungal biomarkers in the three periods were critical

degradation period, the critical release period, and the initial release period in order



from high to low. Detailed information about these biomarkers is shown in
Supplementary Materials (Text S3). Among these biomarkers, Chaetomium was not
only a fungal biomarker in BP treatments during the initial release period, but also a
dominant fungal genus. The bacterial biomarker RB41 in CK treatments during the
same period was a dominant bacterial genus. During the critical release period, 2
bacterial biomarkers (Humicola and Schizothecium) were dominant in BP treatments,
while in CK treatments, 3 bacterial biomarkers (Acidobacteriota phylum,
unclassified Vicinamibacteraceae genus, and unclassified Vicinamibacterales genus)
were dominant. During the critical degradation period, 8 biomarkers were dominant in
BP treatments, including 6 bacteria (Verrucomicrobiota and unclassified Bacteria
phyla, and unclassified Pedosphaeraceae, unclassified Bacteria )

unclassified Saprospiraceae , uncultured soil bacterium genera) and 2 fungi
(unclassified Fungi phylum and unclassified Fungi genus). Additionally, there were
4 bacteria (Chloroflexi and Patescibacteria phyla, and Candidatus Omnitrophus and
unclassified Vicinamibacterales genera) and 2 fungi (Fusarium and Chaetomium
genera) were dominant biomarkers in CK treatments during this period. These 20
dominant biomarkers are probably related to the release and degradation of PBAT

microplastics.
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3.5 Bacterial and fungal co-occurrence networks analysis

and 150-180 days;

and functions



prediction at different periods

To understand the dynamics of bacterial and fungal communities, we analyzed
the topological properties of their co-occurrence networks (Figs. 7 and 8, Tables S2
and S3) and the proportion of predicted functional genes (Fig. 9) in BP and CK
treatments during the initial release, critical release, and critical degradation periods
of PBAT microplastics. The detailed results of bacterial and fungal co-occurrence
networks analysis and functions prediction at different periods are shown in
Supplementary Materials (Texts S4 and S5). During the initial release period,
low-abundance PBAT microplastics likely enhance biodiversity by creating new
habitats. This reduces the dependence of bacterial and fungal communities on specific
microbial interactions, fostering ecological specialization and community
diversification. There were more frequent interactions among fungi, while bacteria
show the opposite trend. PBAT microplastics did not affect the functional genes of
bacterial and fungal community during this period. During the critical release period,
high abundance of PBAT microplastics enhanced the complexity and stability of these
communities but reduced biodiversity and closeness and has stronger influence on the
structure and functions of fungal community than on those of bacterial functions.
Fungal community shows stronger degradation function and weaker disease function
under the effect of high-abundance PBAT microplastics. During the critical
degradation period, there were enhanced and more complex bacterial and fungal
community functions, increased bacterial biodiversity but reduced bacterial
complexity. In contrast, fungal communities displayed tighter structures with less
reliance on specific communities. Bacterial communities show stronger potential

degradation and utilization functions on PBAT microplastics during this period.
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fungal trophic functional genes at key period of PBAT microplastics release.

4 Discussion

4.1 The temporal evolution of microplastics formed by PBAT plastic films in soil

environment

Fig. 9 The proportion of predicted bacterial functional genes among CK and BP treatments at
different periods: (a-c) The proportion of predicted bacterial level-1, level-2, and level-3

functional genes at key period of PBAT microplastics degradation; (d) The proportion of predicted



During the 180-day incubation in soil, PBAT plastic films underwent microbial
colonization and mineralization, leading to residual weight and molecule weight loss,
and release of PBAT microplastics. Based on the temporal abundance of PBAT
microplastics, the periods of 0-30 days, 60-120 days, and 150-180 days were
respectively considered as the initial release period, the critical release period, and the
critical degradation period of PBAT microplastics. The temporal abundance of PBAT
microplastics first increased to peak and then decreased about 74.7 %. In addition,
PBAT with 75000 < Mw < 80000 is prone to microplastic release, rapid weight loss
and mineralization. These results indicate that the temporal abundance of PBAT
microplastics formed by PBAT plastic films under soil environment was consistent
with results of previous research adding PBAT microplastics into soil artificially
[16,17]. Combined with previous research, our study confirms that PBAT
microplastics must be fragmented to release more ones and then degraded leading to
less ones under soil environment, regardless of whether intimal ones come from
artificial additions or plastic films’ formation.

