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HIGHLIGHTS GRAPHICAL ABSTRACT

o Integrative framework links BMP effects
across soil-microbe-plant systems.

e BMP impacts are governed by polymer
traits, aging, and soil context.

e BMPs reshape soil structure, biogeo-
chemistry, and microbial niches.

e Plant responses to BMPs are largely in-
direct and rhizosphere-mediated.

o Standardized, long-term studies are
essential for realistic BMPs risk
assessment.
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ARTICLE INFO ABSTRACT

The increasing use of biodegradable plastics (BPs) as alternatives to conventional plastics (CPs) is leading to the
accumulation of biodegradable microplastics (BMPs) in terrestrial environments. Contrary to assumptions of
rapid degradation, BMPs can persist in soil long enough to interact with key biological processes. This review
advances the field by proposing a mechanistic framework linking BMP aging and degradation, soil physico-
chemical transformations, plastisphere assembly, rhizosphere interactions, and plant responses, and by critically
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evaluating the sources of inconsistency across studies. We show that divergent effects of BMPs can be best
explained by four interacting determinants: polymer chemistry and additive composition, aging-driven surface
transformations, soil physicochemical properties, and rhizosphere processes including plant-mediated effects.
Through these coupled pathways, BMPs can alter aggregation, pore architecture, pH, enzyme activity, and
carbon and nutrient cycling, thereby reshaping the soil environment in which microorganisms and roots interact.
BMP surfaces can also act as dynamic microbial niches that promote biofilm formation, shift microbial com-
munity composition and function, and under certain conditions may facilitate pollutant transport, pathogen
persistence, and horizontal gene transfer. Plant responses to BMPs are predominantly indirect and emerge from
rhizosphere-mediated processes, which helps explain the wide variability in reported plant responses, ranging
from subtle metabolic changes to pronounced growth inhibition. However, current evidence is constrained by
short-term studies and insufficient consideration of aged materials. Biodegradability should therefore not be
equated with low ecological risk in soils. Progress in this field requires integrative approaches linking BMP
properties, plastisphere dynamics, and plant-soil interactions over time.

1. Introduction

up to 67,500 mg kg~! (6.75% w/w) at highly contaminated industrial
sites [4,5], while concentrations in agricultural soils have already been

The growing crisis of plastic pollution has raised increasing concern
about the impacts of microplastics (MPs) on terrestrial ecosystems,
particularly soil processes, plant-associated microbiomes, and
ecosystem functioning. MPs are commonly defined as plastic particles
smaller than 5 mm [1] or 1 mm according to ISO/DIS 24187 [2] and
originate primarily from the fragmentation and degradation of larger
plastic materials. In terrestrial environments, MPs enter soils through
multiple pathways, including agricultural practices, industrial activities,
consumer products, and environmental inputs such as sewage sludge,
compost, irrigation water, surface runoff, and atmospheric deposition
[3]. Current reports on the levels of MPs in soils indicate that concen-

reported to exceed 1% (w/w) under certain conditions [6].
Biodegradable plastics (BPs) have been promoted as environmen-
tally friendly alternatives to conventional plastics (CPs) and are
increasingly used in agriculture and horticulture, including mulching
films, drip irrigation components, seed coatings, slow-release fertilizers,
biodegradable pots, and packaging materials [7]. These materials are
derived from renewable (bio-based) or fossil-based feedstocks and
include polymers such as polylactic acid (PLA), polyhydroxyalkanoates
(PHA), polybutylene adipate-co-terephthalate = (PBAT), poly-
caprolactone (PCL), and polybutylene succinate (PBS). Importantly,
“bio-based” refers to feedstock origin, whereas “biodegradable” and

trations can range from trace amounts to extremely high loads, reaching

“compostable” refer to end-of-life behavior under specific

1. Fragmentation

mechanical abrasion

UV radiation 4 q
temperature fluctuations {
microorganisms .
(~=i
Biodegradable 2. Biodeterioration
microplastics
Biodegradable plastic (BMPs)
waste
Soil t % & )
oil ecosystem i 4 = . . ) —
°-0-0 (@, Microbialbiomass Biodegradation e
H H L]
Gases %o o process Biofilm formation

(X}

Minerals

Products
5. Partial mineralization o000
. o s 3. Depolymerization

@@ Monomers - =

@D Enzymes S =t \

Microbe assimilation of
monomers
(]
-
4. Assimilation -
- @

Soluble intermediates
Oligomer/Dimer/Monomer

Fig. 1. Biodegradable polymers of different chemical composition (e.g., polylactic acid - PLA, polybutylene succinate PBS; polyhydroxyalkanoates — PHA; poly-
caprolactone — PCL; polybutylene adipate-co-terephthalate — PBAT) undergo physical fragmentation under soil conditions, leading to the formation of biodegradable
microplastics (BMPs) that can persist in soil rather than undergoing immediate mineralization. BMP surfaces are subsequently colonized by microorganisms, enabling
biofilm formation and enzymatic depolymerization into low-molecular-weight oligomers and monomers, which may subsequently be assimilated into microbial

biomass or partially mineralized.
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environmental conditions; these terms are therefore not interchange-
able. Despite their “biodegradable” designation, many BPs degrade
incompletely under natural soil conditions, fragmenting into biode-
gradable microplastics (BMPs) that can persist in soil for variable pe-
riods and may pose ecological risks comparable to, or in some cases
exceeding, those associated with CP-derived MPs (CMPs) [8]. Compared
with CPs, the environmental fate of BPs is more strongly governed by
polymer chemistry, microbial depolymerization, and environmental
conditions, which determine whether they undergo partial mineraliza-
tion or persist as BMPs (Fig. 1). Polymer structure, additives, tempera-
ture, moisture, oxygen availability, and microbial activity jointly control
degradation rates and the release of oligomers, monomers, and other
transformation products [9-12]. As a result, materials such as PLA, PHA,
PBS, PCL, and PBAT do not degrade uniformly in soil and may persist
long enough to influence soil physicochemical conditions, microbial
colonization, and plant-associated processes.

Once BMPs enter the soil environment, they interact directly with
soil constituents, particularly microorganisms. Growing evidence in-
dicates that BMPs can disrupt finely balanced microbial networks in soil,
exerting both stimulatory and inhibitory effects on microbial activity
and plant performance. While BMPs may serve as an additional carbon
source and stimulate microbial metabolism, they have also been shown
to reduce enzyme activities, alter microbial community composition,
and impair soil nutrient cycling [13]. Moreover, BMPs can influence
plant-soil feedbacks and symbiotic interactions, including those
involving mycorrhizal fungi, with potential consequences for nutrient
acquisition and plant resilience [14,15].

Despite increasing research on BMP-soil interactions, a compre-
hensive synthesis addressing BMP effects across the entire plant-
associated microbiome is still lacking. The plant microbiome encom-
passes multiple interconnected compartments, including the rhizo-
sphere (soil-root interface), rhizoplane and phylloplane (root and leaf
surfaces), and endosphere (internal plant tissues), each hosting distinct
yet interacting microbial communities that are critical for plant health
and ecosystem stability [16,17]. The rhizosphere is a hotspot for
nutrient exchange and microbial interactions, while endophytic com-
munities influence plant growth, stress tolerance, and disease resistance
[18]. Although less intensively studied, phylloplane microbiota also
contribute to microbiome dynamics and plant functioning [19].
Collectively, these microbial communities form an integral component
of the plant holobiont, enhancing nutrient acquisition, pathogen resis-
tance, and tolerance to abiotic stresses [20].

Although BMPs and CMPs in soil, as well as plastisphere and rhizo-
sphere processes, have been widely studied in recent years, the evidence
remains fragmented across soil physics, microbial ecology, and plant
physiology. Apparent inconsistencies in reported BMP effects are
therefore not necessarily contradictory, but rather reflect strong mod-
ulation by polymer-specific properties, particle aging, exposure levels,
soil characteristics, and soil-microbe-plant interactions. Rather than
treating degradation, plastisphere formation, and plant responses as
separate processes, this review integrates these dimensions to explain
how BMPs influence soil functioning through interconnected physical,
microbial, and plant-associated pathways. In contrast to recent reviews
that address these topics independently or within broader overviews of
MPs in soil, we focus specifically on BMPs and develop a unified
mechanistic framework linking degradation, soil-property changes,
microbial community responses, and plant performance.

Within this framework, divergent outcomes can be interpreted as
emerging from the interaction of four key determinants: polymer
chemistry and additive composition, aging-driven surface trans-
formations, soil physicochemical context, and rhizosphere processes,
including root exudation and plant-mediated effects. Because much of
the available evidence is derived from short-term studies using pristine
materials and simplified exposure scenarios, reported effects are inter-
preted primarily as mechanistic insights rather than direct predictions of
field-scale ecological risks. By synthesizing these processes within a
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systems-level perspective, this review helps resolve apparent in-
consistencies in the literature and identifies priorities for environmen-
tally realistic, process-based future research.

