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Abstract: Microplastics contribute to various environmental issues and serve as carriers for a wide
range of toxic compounds such as pesticides, pharmaceuticals, and metal ions. Consequently, there is
a gradual shift towards replacing them with biodegradable plastics (bioplastics). However, biodegrad-
able plastics require specific conditions for complete biodegradation, and their biodeterioration often
leads to the rapid production of smaller fragments, known as microbioplastics. In this review, we
summarize selected issues related to the impact of plastic particles on soil properties and the soil
microbiome. Findings from numerous studies indicate that both microplastics and microbioplastics
induce adverse changes in soil microbiology, potentially increasing the abundance of soil-borne
pathogens. Based on these observations, we argue that plastic particles could serve as carriers for
colonies of soil-borne pathogens. Furthermore, the use of bioplastics may exacerbate this issue due to
their easier and faster formation, increased support for biofilms, and more pronounced adverse effects
on soil biota. However, further research is necessary to either substantiate or refute this perspective.

Keywords: microplastics; biodegradation; bioplastics; vectors; pathogen; soil

1. Introduction

Microplastics (MPs) are particulate plastic debris, varying in shape, with dimensions
ranging from 0.1 to 5000 µm, according to general agreement [1]. These particles signif-
icantly contaminate environmental compartments such as the atmosphere, pedosphere,
hydrosphere, and biosphere, leading to numerous interactions within and across them.

The chemical compositions and shapes of these particles are crucial for their transport
and sedimentation processes, as well as their interactions with living and non-living
systems. Various types of adsorbed contaminants can be transported over relatively large
distances along with MPs, especially substances of organic nature, including persistent
organic pollutants, pesticides, and pharmaceuticals such as antibiotics and endocrine
disruptors. Some of these substances that are bound to MPs tend to accumulate and
manifest their toxicity in living systems at different trophic levels of the food chain. It is
currently not possible to precisely estimate the overall environmental impact of these small
particles in specific environments and at the global scale [2].

Biodegradable bio-based plastics (referred to as bioplastics in this text) are presented
as greener alternatives to oil-derived plastics to address environmental concerns associated
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with conventional plastics, which are typically non-degradable and persist in the environ-
ment. Biodegradable plastics are a class of materials designed to decompose naturally in
the environment through the action of living organisms, typically microbes [2]. These plas-
tics are made from renewable raw materials and sometimes include petrochemicals with
additives that improve their properties and modify biodegradability [3]. The chemistry be-
hind biodegradable plastics is focused on ensuring that these materials break down under
natural conditions, such as in soil or water, without leaving residues. The biodegradation
of these plastics generally involves formation of biofilms on the surface, enzymatic scission
of polymer chains, and assimilation of produced fragments. The products typically involve
water, carbon dioxide (CO2), under aerobic conditions, and CO2 and methane (CH4) under
anaerobic conditions, and microbial biomass [3]. As bioplastics (also plastics, to a lesser
extent) degrade, they release various low molecular weight organic compounds, which
some microorganisms can utilize as a source of energy and carbon [4].

Biodegradable plastics currently include a specific group of polymeric substances such
as polybutylene adipate terephthalate (PBAT); polybutylene succinate (PBS); polylactic acid
(PLA); polyhydroxyalkanoates (PHA), mostly polyhydroxybutyrates (PHB) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV); and many similar substances.

Bioplastics are mainly promoted in biomedical applications [5,6], packaging [7–9],
and cosmetics [10], but they are also gradually coming to be used in agricultural appli-
cations, such as coatings of fertilisers [11], carriers of biologically active compounds and
biodegradable plastic mulches (BDMs) [12]. It is assumed that they will cause lower plastic
infestation and will have lower ecological impacts on soil health [13]. However, in some
cases, BDMs have been shown to affect soil organisms and plant growth more than syn-
thetic plastics [12]. As demonstrated under laboratory and greenhouse conditions, the
presence of PHB BDMs increased the activity of soil microorganisms, which had a negative
impact on plant growth [14] and induced the priming effect [15]. Nevertheless, the overall
environmental impacts of these materials on soil health are still not well understood [12].