This study conducted a detailed analysis of the sizes and shapes of PBAT
microplastics, and the results showed that the dominant PBAT microplstics were at
<10 pm size and film shape. Most previous studies were limited to detecting plastic
particles > 20 um with unclear shapes [16,17], we used better and more sophisticated
analytical techniques [26—28] to detect and quantify them at different sizes and shapes.
Our study provides more detailed evidence of the morphological characteristics of
PBAT microplastics formed by PBAT plastic films in soil environment.

4.2 The dynamic responses of soil bacterial and fungal communities

During the temporal evolution of PBAT microplastices, PBAT microplastics have
no significant effect on the diversity of bacterial communities but affect their
composition about OTUs and their structure about dominant phyla and genera. For
fungal communities, PBAT microplastics significantly affect their diversity,
composition, and structure. It is worth noting that PBAT microplastics affect bacterial
and fungal communities’ composition in influencing the relative abundance of

dominate phyla and genera and making 20 of them biomarkers of different period.



During the initial release period, low-abundance PBAT microplastics enhanced
the biodiversity and specialization bacterial and fungal community by providing
habitats. Bacteria and fungi reduced dependence on specific communities, with fungi
interacting more frequently than bacteria. PBAT microplastics at low abundance favor
the survival of Chaetomium but sensitize RB41. Chaetomium was reported to show
PVC degradation potential and might be a putative plastic-degrader [29,30]. It may
contribute to the initial release of PBAT microplastics by breaking down the PBAT
polymer structure. RB41 was one of main bacteria with carbon flux function [31], and
the inhibition of it during this period might cause PBAT to prefer to release
microplastics than mineralized. There might be functional differences between
bacteria and fungi during this period, with the former possibly related to carbon
source use and the latter possibly related to PBAT degradation.

During the critical release period, PBAT microplastics with high abundance
increased bacterial and fungal community complexity and stability but decreased
biodiversity and closeness. Fungal communities were more impacted structurally and
functionally than bacterial ones, showing enhanced degradation and reduced disease
functions. PBAT microplastics at high abundance favor the survival of Humicola and
Schizothecium  but negatively affect the survival of Acidobacteriota,
unclassified Vicinamibacteraceae, and unclassified Vicinamibacterales. Humicola
has been studied to produce cutinase with the function of degrading PBAT in previous
studies [32-34]. Schizothecium was one of the dominant genera that might be
associated with organic matter degradation or pollutant transformation [35]. These
two fungi probably caused the enhanced degradation function of fungal communities
during this period, which aggravates the damage of PBAT structure to release high
abundance microplastics. The abundance of Acidobacteriota was found to be
decreased by PE microplastics, biodegradable microplastics (PHA and PLA) and
similar in our study [21,36]. There was no study to find the relationship between
microplastics and unclassified Vicinamibacteraceae, and
unclassified Vicinamibacterales, and they might be also sensitive to high abundance

PBAT microplastics.



During the critical degradation period, bacterial and fungal community functions
become more complex. Bacterial biodiversity increases but complexity decreases,
likely due to PBAT degradation providing extra carbon sources. Fungal communities
have tighter structures. Bacteria may have stronger degradation and utilization
functions on PBAT microplastics. During this period, PBAT microplastics provide the
survival of 8 biomarkers due to the low abundance or becoming the carbon sources,
including bacterial Verrucomicrobiota, unclassified Bacteria phyla,
unclassified Pedosphaeraceae, unclassified Bacteria, unclassified Saprospiraceae,
uncultured soil bacterium genera, and fungal unclassified Fungi phylum and
unclassified Fungi genus. Verrucomicrobiota was found carrying genes capable of
degrading stable polysaccharides and its abundance increased under the effect of
PBAT/PLA mulching film in previous studies [37-39], which makes PBAT easier to
be degraded into carbon source by Verrucomicrobiota. The other 7 dominate
biomarkers have no be studied, but we could make the similar guesses. At the same
time, the survival of 6 biomarkers were conflicted, including bacterial Chloroflexi,
Patescibacteria phyla, Candidatus Omnitrophus, and
unclassified Vicinamibacterales genera, and fungal Fusarium and Chaetomium
genera. Chloroflexi was found to play potential roles in sediment carbon cycling and
carbon sequestering [40], so its decreasing survival in our study might be due to that
PBAT prefers to be mineralized than be sequestered during this period.
Patescibacteria was the main bacteria survival in the existence of PE, PP and PS
microplastics and contributed toward break down of esters in previous studies [41,42]
but decreased during this period in our study. Fusarium producing cutinase and
Chaetomium were also found to be putative plastic-degraders in previous studies
[29,30,43] but also decrease in our study. We hypothesize that the biodegradation
process of PBAT microplastics during this period is mainly carried by microorganisms
using carbon sources and mineralization, while there are less action sites for these 3
ones mainly damaging PBAT structure. The roles of Candidatus Omnitrophus, and
unclassified Vicinamibacterales in microplastics and carbon transformation have not