2. Literature research strategy

The literature considered in this review was identified through
searches in the Web of Science, Scopus, and ScienceDirect databases,
supplemented by backward and forward citation screening of relevant
review and research articles. Database searches were conducted be-
tween January 2025 and August 2025, with an additional update per-
formed in March 2026. Search terms combined keywords related to
biodegradable plastics/microplastics, soil systems, and plant-microbe
interactions, including terms such as “biodegradable microplastic”,
“biodegradable plastic”, “soil”, “rhizosphere”, “plastisphere”, “plant”,
“microbial community”, “nutrient cycling”, '"carbon", “nitrogen”,
“phosphorus”, and “enzyme activity”, together with names of major
biodegradable polymers (e.g., PLA, PBAT, PBS, PHA, and PCL).

When comparisons with conventional plastics were relevant, addi-
tional searches included terms such as “conventional plastic*” and
specific polymer names (e.g., PE, PP, PVC). Only peer-reviewed articles
written in English were considered. Priority was given to studies directly
addressing the degradation, persistence, soil effects, microbial in-
teractions, and plant-associated responses of biodegradable plastics or
biodegradable microplastics in terrestrial environments. Recent litera-
ture was emphasized, while earlier studies were included where needed
to provide mechanistic or terminological context. No formal meta-a-
nalysis was conducted due to methodological heterogeneity across
studies.

3. Impact of biodegradable microplastics on soil properties and
processes

BMPs can alter soil functioning through a combination of direct
physical and chemical interactions and indirect, microbially mediated
processes. These effects manifest across multiple levels of soil organi-
zation, including soil structure, physicochemical properties, enzymatic
activity, and biogeochemical cycling of carbon and nutrients. This sec-
tion synthesizes current evidence on how BMPs influence soil properties
and processes, providing a mechanistic basis for understanding down-
stream effects on soil microbial communities and plant performance.

3.1. Soil aggregate structure

Soil aggregates are essential for maintaining soil structure, regu-
lating water and gas exchange, and supporting biological activity [21].
Increasing evidence indicates that BMPs can substantially modify
aggregate size distribution and stability, but the direction and magni-
tude of these changes are not uniform. In some systems, BMPs (e.g., PLA)
have been associated with reduced macroaggregate (>250 pm) pro-
portions and lower stability, consistent with declines in microbial
“binding agents” that cement particles into stable aggregates [22,23]. In
other soils and exposure conditions, however, PLA and especially PHA
have been reported to decrease microaggregate fractions while
increasing macroaggregates and geometric mean diameter (GMD), often
without a short-term reduction in aggregate stability [21]. Field-based
evidence further suggests that BMPs may maintain aggregate stability
relative to conventional polymers (e.g., polyethylene - PE), and that
BMPs more strongly couple aggregate-associated carbon responses to
microbial pathways [24].

These contrasting outcomes likely reflect the net balance of
competing mechanisms. BMPs may destabilize aggregates through
physical interference with particle cohesion and by indirectly reducing
microbial-derived binding agents, thereby favoring macroaggregate
breakdown and microaggregate enrichment under some conditions
[23]. Conversely, partial biodegradation can stimulate microbial
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activity and biofilm formation, while aging-related surface trans-
formations, such as the development of oxygen-containing functional
groups and reduced hydrophobicity, may enhance interactions with soil
minerals, organic matter, and microorganisms, thereby contributing to
aggregate cementation [25].

Aggregate responses can also depend on environmental forcing:
structural indices may decline under slow wetting yet increase under
fast wetting via reduced slaking, implying that moisture dynamics can
modulate or even reverse apparent stability outcomes [26]. As BMP
degradation progresses, continuous generation of fragments and their
variable occlusion within aggregates can further complicate outcomes;
for example, small PBAT particles may become protected within ag-
gregates while larger particles remain more exposed and may simulta-
neously be associated with increased macroaggregation in
rhizosphere-influenced soils [27].

Overall, the effects of BMPs on soil aggregation appear to arise from a
dynamic balance between destabilizing and stabilizing processes,
influenced by polymer characteristics, degradation stage, and moisture
dynamics. Long-term studies encompassing a wider range of exposure
levels, aging states, and hydrological conditions are therefore needed to
better resolve their implications for soil structural integrity.

3.2. Soil porosity and water-holding capacity

BMPs can significantly modify soil porosity, permeability, and water
retention, with effects strongly dependent on concentration and soil
texture. At low concentrations, BMPs increase soil porosity by approx-
imately 10-15%, enhancing water infiltration and aeration [28]. In
contrast, excessive BMP accumulation can block macropores, leading to
reduced hydraulic conductivity and impaired soil functioning [29,30].

Effects on soil water retention follow a similar concentration-
dependent pattern. Low BMP inputs tend to increase micropore vol-
ume and water-holding capacity (WHC), whereas higher concentrations
disrupt water bridges between soil particles, resulting in reduced
retention and enhanced desorption, particularly under semi-arid con-
ditions [31,32]. These effects are more pronounced in loam and clay
soils than in sandy soils, highlighting the central role of soil texture in
mediating BMP-soil interactions [33].

By reshaping pore architecture and soil moisture dynamics, BMPs
indirectly influence water balance, microbial activity, and nutrient
transport, underscoring the importance of assessing their long-term
impacts on soil functioning.

3.3. Soil density

Because of their lower density relative to mineral soil particles,
MPs—including BMPs—can reduce soil bulk density when incorporated
into the soil matrix, potentially resulting in a looser structure with
increased aeration. Hydrophobic MPs may additionally increase soil
water repellency by raising the soil-water contact angle, thereby
reducing water retention [34]. Although BMPs are generally less hy-
drophobic than CMPs, similar effects can occur at elevated concentra-
tions. At environmentally relevant concentrations (e.g., 4.5 mg kg™' dry
soil), however, changes in bulk density and water repellency are often
negligible [4], indicating limited short-term impacts under typical field
conditions.

Nevertheless, the long-term consequences of continuous BMP accu-
mulation, particularly under repeated agricultural inputs, remain poorly
understood and require further investigation.

3.4. Soil pH

The properties of MPs, including particle size and shape, can influ-
ence soil physicochemical conditions such as pH [35,36]. BMPs can
actively modify soil pH through the microbial release of
low-molecular-weight organic acids—such as lactic acid, succinic acid,
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and 3-hydroxybutyric acid—during polymer decomposition [37]. This
acidification may be further amplified by BMP-induced stimulation of
nitrifying bacterial communities, including Nitrospirae, which promote
nitrification and generate H* ions [37,38].

Empirical studies consistently report measurable decreases in soil pH
following BMP exposure, often accompanied by changes in soil chemical
composition and microbial community structure [37,39]. For instance,
enzymatic degradation of PLA-based BMPs leads to the accumulation of
lactic acid oligomers, further intensifying soil acidification [40]. How-
ever, increases in soil pH have also been reported [36,41,42]. Increases
in soil pH likely occur when alkalinizing pathways outweigh
organic-acid inputs. First, many biodegradable mulch films (e.g.,
PBAT/PLA-based materials) contain inorganic mineral fillers
(commonly carbonates such as CaCO3) and other additives; as BMPs
weather and fragment, leaching of these alkaline components can
neutralize acidity and increase soil pH [43]. Second, BMPs can shift soil
nitrogen cycling toward alkalinity-generating transformations, for
example by favoring net NH4 production (e.g., ammonification) or
suppressing nitrification [44,45]. Compared with BMPs, CMPs generally
influence soil pH less directly because they do not undergo rapid
biodegradation and therefore do not typically generate the same
microbially driven release of low-molecular-weight organic acids. Re-
ported pH shifts under CMP exposure are more often attributed to in-
direct changes in soil physical conditions, additive release, or microbial
community composition rather than decomposition of the polymer itself
[35].

Overall, current evidence suggests that BMPs affect soil pH through
pathways that are more directly linked to biodegradation and microbial
activity than those associated with CMPs, highlighting the need to
evaluate their long-term effects on soil buffering capacity under envi-
ronmentally realistic conditions.

3.5. Soil enzymatic activity

Soil enzymes are protein molecules synthesized by soil microorgan-
isms and plant roots and released into the soil matrix, where they
catalyze a wide range of biochemical reactions [46]. They play a central
role in soil organic matter (SOM) decomposition and nutrient mineral-
ization, thereby regulating nutrient availability for plants and micro-
organisms and supporting ecosystem metabolism [47]. Accordingly, soil
enzymatic activities are widely used as sensitive indicators of soil
ecosystem functioning and biogeochemical cycling [48].

BMPs can influence soil enzymatic activity, particularly enzymes
such as dehydrogenase and urease, with implications for key ecosystem
processes [49]. These effects are highly context-dependent and medi-
ated by changes in soil physical conditions and nutrient availability.
While BMPs may provide an additional carbon source for microorgan-
isms, they can also adsorb nutrients, resulting in reduced activity of
enzymes involved in nitrogen cycling, such as urease [50]. Environ-
mental conditions further modulate these responses. Under drought
conditions, BMPs have been reported to increase soil respiration and
enzymatic activity, likely due to improved aeration and moisture
retention [14,15]. In contrast, under well-watered conditions, the same
materials have been shown to suppress microbial activity and enzyme
function, indicating a strong dependence on soil moisture status and
aeration.