Depending on the actual conditions (mainly temperature, moisture content, pH, type
and abundance of degrading microorganisms), bioplastics may degrade imperfectly, and
the biodegradation itself may be slower than anticipated and/or incomplete under actual
environmental conditions. As a result, the degradation of bioplastics can lead to the
formation of fragments of microscopic size [13,16–18], and environmental compartments
could be exposed to a new type or subgroup of MPs that can be called microbioplastics
(MBPs) (see Figure 1). So far, the scientific community has not paid enough attention to the
impact of those particles on the environment.
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(i) Do conventional microplastics and biodegradable microplastics have adverse effects
on soil properties?

(ii) Could conventional and biodegradable microplastics pose a threat to agricultural
crops by promoting the proliferation of soil pathogens?

(iii) Could conventional and biodegradable microplastics serve as potential carriers of
pathogens? If so, which types of microplastics are more concerning in this regard?

To answer those questions, we summarise the current understanding of the impact
of microplastics and microbioplastics on soil properties, sorption and transport of various
chemicals, as well as their effects on the soil microbiome and soil metabolism.

As previously noted, the awareness regarding MBPs is still limited; therefore, some of
our arguments for BDMs are extrapolated from the behaviour of non-biodegradable MPs.
In the review, we also draw attention to the missing information that could potentially
explain these unknowns. For research purposes, the findings and references to them that
are covered in this review have also been summarised into six tables, which are, due to
their extension, attached as supporting material.

2. Methods

This review was designed in several steps to ensure that the search is comprehensive
and unbiased and that the hypotheses are justified and clarified. The steps included the
following tasks [19]: (1) Definition of objectives and research questions. We specified the
objectives of the review, formulated specific research questions that the review aims to
answer, such as ‘How do microplastics and microbioplastics influence soil properties and
the activity and spread of soil pathogens?’ (2) Definition of eligibility criteria and inclusion
and exclusion criteria for studies to be considered. Criteria included study type (research
papers and reviews), relevance to microplastics and soil pathogens, language (we only
included studies published in English), and availability of full text. Date range was not a
main factor, although the newest studies on the same subject were selected preferentially.
(3) Selection of information sources that included identification of databases and search
engines. We identified key databases and search engines; primarily, PubMed and Web of
Science were used: PubMed, as it is a free database primarily focusing on medicine and
healthcare and includes over 30 million citations for biomedical literature from MEDLINE,
life science journals, and online books; and Web of Science, as it is a multidisciplinary
database covering thousands of scholarly journals across numerous disciplines. Gray
literature (like conference papers, thesis, and reports) was excluded. (4) Search strategy
definition using relevant keywords and Boolean operators. In particular, for individual
chapters and respective tables we used following combination of keywords: Table S1: mi-
croplast* AND soil* AND (struct* OR aggreg*); Table S2: microplast* AND soil* AND pH*;
Table S3: microplast* AND soil* AND (heavy metal* OR metal*); Table S4: microplast* AND
soil* AND (pesticid* OR antibioti* OR pharmac* OR (organic* AND pollutant*)); Table S5:
microplast* AND soil* AND (microb* OR pathog*); Table S6: microplast* AND soil* AND
transport*. Also, the abbreviations and complete names of the polymers were searched
together with the terms ‘microplast*. Search strings were adapted to each database’s syntax
and capabilities. (5) Definition of study selection and data extraction. Initial screening was
based on titles and abstracts to exclude irrelevant studies. Based on the selection, the full
text of selected studies was checked against inclusion criteria. For example, after searching
for microplast* AND soil* AND (struct* OR aggreg*) PubMed provided approximately
500 studies, but from these studies, based on the indicators in the table (the column titles in
Table S1), we selected only those studies that were most relevant to the specific subtopic.
This process significantly narrowed down the large number of studies. Then, based on
the selection from the table and the information from the selected studies in the table, the
chapter was written. The same procedure was used for each subsection and for each Table.
Data were synthesized by qualitative synthesis; i.e., they were presented thematically.
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3. Occurrence of Microplastics in Soils

Microplastics are increasingly being detected in terrestrial environments, including
soils. The sources, prevalence, and implications of microplastics in soils are areas of active
research. The typical abundance of microplastics in soil varies widely depending on factors
such as land use, the source of microplastics, and regional practices. Studies have reported
a range of concentrations from a few hundred to thousands of microplastic particles per
kilogram of soil [20].