been studied previously, which is worth studying in future.



The discussion of the above 20 dominant biomarkers identified at different
periods highlight their key roles on the dynamic responses of bacteria and fungi
during the evolution of PBAT microplastics in the soil. During the initial release
period, Chaetomium focused on damaging PBAT structures to release microplastics
with low abundance to provide habitats and enhance the biodiversity and
specialization bacteria and fungi. At the same time, PBAT preferred to release
microplastics than mineralized so the carbon flux function of RB41/ is inhibited. Next,
fungal communities enhanced the potential PBAT-degradation function during the
critical release period and focused on releasing degrading enzymes mainly from
Humicola and Schizothecium to aggravate the damage of PBAT structure and cause
the high abundance of PBAT microplastics in soil. This inhibited the survival of
Acidobacteriota, unclassified Vicinamibacteraceae, and
unclassified Vicinamibacterales sensitive to microplastics. During the critical
degradation period, bacterial communities were preferring to show stronger potential
PBAT-degradation function and use PBAT as the carbon source. Verrucomicrobiota
and another 6 dominant biomarkers made PBAT microplastics easier to be degraded
into carbon source and decreased the abundance of PBAT microplastics. This process
caused the decreasing sites in damaging PBAT structure functions of Patescibacteria,
Fusarium, and Chaetomium. In addition, PBAT preferred to be mineralized than
sequestered during this period, causing the decrease of Chloroflexi with carbon
sequestering  function. = The roles of  Candidatus Omnitrophus  and
unclassified Vicinamibacterales in microplastic evolution remain unclear and should
be explored in future studies, as their potential involvement in PBAT degradation
could provide more valuable insights into microplastic degradation mechanisms.
Besides, this study mainly explores the roles of microorganisms playing in the
degradation of PBAT microplastics. There is a direction worthy to research in the
future about the metabolic pathways of microorganisms through genomics or
metabolomics, and the mechanisms by which these pathways affect the rate of PBAT
microplastics’ degradation.

5 Conclusion



According to the 180-day soil incubation experiment PBAT plastic films, we
studied the formation process of PBAT microplastics release and degradation in soil
environment and dynamic responses of bacteria and fungi. There were 3 key periods
PBAT microplastics underwent in soil: the initial release period, the critical release
period, and the critical degradation period. The abundance of PBAT microplastics
increased during the initial release period and increased to peak during the critical
release period of about 90 days, then significantly decreased during the critical
degradation period with a decrease of 74.7 % at 180 days. This indicates that PBAT
would residual less microplastics in soil, or even complete disappearance. During this
process, the response of soil microbial communities showed periodic dynamics, with
significant effects on the composition and structure of bacterial communities and
stronger diversity and degradation functions of fungal communities. Fungi such as
Humicola and Schizothecium promoted the degradation of PBAT by enzymatic
hydrolysis during the critical release period, while bacteria including
Verrucomicrobiota accelerated the carbon conversion of PBAT through mineralization.
Additionally, the degradation process of PBAT microplastics was accompanied by the
influence of microbial communities on the transformation and selection of carbon
sources. This study provides new insights into the microbial mechanisms of
biodegradable plastics’ degradation in soil and provides important basis for the

development of microplastic pollution control strategies.
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