Catalase (CAT) activity in soil—produced primarily by soil micro-
organisms and modulated by plant root exudation—reflects the soil’s
capacity to decompose hydrogen peroxide (H202) and is therefore
commonly used as an indicator of microbial oxidative metabolism and
overall biological activity in the rhizosphere [51]. Reduced soil CAT
activity following exposure to PLA-based BMPs has been reported,
suggesting diminished microbial enzymatic capacity to remove Hz0:
and a potentially more oxidative soil-plant interface [49]. Collectively,
the available evidence indicates that the effects of BMPs on soil enzy-
matic activity are largely governed by interactions between material
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properties and environmental conditions, rather than reflecting uniform
or unidirectional responses [14,49,50]. A plausible mechanistic inter-
pretation is that enzyme stimulation is more likely when BMPs release
readily metabolizable carbon, improve microsite aeration, or promote
colonization by copiotrophic degraders, thereby increasing microbial
activity and the demand for extracellular enzymes. In contrast, inhibi-
tory effects are more likely when weathered particles adsorb nutrients or
enzymes, when acidic or potentially toxic degradation products accu-
mulate, when oxygen or moisture conditions become unfavorable, or
when shifts in community composition suppress key functional taxa.
Therefore, contrasting enzyme responses across studies likely reflect
differences in polymer composition, additive release, aging status, soil
moisture regime, and the balance between substrate-driven stimulation
and physicochemical stress [14,49].

3.6. Soil organic matter (SOM)

Soil organic matter (SOM) is fundamental to soil fertility and
contaminant dynamics and comprises particulate organic matter (POM),
mineral-associated organic matter (MAOM), and dissolved organic
matter (DOM) [52,53]. BMP inputs can disrupt the balance among these
fractions by becoming incorporated into soil aggregates alongside
organic residues, thereby contributing to the POM pool [54].

In contrast to CMPs, BMPs release monomers, oligomers, and addi-
tives during depolymerization, which can substantially increase DOM
concentrations and enhance the leaching potential of these compounds
[55,56]. These degradation by-products may also interact with heavy
metals, altering contaminant mobility and associated ecological risks
[571.

Rather than primarily changing total SOM stocks, BMPs appear to
modify the distribution and composition of SOM fractions, including
POM, MAOM, and DOM pools [58]. These effects are likely mediated by
the incorporation of biodegradable residues into soil organic pools and
by changes in DOM quantity and chemodiversity during polymer
degradation [58]. The following section therefore focuses specifically on
how these changes influence SOC mineralization, turnover, and broader
carbon-cycling dynamics.

3.7. Alterations in carbon cycling

Soil organic carbon (SOC) is a central component of the global car-
bon cycle, regulating atmospheric CO2 concentrations while supporting
soil health and ecosystem functioning. How SOC responds to external
inputs is therefore critical for understanding carbon dynamics in
terrestrial ecosystems, particularly under changing climatic conditions.
By associating with soil aggregates, BMPs can modify soil structure and
microbial activity, thereby influencing SOC decomposition and turnover
[59].

Dissolved organic carbon (DOC) plays a key role in these processes
because it is readily available to microorganisms and highly mobile
within the soil matrix. Several studies report higher DOC concentrations
in soils containing BMPs compared to CMPs, reflecting the release of
low-molecular-weight carbon compounds during depolymerization
[60]. At the same time, BMPs do not always enhance SOC mineraliza-
tion. In some cases, PLA and other BMPs may adsorb DOC because of
their porous physical structure, thereby lowering DOC bioavailability to
microorganisms and reducing SOC mineralization [61]. Thus, BMP ef-
fects on SOC mineralization are not unidirectional: depending on poly-
mer properties and soil conditions, they may either reduce
mineralization by lowering DOC bioavailability or enhance it by
increasing substrate availability for microbial metabolism [56,62]. Un-
like the largely inert carbon associated with petroleum-based CMPs,
BMP-derived carbon can be rapidly metabolized, with part of it miner-
alized to CO: and part incorporated into microbial biomass [56,62].

Evidence from stable isotope tracing confirms microbial assimilation
of BMP-derived carbon. Using !3C-labeling, Zumstein et al. [56]
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demonstrated the production of ' 3CO: during soil incubations with
PBAT monomers, while Nelson et al. [62] showed that approximately
7% of carbon from PBS was incorporated into microbial biomass.
Following microbial turnover, this carbon may enter POM or MAOM
pools [63]. Because MAOM is strongly stabilized by mineral in-
teractions, it has the potential to contribute to longer-term carbon
retention [64]. Despite these pathways, current evidence suggests that
the contribution of BMP-derived carbon to long-term SOC storage is
limited. Even under favorable conditions, only about 10% of
BMP-derived carbon has been estimated to enter microbial biomass
within two years [64], representing a minor addition relative to existing
SOC stocks. Accordingly, sustained BMP inputs are unlikely to sub-
stantially increase SOC, particularly in carbon-saturated soils [65].

Moreover, BMP degradation can shift the quality and availability of
carbon substrates, thereby stimulating microbial activity and acceler-
ating carbon losses through enhanced mineralization [39,66]. The fate
of BMP-derived carbon is further shaped by microbial carbon use effi-
ciency (CUE), which governs the balance between biomass production
and respiration [67]. Because BMPs generally represent nutrient-poor
substrates, their decomposition may reduce CUE and limit carbon sta-
bilization in soil [59]. Biodegradable polymers may also induce priming
effects, including microbial nitrogen mining, in which microorganisms
decompose native SOM to obtain nutrients, thereby enhancing SOC
mineralization [31,68]. This mechanism may help explain why BMPs
can, under some conditions, contribute to stronger SOC losses than
would be expected from their biodegradable label alone.

We can therefore conclude that BMPs influence soil carbon cycling
primarily by altering substrate availability and microbial processing,
rather than contributing substantially to long-term carbon
sequestration.

3.8. Alterations in nitrogen cycling

Nitrogen is a key nutrient in soil ecosystems, occurring in both
organic and inorganic forms, with nitrate (NOs-N) and ammonium
(NH4+*-N) representing the principal forms taken up by plants [69].
BMPs can potentially adsorb both NOs-N and NH4*-N due to their
surface chemistry [70]. Compared with CMPs, BMPs may influence soil
nitrogen cycling more strongly because their oxygenated functional
groups and hydrolysable ester bonds increase surface reactivity and
promote the release of low-molecular-weight carbon compounds during
depolymerization. These properties can enhance microbial biomass and
nitrogen immobilization, alter the balance between mineralization and
nitrification, and stimulate nitrogen-cycling genes in ways that are less
pronounced in inert conventional polymers such as PE or polyvinyl
chloride (PVC) [39,58]. For example, PLA exerted stronger effects than
PVC on soil microbial assemblages and nitrogen-cycling functions,
especially at higher concentrations [71]. Recent work further showed
that BMPs increased total nitrogen-cycling gene abundance and stimu-
lated gross nitrogen transformation processes relative to CMPs, likely
through enhanced substrate supply and microbial activity [72].

Beyond these direct interactions, BMPs influence nitrogen cycling
indirectly by altering soil physicochemical conditions and microbial
community structure [73,74]. Changes in bulk density, aggregate sta-
bility, and WHC modify soil porosity and oxygen availability, thereby
regulating microbial processes such as nitrification and denitrification
[28,30,75]. Increased porosity generally promotes nitrification by
improving oxygen diffusion to aerobic nitrifiers, whereas reduced water
retention may constrain microbial activity and slow nitrogen minerali-
zation under certain conditions [76,77]. BMP-induced changes in soil
structure also affect oxygen gradients and substrate transport, influ-
encing the spatial coupling of nitrification and denitrification processes
[76,77]. In addition, BMP-associated soil acidification may favor Acid-
obacteria, including members of the Nitrospirae, which play important
roles in nitrification [74]. At the functional level, BMP exposure has
been linked to shifts in the abundance of genes involved in nitrogen
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cycling, with increases in genes related to nitrogen immobilization and
nitrate reduction and decreases in those associated with nitrification and
denitrification pathways [73]. Biofilm formation on BMP surfaces and
the pronounced decomposition of these materials further shape micro-
bial community composition and activity, thereby influencing nitrogen
transformation rates and pathways [57,78].

Polymer identity is also a key determinant of these processes. PLA
and related aliphatic polyesters are generally more readily hydrolyzed
and metabolized than conventional polymers, which can lead to faster
carbon release, stronger microbial restructuring, and clearer shifts in
nitrogen-cycling communities. PBAT may behave differently from PLA
because its aliphatic-aromatic structure makes it more resistant to
enzymatic attack; nevertheless, PBAT degradation can still stimulate
microbial activity and may promote SOM decomposition through
increased microbial nitrogen demand [79]. High-dose PLA has also been
shown to alter urease activity, NH{—-N and NO3-N dynamics while
reducing N»O emissions, further indicating that biodegradable polymers
can reshape nitrogen cycling through coupled carbon-
—enzyme-microbial pathways [80].