The use of plastic mulch films in agriculture is a significant source of microplastics.
Over time, these films degrade into smaller particles that become incorporated into the
soil. The application of biosolids (treated sewage sludge) and composts as fertilizers can
also introduce microplastics into agricultural soils. These amendments often contain mi-
croplastic particles derived from wastewater and organic waste processing. Also, irrigation
with water from sources contaminated with microplastics, such as rivers and lakes, can
introduce these particles into agricultural soils [20]. Therefore, agricultural soils often
contain higher concentrations compared to natural soils. However, the data are still sparse
and not uniformly collected, making it challenging to provide a precise global average. For
instance, data range from hundreds [21] to tens of thousands of particles per kilogram [22].
The most frequent shapes are fibres (from synthetic textiles), followed by fragments and
then films (mulching) [23]. It is estimated that their concentrations could be 4–23 times
higher in terrestrial compared to aquatic ecosystems [23]. Among the most prevalent poly-
mers detected in agricultural soils are polypropylene (PP) and polyethylene (PE), while in
industrial soils, polyvinyl chloride (PVC) is more common. These polymers are common in
plastic films used in agricultural practices, such as mulching, which contribute significantly
to microplastic pollution when they degrade or are mechanically broken down.

The typical abundance of microplastics from biodegradable plastics in soil is not
well documented, partly due to the complexity and variability of soil environments, the
relatively recent focus on these materials [2], and the lack of analytical techniques for their
detection [2]. However, biodegradable plastics, such as polyhydroxyalkanoates (PHAs),
polylactic acid (PLA), polybutylene succinate (PBS), and polybutylene adipate terephthalate
(PBAT) starches and their blends are increasingly used in applications such as mulch films
in agriculture, which will lead to their presence as microplastics in soils [24]. The fate
and biodegradation of most typical bioplastics in soil is extensively reviewed in work of
Qin et al. [24].

4. Impact of Plastic Particles on Soil Properties

Plastic particles, including microplastics and nanoplastics, have become pervasive
in terrestrial environments, leading to significant concerns regarding their impact on soil
properties. Recent reviews have highlighted the impact of microplastics (MPs) on soil
properties, showing that plastic particles affect a wide range of soil physical, chemical, and
microbiological properties, as well as microbial communities and ecological functions [25].
Therefore, our study will primarily focus on selected parameters such as soil aggregation,
pH, and microbiology, which are crucial essential for substantiating the conclusions of
this review.

Soil aggregate formation, which is directly related to the rate of surface water infil-
tration and the availability of organic material in the soil, serves as a key indicator of soil
quality and fertility [26]. Generally, the presence of MPs disrupts soil aggregates, poten-
tially affecting the soil water regime and soil aeration [27,28]. Additionally, the content of
soil organic matter may be influenced, or disturbances may occur in the soil microbiome
structure, subsequently impacting soil metabolism [29]. Consequently, these structural
changes may lead to gradual erosion of the soil matrix and induce permanent shifts in soil
microbiology [28,29].