Taken together, BMP effects on soil nitrogen cycling are better
explained by polymer-specific physicochemical traits than by biode-
gradability as a label alone. The magnitude and direction of these re-
sponses depend on polymer identity, degradation behavior,
concentration, and soil properties, which together determine how BMPs
modify substrate availability, microbial activity, and nitrogen-
transformation pathways.

3.9. Alterations in phosphorus cycling

Phosphorus is an essential nutrient regulating plant growth and soil
ecosystem functioning [81]. In soils, phosphorus occurs in both organic
and inorganic forms, with inorganic phosphate representing the primary
fraction available for plant uptake [81]. MPs can influence soil phos-
phorus dynamics through additive release, surface-mediated adsorption,
and indirect effects on microbial activity [39,82]. However, the mech-
anisms are unlikely to be identical for BMPs and CMPs. CMPs are
generally more inert and often affect phosphorus mainly through
physical disturbance of soil structure or additive leaching, whereas
BMPs can additionally affect phosphorus turnover through evolving
surface chemistry, biodegradation-linked carbon release, and stronger
stimulation of microbial colonization and enzyme production [39].

BMPs have been shown to stimulate acid phosphatase activity,
enhancing the mineralization of organic phosphorus into inorganic
forms accessible to plants [83,84]. In contrast, phosphorus-free BMPs
may promote microbial growth and lead to phosphorus immobilization
within microbial biomass, potentially reducing short-term phosphorus
availability [39]. These contrasting responses highlight the importance
of polymer composition in determining BMP effects on soil phosphorus
cycling. Compared with CMPs, BMPs more readily accumulate micro-
organisms and support biofilm formation [82]. Interactions between
negatively charged phosphate groups and positively charged functional
groups of proteins—key components of biofilms—can enhance phos-
phorus adsorption onto BMP surfaces [82,85]. Weathering further
modifies BMP surface properties by increasing surface area, reducing
hydrophobicity, and increasing heterogeneity, while simultaneously
releasing additional carbon substrates [86]. These changes promote
microbial adhesion and biofilm development, thereby influencing
phosphorus availability and turnover over time.

At the same time, recent evidence indicates that BMPs should not
automatically be assumed to exert stronger effects on phosphorus
availability than CMPs in all soils. In a short-term incubation, both PE
and PLA affected phosphorus availability differently depending on fer-
tilizer regime, and PE exerted a stronger influence than PLA under some
conditions, with shifts in available phosphorus linked to changes in acid
phosphatase activity and bacterial community composition [87]. This
suggests that polymer-specific effects on phosphorus cycling arise not
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only from degradability itself, but also from interactions among surface
chemistry, microbial enzyme responses, and background nutrient
conditions.

Given the inherently low bioavailability of soil phosphorus [39,82],
even modest BMP-induced shifts in microbial activity, enzyme produc-
tion, and surface-mediated adsorption may have disproportionate ef-
fects on P cycling and plant P nutrition, particularly under long-term
field conditions.

Alterations induced by BMPs extend across multiple dimensions of
soil functioning, spanning physical structure, hydrological behavior,
chemical conditions, and biogeochemical cycling. By reshaping aggre-
gation, pore architecture, pH regulation, organic matter dynamics, and
nutrient transformations, BMPs modify the environmental framework
within which soil microorganisms and plant roots interact. These
changes do not act in isolation but interact to redefine resource avail-
ability and habitat suitability at micro- and mesoscales. More broadly,
BMP effects are best understood as the outcome of interactions between
material traits and biological context. Polymer chemistry and additive
composition determine degradability and the nature of released com-
pounds; aging alters surface reactivity and microbial attachment; soil
conditions regulate the accessibility of oxygen, water, and nutrients; and
rhizosphere processes shape how microbial communities and plant roots
respond to these altered microsites. Clarifying how such soil-level
modifications propagate to microbial community assembly and
plant-microbe interactions is therefore a critical next step and provides
the basis for the microbial-focused discussion in the following section.

4. Biodegradable microplastics as ecological niches for
microorganisms

Soil microorganisms occupy highly dynamic niches and rapidly
respond to changes in habitat structure, resource accessibility, and
plant-derived inputs. Within this context, BMPs represent a novel and
heterogeneous component of the soil environment, providing new sur-
faces for attachment as well as localized sources of organic carbon.
These features enable direct microbial colonization and biofilm devel-
opment, giving rise to distinct microbial assemblages that differ from
those in the surrounding soil matrix. This section explores how BMPs
function as microbial niches, shaping plastisphere communities, influ-
encing rhizosphere-associated microorganisms, and selecting for taxa
capable of degrading biodegradable polymers.

4.1. Biofilm formation and microbial activity on biodegradable
microplastic surfaces

The degradation pathways of BPs share similarities with those of CPs
but differ substantially due to polymer chemistry and interactions with
soil ecosystems [10]. While CPs primarily undergo abiotic degradation
processes—such as photodegradation, thermal and mechanical frag-
mentation—accompanied by additive leaching and surface colonization
by microorganisms, they generally persist in soils over long time scales
[10,88]. In contrast, BPs are subject to both abiotic and biotic (micro-
bial) degradation processes, leading to fragmentation, biofilm forma-
tion, enzymatic depolymerization, and, under favorable conditions,
partial or complete mineralization to CO2, water, and microbial biomass
(Fig. 1) [10,11].

Degradation rates depend strongly on polymer composition, envi-
ronmental conditions such as temperature, moisture, oxygen availabil-
ity, and microbial activity, as well as the presence of additives [9].
Under industrial composting conditions (approx. 60 °C), some BPs can
achieve substantial degradation within months [88]. For instance, PLA
may reach approx. 60% degradation within 30 days under anaerobic
conditions at 58 °C and approx. 84% within 58 days under aerobic
composting [9]. In contrast, PBS requires substantially longer periods,
reaching approx. 90% degradation only after 160 days under compa-
rable conditions [9]. PBAT, a fossil-based aliphatic-aromatic polyester
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frequently blended with starch to improve flexibility and compostability
[89], typically degrades more slowly owing to its aromatic ester bonds
and linear polymer structure [90].

The biodegradability of plastics is largely governed by their molec-
ular structure. Polymers containing oxygenated functional groups
generally degrade more readily than CPs [90], while aliphatic polyesters
such as PHA, PLA, PBS, and PCL are more susceptible to microbial
depolymerization than aliphatic-aromatic polyesters such as PBAT,
which are comparatively resistant to enzymatic attack [9,90]. Additives,
including pro-oxidants, plasticizers, and photostabilizers, further
modulate degradation behavior [12]. Pro-oxidants can promote oxida-
tive chain scission under UV exposure, whereas plasticizers enhance
flexibility but may reduce microbial accessibility to polymer chains
[91]. The chemical nature of additives also influences microbial colo-
nization, enzyme activity, and overall biodegradation efficiency [43].
Importantly, additives and degradation by-products can leach from
plastics under natural soil conditions, with release rates enhanced by
fluctuations in moisture and temperature, raising concerns about
toxicity in soil ecosystems [92].

BMPs, owing to their relatively hydrophilic surfaces and higher
carbon availability, readily support microbial colonization and biofilm
formation (Fig. 2) [93]. Biofilm development alters particle properties
by increasing surface hydrophilicity and effective density [94], which
can enhance particle mobility and contaminant adsorption in soil en-
vironments [93,95]. As a result, BMP-associated biofilms may facilitate
the transport of co-occurring pollutants through soil matrices [60,94,
95].

Microbial enzymes embedded within these biofilms contribute to
polymer degradation, although degradation efficiency varies strongly
with polymer chemistry and environmental conditions [94,96]. At the
same time, BMP-associated biofilms can act as reservoirs for pathogenic
microorganisms and antibiotic resistance genes (ARGs), raising concerns
about their potential role in contaminant and gene dissemination in soil
ecosystems [97]. These findings indicate that biofilm formation on BMP
surfaces creates functionally distinct microhabitats with implications for
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pollutant dynamics, microbial ecology, and soil health.

4.2. Effects of biodegradable microplastics on rhizosphere microbial
communities

The rhizosphere—the soil zone directly influenced by plant
roots—hosts highly diverse microbial communities, including bacteria,
fungi, archaea, and protists engaged in symbiotic, commensal, or
pathogenic interactions with plants [98]. Key functional groups include
plant growth-promoting rhizobacteria (PGPR), such as Pseudomonas
fluorescens and Bacillus subtilis, which enhance nutrient acquisition and
pathogen resistance, as well as nitrogen-fixing bacteria including
Rhizobium and Frankia that contribute to soil fertility [99-101]. Arbus-
cular mycorrhizal fungi (AMF) play a central role in phosphorus uptake
and plant stress tolerance, while taxa such as Burkholderia cepacia and
Achromobacter xylosoxidans contribute to nutrient cycling and disease
suppression [101-103]. Because these communities are strongly shaped
by root exudation and microscale soil conditions, they are particularly
sensitive to environmental perturbations such as BMP exposure.

BMPs influence rhizosphere microbial communities both indirectly,
by modifying soil physicochemical properties, and directly, by providing
additional surfaces and labile carbon sources that support microbial
colonization [104]. Root exudates further stimulate microbial activity at
the soil-root interface, promoting the formation of distinct microbial
assemblages associated with BMP surfaces, often referred to as the
plastisphere [105]. Compared with CMPs, BMPs may therefore favor
microbial taxa adapted to exploit polymer-derived substrates.

Empirical studies support this interpretation. Zhang et al. [63]
showed that microbial community structure differed between soils
amended with biodegradable polymers (PLA, PBS, PBAT) and those
containing low-density polyethylene (LDPE), with BMPs supporting
communities better adapted to utilize available carbon sources. In the
same study, manure application increased bacterial alpha diversity on
BMPs but reduced diversity on LDPE, highlighting strong interactions
between organic amendments and plastic type. Likewise, soils amended
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Fig. 2. Conceptual representation of microbial colonization and biofilm formation on biodegradable microplastic (BMP) surfaces (please note that the spherical
shape was chosen for schematic purposes and is representative of all different shapes of microplastics). Following initial microbial attachment, BMPs support the
development of biofilms (“plastisphere™), which modify particle surface properties and create functionally distinct microhabitats. These biofilms may facilitate
enzymatic activity and partial polymer depolymerization, as well as the association of microorganisms, pollutants, and genetic material. The relative importance of
these processes is context-dependent and governed by polymer type, environmental conditions, and microbial community composition.
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with PLA and PBS showed enhanced microbial potential for exogenous
carbohydrate and amino-acid uptake, whereas PE and polystyrene (PS)
had little effect on functional diversity [106]. Together, these findings
suggest that BMPs do not simply alter rhizosphere communities by their
presence alone; rather, their effects depend on whether they act pri-
marily as metabolized carbon-rich microsites or as physicochemical
disturbances within the soil matrix.

Across studies, however, responses of bacterial alpha diversity to
BMPs remain clearly context-dependent rather than unidirectional
(Fig. 3). Although the most common outcome is no significant change,
decreases are reported more frequently than increases overall, and
negative responses become especially pronounced at higher concentra-
tions (more than 1% w/w) and for certain particle-size classes (less than
50 pm). This trend is consistent with individual studies reporting di-
versity declines under relatively high BMP loads, including 2% PLA or
PBAT [98], 5% PBAT [107], 5-10% PLA [108], 7% PLA [71], and 10%
PHBV [39]. By contrast, increases in diversity were reported only in
specific exposure scenarios, such as 1% PLA or PBS in surface soil [75],
0.02% PBAT in loessial soil [109], 1% PBAT in loamy soil [110], and
0.8% PBAT in standard natural soil [111]. At the same time, neutral or
even positive responses occur under other conditions, indicating that
alpha diversity alone does not capture the full ecological significance of
BMP exposure. Rather, shifts in diversity should be interpreted alongside
changes in community composition, substrate availability, and func-
tional potential.

At the taxonomic level, some repeatedly responsive groups never-
theless emerge (Table 1). A formal meta-analysis of taxon-level rhizo-
sphere responses was not feasible because the available studies differ
widely in reported endpoints, taxonomic resolution, sequencing and
bioinformatic workflows, and often lack the quantitative summary sta-
tistics required for effect-size calculation. We therefore used a structured
qualitative synthesis and semi-quantitative comparison of response di-
rection across polymer types, concentrations, and particle-size classes.
Several studies reported increases in Pseudomonadota under PLA, PBS,
PBAT, or mixed biodegradable polymers, suggesting that at least under
some conditions BMP exposure may favor fast-growing taxa able to
exploit newly available carbon substrates [75,98,109,113]. However,
responses were not uniform across systems, as opposite trends were also
reported for some polymer-soil combinations. Declines were more
consistently observed for groups such as Actinomycetota, Acidobacteriota,

PBAT PLA

PHBV PHA PBS

@ No effect @Increased @ Decreased

Fig. 3. Bubble graph summarizing reported bacterial alpha-diversity responses
to biodegradable microplastics (BMPs) in rhizosphere-associated soils. Each
bubble represents one literature observation and is classified by polymer type
(x-axis), concentration class (y-axis), particle-size class (bubble size), and
response direction (color). Numbers on the y-axis correspond to BMP concen-
tration classes (% w/w): 1= <0.05%, 2= 0.05-0.5%, 3 =0.5-1%, and
4 = >1%. Bubble size represents particle-size class, from smallest (<25 pm) to
largest (>200 pm), with intermediate classes of 26-50 pm and 51-200 pm.
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Nitrospirota, and taxa affiliated with Mycobacterium and the family
Acidobacteriaceae [49,102,109]. Fungal responses were likewise vari-
able: some studies reported enrichment of Ascomycota or Mortier-
ellomycota, whereas others observed declines in Mortierellomycota,
Mucoromycota, or Basidiomycota [109]. These patterns indicate that
BMPs do not simply increase or suppress rhizosphere microbial di-
versity, but rather restructure community composition by favoring some
decomposer- or copiotroph-associated groups while disadvantaging
others, depending on polymer chemistry, concentration, soil properties,
and degradation stage.

Microbial metabolic responses to BMPs are closely linked to polymer
chemistry and environmental conditions. In general, higher BMP con-
centrations induce stronger shifts in bacterial community composition,
as they represent more accessible microbial substrates. In addition,
smaller particles may exacerbate toxicity due to increased surface area
and enhanced interactions with soil constituents, further influencing
microbial diversity [39,98,107]. BMPs such as PLA, PBAT, and PBS have
been shown to reshape microbial community structure by altering car-
bon and nitrogen cycling pathways [63,93].

Functional consequences for nutrient cycling and plant-microbe in-
teractions have also been reported. For example, PLA amendments
increased soil urease activity by up to 104% while reducing NOs"-N
content by 97%, accompanied by shifts in nitrogen-fixing bacterial
communities and enrichment of symbiotic Rhizobiales [104]. This
enrichment enhanced root nodulation in legumes such as peanut,
potentially mitigating nitrogen limitation under MP exposure [104].
Conversely, other studies indicate that BMPs can hinder PGPR coloni-
zation and nutrient bioavailability, thereby disrupting beneficial sym-
bioses and reducing overall microbial functionality [104,114].

BMPs may also alter microbial competition by favoring plastic-
degrading taxa over native soil microorganisms, with potential conse-
quences for both biodegradation efficiency and ecosystem stability
[115]. Such shifts may have cascading effects on microbial network
structure and resilience, particularly under long-term or repeated BMP
inputs.

Fungal communities, particularly AMF, are critical for soil structure
and nutrient acquisition—especially phosphorus—but are sensitive to
environmental stressors [101]. BMPs, alone or in combination with
co-contaminants such as cadmium (Cd) or nanoscale ZnO, have been
shown to alter AMF community composition and diversity [116,117].
Responses depend strongly on polymer type and concentration, with
moderate PLA inputs stimulating organic acid secretion and phosphorus
mobilization, whereas higher BMP loads suppress fungal growth and
reduce AMF abundance [116,118]. AMF may also play a protective role
by limiting MP translocation within plant tissues and buffering nutrient
imbalances induced by MPs [15]. Recent evidence suggests that BMPs
such as PBAT and PLA can enhance fungal diversity and network sta-
bility relative to CPs, indicating more complex and nuanced interactions
than previously assumed [119].

Because root exudates supply low-molecular-weight carbon com-
pounds and organic acids, they can either amplify or buffer BMP effects
depending on polymer type, degradation state, and rhizosphere condi-
tions. In rhizosphere soils, these exudates may stimulate microbial ac-
tivity and favor taxa able to exploit both plant-derived and polymer-
derived substrates, while also intensifying nutrient competition and
reshaping microbial assembly on BMP surfaces. This may help explain
why microbial and enzymatic responses to BMPs are often stronger, and
sometimes differ in direction, in rhizosphere soil than in bulk soil. As a
result, some taxa and functions may be promoted whereas others are
suppressed, leading to shifts in community composition, nutrient
cycling, and plant-microbe interactions. The long-term ecological con-
sequences of these changes remain uncertain and require integrative
approaches combining high-resolution molecular, biochemical, and
functional analyses under environmentally realistic conditions [120].
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Table 1
Taxon-level shifts in rhizosphere microbial communities reported under biodegradable microplastic (BMP) exposure.