Currently, there is no consistent evaluation on whether and how MPs affect soil
aggregate sizes and formation (see Figure 2). Numerous studies (as shown in Table S1,
SI) indicate that the presence of MPs tends to increase formation of soil micro-aggregates
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(250–263 µm) at the expense of macro-aggregates (>2000 µm) [25,29–32]. This phenomenon
could be due to MPs bound to micro-aggregates interfering with the formation of soil
macro-aggregates, likely because of the MPs’ hydrophobic nature and their interaction
with soil organic matter via van der Waals forces [30]. Conversely, plastic microfibres have
been reported to promote the formation of soil macro-aggregates by acting as mechanical
crosslinkers, causing smaller aggregates to clump together [28,33–35]. However, according
to the literature (as shown in Table S1, SI), the effects of MPs on soil aggregate sizes and
stability do not consistently correlate with changes in soil bulk density. In other words,
this indicates that alterations in soil compaction or porosity may not always align with the
impact of MPs on aggregate sizes [36], implicating MPs as potential carriers within the
soil [37–39].
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The influence of MPs extends beyond soil structure, affecting aspects such as pH,
soil metabolism, nutrient cycling, and the distribution and bioavailability of chemical
contaminants. Overall, the studies presented in Table S2 (SI) do not reveal a consistent
trend regarding the impact of MPs on soil pH (see Figure 3), which varies depending on
various factors. These include differences in the chemical composition of the MPs [40,41],
the concentration, shapes and sizes of the MP particles [42], their aging and weathering, and
the functional groups on their surfaces [43], among other variable soil parameters [44,45].
The majority of the studies in Table S2 (SI) reported a decrease in soil pH due to the presence
of various MPs [29,36,42,46–53], while a few reported an increase [50,54]. However, some
studies showed biased results concerning MPs’ effects on soil pH based on their chemical
composition or concentrations [25,40,41,44,45,55]. The scientific literature suggests that
the decrease in soil pH due to the presence of MPs is associated with the release of acidic
substances during the degradation process in the soil [51,52], the increase in the soil
aggregate size, soil porosity and aeration [42] and the increase in soil cation exchange [43].
Conversely, an increase in soil pH might be associated with the adsorption of metal cations
by MPs, potentially creating a more alkaline environment, and to the increase in soil
aeration and the changes in soil biota that promote NH4

+ formation. The change in soil
biota may also result from components leached from the MPs [56,57].



Appl. Sci. 2024, 14, 4643 6 of 19

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 21 
 

aeration and the changes in soil biota that promote NH4+ formation. The change in soil 
biota may also result from components leached from the MPs [56,57]. 

Overall, the change in soil pH in response to MPs is reported to be associated with 
the interaction and alteration of soil microbial activity and soil biota [51,52,54,58] as well 
as the interactions with soil components such as organic maĴer and microbial exudates 
[47]. Additionally, this variable is dependent on the chemical origins of the MPs and over-
all soil properties [40,59,60]. Changes in soil pH can influence the surface charge of both 
MPs and soil particles, thereby affecting their interaction and adsorption behaviour 
[61,62]. This, in turn, could impact the mobility of the MPs and the soil sorption mecha-
nisms of metal ions and organic pollutants of the MPs, thus influencing the distribution 
of various toxic pollutants and metal ions by implicating MPs particles as their potential 
carriers in the soil [37–39]. 

 
Figure 3. Summary of 43 studies from Table S2 (SI),related to changes of soil pH by microplastics. 
A: pH has decreased. B: pH change is inconclusive. C: pH has increased. {}: not mentioned. 

4.1. Interaction of Plastic Particles with Soil Contaminants 
Plastic particles can significantly interact with various soil contaminants, influencing 

their behaviour, mobility, and bioavailability. Understanding these interactions is crucial 
for assessing the environmental risks associated with plastic pollution in soils. Plastics 
often contain additives like phthalates, bisphenols, and flame retardants, which can leach 
into the soil and interact with other contaminants, potentially exacerbating their effects. 
However, these effects are not discussed in this review. The influence of MPs on the ad-
sorption process and the potential distribution of metal ions has been widely discussed in 
scientific studies, as outlined in Table S3 (SI). However, only a few studies [46,63] have 
considered pH as a factor influencing metal absorption by MP particles. The adsorption 
processes of metal ions on MPs are positively correlated with the degradation state and 
morphology of their surfaces, surface areas, and surface chemical functional groups, pri-
marily represented by charged, polar, or oxygen-containing functional groups [56,63–68]. 
Li et al. [69] observed that bioplastics generally exhibit a higher adsorption capacity for 
metal ions compared to conventional plastics, likely due to changes in surface properties 
during degradation. 

Organic substances such as pesticides, pharmaceuticals, or flame retardants, which 
are ubiquitous environmental contaminants, can potentially be adsorbed by MP particles. 
Thus, MPs can act as vectors, contributing to the environmental distribution and potential 
bioavailability of these organic contaminants to various organisms, including humans 
[70]. The sorption of organic molecules to MPs is predominantly influenced by hydropho-
bic partitioning and hydrophobic interactions, although this does not uniformly apply to 
all interactions of organic contaminants with MPs and depends on various factors (as 
listed in Table S4, SI). Potential binding mechanisms of organic contaminants on MP 

Figure 3. Summary of 43 studies from Table S2 (SI), related to changes of soil pH by microplastics.
A: pH has decreased. B: pH change is inconclusive. C: pH has increased. {}: not mentioned.