BMPs Concentration (% size Soil types Exposure time Affected taxa® Observations Reference
type w/w) (days)
PLA and 2 approx. 50 Agricultural soil 70 Pseudomonadota 1 [98]
PBAT um
Verrucomicrobiota
Acidobacteriota
Bacteroidota
PBS 1 150-180 um Surface soil 60 Actinomycetota [75]
Pseudomonadota 0
PLA 1 150-180 um Surface soil 60 Actinomycetota _ [75]
Pseudomonadota 4
PLA 10 approx. 67 Loamy soil 100 Neobacillus vireti o [112]
Hm Bacillota 0
Nitrospirota
Nitrospira
PHA 0.1 approx. 100 N.A. 60 Mycobacterium [102]
um
Acidobacteriaceae
PLA 1 approx. 100 N.A. 60 Mycobacterium [102]
um
Acidobacteriaceae
PBSA 1 approx. 100 N.A. 60 Mycobacterium [102]
um
Acidobacteriaceae
PBAT 1 approx. 100 N.A. 60 Mycobacterium [102]
pum
Acidobacteriaceae
PLA 0.1;1;5; 10 approx. 40 Farmland soil 30 Ascomycota o [108]
Hm Mortierellomycota
Mucoromycota
Basidiomycota
PBAT 0.02;0.2;2;5 <1000 um Loessial soil 120 Gemmatimonadota T [109]
Pseudomonadota T
Bdellovibrionota T
Myxococcota T
Patescibacteria T
Nitrospirota _
PBAT 0.025; 0.05; 0.2; approx. 131 Loamy soil 77 Planctomycetota 1 [111]
0.8 um
Planctomycetota T
Ascomycota 1
Mortierellomycota T
PHBV 0.01; 0.1; 1; 10 1-15 pm N.A. 56 Bacillota _ [39]
Gemmatimonadota
Verrucomicrobiota T
Acidobacteriota T
PLA 2 20-50 um Rice paddy field 70 Proteobacteria _ [57]
soil
PBAT 0.1;1;5 approx. 100 Farmland soil 120 Pseudomonadota 0 [107]
Hum Actinomycetota _
PLA 1 35-48 um Farmland soil 28 Bacillota T [49]
Actinomycetota
Acidobacteriota
Desulfobacterota
PLA 5 <20 um Agricultural soil 60 Pseudomonadota 1T [113]
Bacillota T
PBAT 0.1;1 <1200 pm Loamy soil 28 Caulobacteraceae 1 [110]
PLA 2;7 150-250 um Agricultural soil 90 Actinomycetota T [71]
Myxococcota _
Bacteroidota -
Chloroflexota
Gemmatimonadota _

2 N.A. = no available data in the study
b Phylum names were updated to current nomenclature where applicable; lower-rank taxa are given as reported in the original studies.
¢ increase (green), decrease (red); significant difference between treatments with and without BMPs at p < 0.05.
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4.3. Plastic-degrading microorganisms and associated enzymatic
mechanisms

Numerous bacterial and fungal taxa have been identified as capable
of degrading BPs under soil or laboratory conditions (Table 2). Among
bacteria, strains belonging to Celeribacter, Bacillus, Paenibacillus, Strep-
tomyces, Terribacillus, and Bacillus megaterium have demonstrated the
ability to depolymerize polymers such as PBAT, PCL, PLA, and PBS
[121-125]. Fungal degraders are similarly diverse and include genera
such as Penicillium, Aspergillus, Thermomyces, Fusarium, Cladosporium,
Mortierella, and Doratomyces, many of which are common soil sapro-
trophs with broad enzymatic capabilities [122,126-128].

Beyond taxonomic identification, several studies have focused on the
characterization of enzymes responsible for polymer depolymerization.
For example, intracellular depolymerases from Rhodospirillum rubrum
play a key role in polyhydroxybutyrate (PHB) degradation [136], while
a PCL-specific depolymerase has been isolated from Streptomyces ther-
moviolaceus subsp. thermoviolaceus 76T-2 [134]. Additional enzymes
implicated in biodegradable plastic degradation include lipases

Table 2
Microorganisms reported to degrade biodegradable plastics (BPs) under soil or
soil-derived experimental conditions.

Microorganisms BPs type Shape of BPs? Reference
Bacteria
Celeribacter flavus PBS Film [125]
Actinomadura keratinilytica PLA Pellet [129]
Bacillus sp. PLA N.A. [124]
Bacillus licheniformis, PLA Pellet [130]
Laceyella sacchari,
Thermoactinomyces vulgaris,
Thermophilic actinomycete,
Nonomuraea fastidiosa,
Nonomuraea terrinata,
Micromonospora viridifaciens,
Micromonospora echinospora,
Actinomadura keratinilytica
Bacillus sp. PBAT Film [122]
Terribacillus goriensis PBS Pellets [121]
Bordetella petrii PLA Pellet [131]
Amycolatopsis sp. PLA, PCL Pellets and films [132]
Laceyella sacchari Starch-based Pellet [133]
Pseudomonas aeruginosa, PHA Film [127]
Bacillus subtilis
Streptomyces thermoviolaceus PCL Pellet [134]
Streptomyces coelicoflavu, PHB/PBAT Film [128]
Variovorax
Peribacillus frigoritolerans PBAT Film [135]
Bacillus megaterium, PCL Pellets [123]
Alcaligenes aquatilis,
Shewanella haliotis
Fungi
Candida albicans, PHA Film [127]
Fusarium oxysporum
Fusarium solani, PHB/PBAT Film [128]
Purpureocillium lilacinu,
Aspergillus insuetu,
Clonostachys sp.
Apophysomyces thailandensis PLA, PBS Pellets and films [132]
Cladosporium sp. PLA, PBS, PCL  Pellets and films [132]
Purpureocillium sp.
Fennellomyces linderi, PLA Filaments [126]
Fusarium solani,
Doratomyces microspores,
Mortierella sp.,
Aspergillus fumigatus,
Thermomyces lanuginosus
Filobasidium uniguttalatum PCL Pellets [123]
Geomyces sp. PCL Film [122]
Fusarium sp., PBSA, PCL Film [122]
Sclerotinia sp.
Alternaria sp. PBS Film [122]

# N.A. - no available data in the study
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(Alcaligenes faecalis), esterases (Comamonas acidivorans, Bacillus subtilis),
proteinase K (Tritirachium album), proteases (Bacillus licheniformis), and
serine hydrolases from Pestalotiopsis microspora [137]. These enzymes
differ in substrate specificity, efficiency, and environmental stability,
highlighting the biochemical diversity underpinning BMP degradation.

The degradative capacity of microorganisms is commonly assessed
using clear-zone assays, in which the formation of halos around colonies
on polymer-containing agar indicates extracellular enzymatic activity
[138]. Although semi-quantitative, these assays provide a rapid
screening tool for identifying potential degraders. However, degrada-
tion efficiency is strongly influenced by environmental conditions, mi-
crobial community composition, and polymer properties, including
crystallinity and additive content [136].

These findings indicate that BMP degradation is mediated by diverse
microbial taxa and enzymatic pathways rather than by a limited set of
specialist organisms. Linking taxonomic identity with functional gene
expression and in situ degradation rates remains a key challenge. Future
research should therefore integrate metagenomic, transcriptomic, and
biochemical approaches to better resolve the ecological relevance and
environmental efficiency of BMP-degrading microorganisms under
realistic soil conditions.

4.4. Biodegradable microplastics as reservoirs and vectors for soil-plant
pathogens

BMPs can also function as carriers for pathogenic microorganisms,
facilitating their persistence, dissemination, and colonization within
soil-plant systems. Pathogenic fungal taxa, including Candida, Fusarium,
and Rhodotorula, have frequently been detected on plastic surfaces used
in medical, industrial, and household contexts, indicating that plastics
can provide suitable substrates for pathogen attachment and survival
[139]. In soils exposed to elevated plastic inputs, BMPs may therefore
contribute to the accumulation and spread of plant-associated fungal
pathogens, with potential consequences for rhizosphere stability and
crop productivity [74].

Beyond acting as passive carriers, BMPs may also influence pathogen
dynamics indirectly through their interactions with plant roots and
rhizosphere processes. Pathogen-induced root damage and associated
physiological changes can modify BMP uptake and distribution, while
alterations in root exudation patterns may affect BMP retention and
availability within the soil-plant continuum [140]. In parallel,
pathogen-driven shifts in rhizosphere microbial communities can
further modulate BMP behavior and persistence in soil.

As discussed previously, the relatively hydrophilic surfaces of BMPs
and their capacity to release bioavailable carbon promote microbial
colonization and biofilm formation [93]. Once coated with biofilms,
BMPs exhibit increased adsorption capacity for both contaminants and
microorganisms, including pathogens, which may enhance their
mobility within soil and facilitate pathogen transport toward plant roots
[93,95]. In this way, BMPs can act as artificial microbial habitats that
concentrate and protect pathogenic taxa, potentially amplifying plant
disease risk and posing broader ecological and human health concerns
[39,139].

It is important to note, however, that much of the available evidence
is derived from short-term experiments using freshly prepared BMPs
under controlled conditions. The extent to which these pathogen-related
effects persist under long-term field exposure, aging, and repeated BMP
inputs remains largely unresolved and represents a critical knowledge
gap [120]. In addition to their potential to associate with pathogenic
organisms under certain environmental conditions, BMP-associated
biofilms may also create microenvironments that facilitate genetic ex-
change among co-occurring microbes, including the transfer of viru-
lence traits and resistance determinants, a topic addressed in the
following section.
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4.5. Genetic exchange and resistome dynamics within biodegradable
microplastic- associated microbiomes

BMPs have been increasingly implicated in shaping genetic exchange
processes within soil microbial communities, particularly with respect
to antibiotic resistance genes (ARGs) and virulence factors (VFs). Several
studies report higher abundances of ARGs and VFs on BMP-associated
microbiomes compared with bulk soil or CMP controls, suggesting
that BMP surfaces can act as localized hotspots for gene accumulation
under certain conditions [141]. For example, PBS-associated plasti-
spheres showed enrichment of ARGs and VFs, with genera such as
Rhizobium and members of Amoebozoa identified as key hosts [141].

Metagenomic analyses further indicate that BMPs can restructure
microbial communities and promote gene exchange by providing rough,
heterogeneous surfaces that enhance microbial attachment and close
cell-cell proximity within biofilms—conditions known to favor hori-
zontal gene transfer (HGT) [73,141]. Given that soils already represent
major reservoirs of antibiotic resistance [142], BMP-associated biofilms
may intensify local gene exchange processes, raising concerns about the
potential emergence and persistence of highly resistant or virulent
strains under favorable environmental conditions [142].

Specific host-gene associations have been documented across
different polymer types. Bacillus cereus has been identified as a carrier of
ARGs and metal resistance genes (MRGs) on PHA and PHB surfaces
[143], while PLA/PBAT plastispheres were enriched in genes linked to
carbon and nitrogen cycling, primarily within Proteobacteria [8].
Experimental studies further demonstrate that PLA and PHA nano-
particles can enhance ARG transfer in Colibacillus [144], and that PLA
and PBS selectively alter ARG and VF profiles in Bradyrhizobium and
Pseudomonas communities [141,145]. Comparative analyses also show
polymer-specific resistome signatures, with PHA-associated Pseudo-
monas exhibiting distinct multidrug resistance patterns relative to
polyethylene terephthalate (PET) [146], and PCL particles facilitating
elevated HGT potential in mangrove soils [78]. PLA and PBAT surfaces
have likewise been reported to host dense microbial biomass enriched in
ARGs, particularly among Actinomycetota, Flavobacteriaceae, and Pseu-
domonas [37,112].

Beyond microbial composition, ARG dynamics on BMPs are strongly
modulated by environmental co-stressors. Heavy metals, antibiotics,
and pesticides can adsorb to BMP surfaces, increasing selective pressure
and favoring the proliferation of ARG-bearing taxa [147]. In addition,
differences in BMP degradation rates influence carbon release patterns,
with downstream effects on microbial metabolism and gene regulation
[145]. Particle size further modulates these processes, as smaller MPs
and nanoplastics (NPs) may induce oxidative stress and increase mem-
brane permeability, thereby facilitating gene uptake and transfer [148].

Across the processes discussed in this section, BMPs emerge as
structurally and chemically distinct microhabitats that reorganize mi-
crobial life in soils. By providing new surfaces, releasing labile carbon
during degradation, and supporting biofilm formation, BMPs influence
microbial community assembly, functional activity, and genetic ex-
change in ways that differ from both bulk soil and CPs. The direction and
magnitude of these effects vary with polymer chemistry, particle size,
aging state, soil physicochemical properties, and co-occurring stressors,
and can range from stimulation of specific microbial functions to
disruption of established microbial interactions. Importantly, the mi-
crobial niches associated with BMPs represent dynamic interfaces where
biogeochemical cycling, degradation processes, and potential ecological
risks converge. How these microbially mediated changes propagate
beyond the microbial compartment—particularly toward plant perfor-
mance and stress responses—forms the basis of the following section.

5. Plant responses to biodegradable microplastics in soil
systems

BMPs influence plant performance primarily through indirect
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pathways operating at the soil-microbe-root interface. As outlined in
Sections 2 and 3, BMPs alter soil physical structure, water dynamics,
nutrient availability, and microbial community composition. These
changes propagate into the rhizosphere, where plant roots interact
closely with microorganisms and root-derived metabolites. Conse-
quently, plant responses to BMP exposure are largely mediated by in-
tegrated soil-microbial processes rather than by direct plastic—plant
contact (Fig. 4).

5.1. Rhizosphere-mediated pathways linking biodegradable microplastics
and plant performance

Root exudates are key regulators of rhizosphere interactions and play
a pivotal role in plant responses to environmental stressors, including
MP contamination [149]. These exudates, which are highly dynamic in
composition, shape rhizosphere microbial communities by selectively
recruiting beneficial or antagonistic taxa and by modulating microbial
metabolic activity [150]. Through these feedbacks, plants indirectly
influence nutrient cycling, pathogen suppression, and stress resilience.

The composition of rhizosphere microbial communities strongly af-
fects plant health through mechanisms such as enhanced nutrient
mobilization, plant growth promotion, and disease resistance. Beneficial
taxa, including Bacillus, Pseudomonas, and Lysobacter, are commonly
associated with healthy rhizospheres and contribute to nitrogen, phos-
phorus, and potassium availability [151,152]. In contrast, shifts toward
pathogenic or functionally less beneficial microbial groups can reduce
nutrient availability and negatively impact plant growth and produc-
tivity [153].

BMP-induced changes in soil structure, moisture regime, and mi-
crobial composition can therefore indirectly reshape rhizosphere func-
tioning. By modifying microbial recruitment patterns and altering
competitive interactions within the rhizosphere, BMPs influence plant
performance through pathways that integrate physical, chemical, and
biological processes. Such indirect pathways are expected to dominate
because plant roots are primarily exposed to BMP-modified soil envi-
ronments and microbially processed metabolites, rather than to the
polymer particles themselves. Plant responses to BMPs may also involve
shifts in nutrient-foraging strategies, as recent work showed that BPs can
promote the invasion of Trifolium repens by altering plant acquisition of
nitrogen and phosphorus, highlighting that BMP effects may differ
strongly among species depending on nutrient-use strategy and
competitive context [101].

5.2. Effects on plant growth and biomass allocation

A consistent outcome across studies is the sensitivity of plant growth
and biomass allocation to BMP exposure. Suppressed shoot and root
growth have been reported for multiple species exposed to PBAT-, PHB-,
and PLA-based MPs, with inhibitory effects frequently observed between
0.25% and 4.5% w/w [92,154,155].

Pronounced growth inhibition has been observed in horticultural
crops. Cherry tomato exhibited up to a 90% reduction in shoot biomass
when exposed to PHB-based mulch films, while PBAT-starch blends
significantly reduced biomass and leaf area in lettuce and maize [92,
154]. Root systems appear particularly vulnerable: reductions in radicle
length and root biomass have been documented in lettuce exposed to
PBAT across all tested concentrations [156,157] as well as in cucumber
and maize following PLA exposure [108,158].

Similar trends were reported by Pelko et al. [36], who observed
reduced shoot and root biomass in sunflower grown in soil amended
with PBAT-based MPs, whereas PE MPs had comparatively minor effects
under the same conditions. These findings align with broader evidence
that biomass allocation patterns are sensitive to BMP type and concen-
tration, likely reflecting indirect effects mediated by changes in soil
structure, microbial activity, and nutrient availability rather than direct
phytotoxicity alone.
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Fig. 4. Conceptual framework of biodegradable microplastic (BMP) effects on the plant-soil-microbiome system. BMPs act as context-dependent drivers of soil—
plant-microbe interactions, modifying soil physical and chemical properties and reshaping microbial communities and activity in the rhizosphere. These changes
influence key processes, including organic matter decomposition, nutrient cycling (C, N, P), enzyme activity, greenhouse gas emissions, and contaminant dynamics.
Plant responses are predominantly indirect and mediated through rhizosphere processes and microbial interactions, rather than direct contact with plastic particles.
The magnitude and direction of these effects are governed by polymer properties, aging, soil conditions, and plant-microbe interactions.

5.3. Physiological and biochemical stress responses in plants

BMP-induced changes in the rhizosphere can also trigger physio-
logical and biochemical stress responses in plants. Altered microbial
communities and soil conditions influence the accumulation of reactive
oxygen species (ROS), which function both as signaling molecules and
indicators of cellular stress [36,154]. Elevated ROS levels have been
reported in cucumber, thale cress, rice, and maize exposed to PBAT or
PLA MPs [135,154,158,159].

In parallel, malondialdehyde (MDA), a marker of lipid peroxidation
and membrane damage, increased in response to PBAT exposure in
several species [135,159]. Antioxidant enzyme responses are variable
and speciesdependent. Superoxide dismutase (SOD) activity often re-
mains unchanged, although increases have been observed at higher BMP
concentrations [100,160]. Peroxidase (POD) activity is generally stable
but increased in maize exposed to high PLA levels [108]. In contrast,
CAT activity declined in cucumber at elevated PLA concentrations,
suggesting partial disruption of oxidative defense systems [158].

Osmotic stress markers show less consistent responses. Proline

12

accumulation did not change significantly in some studies involving
PBAT- and PHB-based materials [92], whereas moderate increases were
reported under PBAT exposure in sunflower [36], suggesting that os-
motic stress responses vary with polymer type, exposure level, and plant
species. Overall, these physiological responses are most consistently
linked to BMP-induced changes in rhizosphere conditions and microbial
activity, rather than to direct interactions between plant tissues and
plastic particles.

5.4. Nutrient assimilation and metabolic constraints

Beyond growth and stress signaling, BMP exposure can interfere with
nutrient assimilation and metabolic balance. Reductions in leaf nitrogen
and carbon content were observed in maize exposed to PLA MPs, sug-
gesting impaired nutrient uptake or altered metabolic allocation [108].
Similar disruptions were reported in rice exposed to PBAT, accompanied
by reduced lignin content and increased oxidative stress [159].

Pelko et al. [36] likewise reported selective changes in mineral
nutrient profiles in sunflower, including altered manganese
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accumulation in roots under PBAT exposure, while most macronutrients
remained relatively stable. These findings suggest that BMPs influence
nutrient availability through changes in soil structure, sorption pro-
cesses, and microbial and enzymatic regulation of nutrient trans-
formations, resulting in variable nutrient responses rather than
uniformly negative effects on plant nutrition.

Current evidence suggests that plant responses to BMPs are driven
predominantly by indirect, rhizosphere-mediated pathways. By altering
soil structure, microbial community composition, and nutrient fluxes,
BMPs reshape the biological and physicochemical environment experi-
enced by plant roots. Direct phytotoxic effects cannot be excluded,
particularly at high concentrations or for small particles, but available
evidence indicates that they are usually secondary to rhizosphere-
mediated mechanisms. The relative importance of these pathways is
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likely to vary with polymer properties, exposure regime, and plant
species. Taken together, the diversity of reported responses highlights
the need to assess BMP effects within integrated soil-microbiome-plant
systems rather than through plant endpoints alone.

6. Synthesis, knowledge gaps, limitations of current evidence,
and future research perspectives

The increasing use of BPs as alternatives to conventional polymers
has shifted environmental concern from persistence alone to the con-
sequences of degradation within soil systems. Evidence reviewed here
shows that once BPs fragment into BMPs, they become active compo-
nents of the soil environment rather than transient residues. Their
presence influences soil structure, microbial habitats, and

Table 3
Impact of biodegradable microplastics (BMPs) on growth, physiological, and biochemical parameters of different plant species.
Polymer Exposure Plant species Exposure Effects on growth parameters Effects on Effect on biochemical Reference
type level (%, time physiological parameters
w/wW) (days) parameters
PBAT 0.01,0.1,1 Barley, Hordeum 14 Decrease of fresh shoot biomassat ~ No effect on N.A. [157]
vulgare 0.1% and 1% w/w, no effect on chlorophyll content
specific leaf area
PBAT 0.01,0.1,1 Lettuce, Lactuca 21 Decrease in root length at all Increased chlorophyll N.A. [157]
sativa concentrations; decrease in fresh content at 1%
biomass at 1% w/w, reduced
number of leaves at 0.01% and
0.1%, no effect on specific leaf
area
PBAT 0.05,0.5,1 Sunflower, 56 Reduced shoot and root biomass No effect on Decreased proline content at [36]
Helianthus annuus at 0.5% and 1.0% transpiration and 0.05% and 1.0%, different
photochemical changes in mineral
efficiency; no changes composition
on water capacity
PHB 4.5 Cherry tomato, 49 Slower shoot growth; 90% Decreased chlorophyll No changes in proline [92]
Lycopersicon decrease in shoot biomass content accumulation
esculentum cv.
cerasiforme
PBAT- 4.5 Cherry tomato, 49 Lower leaf canopy; 30% decrease ~ Decreased chlorophyll No changes in proline [92]
potato Lycopersicon in shoot biomass content accumulation
starch esculentum cv.
blend cerasiforme
PBAT- 4.5 Lettuce, Lactuca 35 70% decrease in shoot biomass Decreased chlorophyll No changes in proline [92]
potato sativa content accumulation
starch
blend
PBAT-PLA 4.5 Cherry tomato, 49 No effect No effect on No changes in proline [92]
blend Lycopersicon chlorophyll content accumulation
esculentum cv.
cerasiforme
PBAT-PLA 4.5 Lettuce, Lactuca 35 40% decrease in shoot biomass No effect on No changes in proline [92]
blend sativa chlorophyll content accumulation
PLA 0.02, 0.2, 2 Cucumber, 21 Decrease in dry root biomass at Decreased chlorophyll Increased ROS at 0.02% and [158]
Cucumis sativus 0.02% and 0.2%; decrease in content at 2% 0.2%; no effect on superoxide
shoot biomass at 2%; reduction of dismutase (SOD); no effect on
leaf area at 0.2% and 2%; peroxidase (POD); decrease
decreased width of the plant basal catalase (CAT) activity at 2%
stem at 0.2%
PBAT 0.25,0.5,1, Thale cress, 49 Decrease in dry shoot weight at N.A. Increased ROS; increased [135]
2 Arabidopsis 0.25%, 0.5% and 1%; reduction MDA, no effect on POD; no
thaliana of leaf area at 0.25%, 0.5% and effect on SOD
1%,; all plants died at 2.0%
PLA 0.1,1, 5,10 Maize, Zea mays 30 Decreased root and shoot biomass Decreased chlorophyll Decreased leaf C at 5% and [108]
at 1%, 5% and 10% content at 1%, 5% and 10%; decreased leaf N at 1%,
10% 5% and 10%; increased POD at
10%; no effect on SOD; no
effect on MDA
PBAT 1 Rice cv. 60 Decreased root and shoot dry Decreased chlorophyll Increased ROS; increased [159]
Ruanhuayou weight; decreased plant height content MDA,; decreased lignin content
1179
PBAT-PLA 0.1,1,10 Maize, Zea mays 30 Reduced leaf area at all Decreased chlorophyll Increased ROS at all [154]
blend concentrations, inhibitory effect content at all concentrations; SOD increased

on leaf growth

concentrations

at 10%

N.A. = no available data in the study
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biogeochemical processes in ways that depend strongly on polymer
properties, environmental conditions, and biological context. Compared
with CPs, BMP effects are more strongly linked to degradation-related
changes in surface chemistry, carbon release, microbial colonization,
and biofilm formation. These processes can stimulate or suppress mi-
crobial activity, alter nutrient transformations, and, under certain con-
ditions, create localized microenvironments that facilitate pathogen
persistence or genetic exchange. Plant responses therefore often emerge
indirectly through modified soil and rhizosphere conditions rather than
through direct effects alone.

Despite the rapid growth of this research field, important un-
certainties remain. Most available studies are short-term laboratory
experiments using pristine materials and simplified substrates, which
limits inference about the long-term ecological significance of aged
BMPs under realistic field conditions. A further limitation is the low
comparability among existing studies. Current studies vary substantially
in polymer type and formulation, particle size and shape, aging status,
exposure metrics, and measured endpoints. This heterogeneity also
limits the feasibility of formal meta-analysis across soil, microbial, and
plant-response endpoints, as many studies are not designed around
comparable controls, response variables, or reporting formats needed
for robust effect-size calculation. In addition, the literature remains
strongly biased toward a few polymers, particularly PLA and PBAT,
while many other biodegradable materials are still poorly studied.
Existing evidence also tends to report shifts in microbial diversity or
enzyme activity without consistently linking these responses to
ecosystem-level functions such as nutrient retention, disease suppres-
sion, greenhouse gas emissions, or long-term plant productivity.

Addressing these gaps will require long-term, field-relevant studies
using weathered materials, repeated exposure scenarios, and standard-
ized reporting of polymer chemistry, additive composition, particle
properties, aging status, soil characteristics, and exposure units. Such
standardization will be essential for improving comparability across
studies, supporting future quantitative synthesis, and distinguishing
polymer-specific effects from broader experimental noise. Future
research should also move beyond descriptive observations toward
stronger functional integration by directly linking plastisphere and
rhizosphere responses with measurable ecosystem processes, including
carbon, nitrogen, and phosphorus cycling, plant nutrient acquisition,
disease dynamics, and greenhouse-gas fluxes. Greater attention is also
needed for underrepresented polymers, the formation of NPs during
degradation, co-exposure with other stressors, and the role of BMPs in
pathogen persistence and horizontal gene transfer. Co-exposure sce-
narios, including the coexistence of BMPs with soil amendments such as
biochar, also require further attention because these interactions may
substantially modify SOM decomposition and carbon dynamics [161].

Overall, BPs should not be assumed to represent a uniformly low-risk
alternative in soil environments. Their ecological significance depends
on how material design, degradation behavior, environmental condi-
tions, and soil biological processes interact over time. Assessing these
risks will require integrated, environmentally realistic approaches that
treat BMPs as active components of soil-microbe-plant systems rather
than as transient by-products of degradation.

Environmental implication

Biodegradable microplastics (BMPs) are increasingly promoted as
safer alternatives to conventional plastics, yet evidence remains frag-
mented across soil physicochemical, microbial, and plant-focused
studies, potentially underestimating environmental risks. By inte-
grating these perspectives, this review shows that BMPs act as system-
level modifiers of soil-microbe-plant interactions. They reshape soil
microhabitats, redirect microbial processes involved in carbon and
nutrient cycling, and alter rhizosphere function, ultimately affecting
plant performance. This synthesis reframes biodegradability from a
descriptor of persistence to a functionally defined hazard and highlights
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key pathways by which BMPs may affect soil ecosystem services, while
identifying critical gaps in field-relevant, long-term risk assessment.
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