Overall, the change in soil pH in response to MPs is reported to be associated with
the interaction and alteration of soil microbial activity and soil biota [51,52,54,58] as well as
the interactions with soil components such as organic matter and microbial exudates [47].
Additionally, this variable is dependent on the chemical origins of the MPs and overall soil
properties [40,59,60]. Changes in soil pH can influence the surface charge of both MPs and
soil particles, thereby affecting their interaction and adsorption behaviour [61,62]. This,
in turn, could impact the mobility of the MPs and the soil sorption mechanisms of metal
ions and organic pollutants of the MPs, thus influencing the distribution of various toxic
pollutants and metal ions by implicating MPs particles as their potential carriers in the
soil [37–39].

4.1. Interaction of Plastic Particles with Soil Contaminants

Plastic particles can significantly interact with various soil contaminants, influencing
their behaviour, mobility, and bioavailability. Understanding these interactions is crucial for
assessing the environmental risks associated with plastic pollution in soils. Plastics often
contain additives like phthalates, bisphenols, and flame retardants, which can leach into the
soil and interact with other contaminants, potentially exacerbating their effects. However,
these effects are not discussed in this review. The influence of MPs on the adsorption
process and the potential distribution of metal ions has been widely discussed in scientific
studies, as outlined in Table S3 (SI). However, only a few studies [46,63] have considered
pH as a factor influencing metal absorption by MP particles. The adsorption processes of
metal ions on MPs are positively correlated with the degradation state and morphology of
their surfaces, surface areas, and surface chemical functional groups, primarily represented
by charged, polar, or oxygen-containing functional groups [56,63–68]. Li et al. [69] observed
that bioplastics generally exhibit a higher adsorption capacity for metal ions compared to
conventional plastics, likely due to changes in surface properties during degradation.

Organic substances such as pesticides, pharmaceuticals, or flame retardants, which
are ubiquitous environmental contaminants, can potentially be adsorbed by MP particles.
Thus, MPs can act as vectors, contributing to the environmental distribution and potential
bioavailability of these organic contaminants to various organisms, including humans [70].
The sorption of organic molecules to MPs is predominantly influenced by hydrophobic
partitioning and hydrophobic interactions, although this does not uniformly apply to all
interactions of organic contaminants with MPs and depends on various factors (as listed
in Table S4, SI). Potential binding mechanisms of organic contaminants on MP surfaces
include interactions such as π–π conjugation [57,71], polar interactions such as hydrogen
bonding [57,72], and various electrostatic interactions [68] via polar functional groups
such as COOH, NH2 and -SO3H [72]. Tourinho et al. [60] suggest that the sorption of
organic pollutants to MPs is more influenced by electrostatic interactions at a pH below
6, while at pH 6 and above, hydrophobic forces may be more dominant [73–76]. Other



Appl. Sci. 2024, 14, 4643 7 of 19

factors that may contribute to the adsorption of organic molecules on MPs are surface
morphological features, such as cracks and surface roughness, polymer crystallinity, and
particle density [77].

The aging process clearly contributes to the sorption of organic substances on MPs,
as indicated by several studies [37,75,78]. This suggests that hydrophobic particle forma-
tion and hydrophobic interactions might be more significant for the sorption of organic
molecules on MP particles, while particle roughness seems to contribute more to metal ion
adsorption. However, further investigation is needed to validate these hypotheses.

In terms of the aging process of MP particles, both conventional MPs and MBPs
undergo aging processes [38]. The adsorption capacity of aged MPs is generally higher
compared to pristine MPs, and the presence of oxygen-containing functional groups on
aged MPs can increase the adsorption affinity for hydrophilic organic pollutants, including
some antibiotics [38]. MBPs may exhibit a higher affinity for hydrophilic compounds and
show different sorption capacities compared to conventional MPs. Additionally, MBPs
may undergo more significant changes in the aging process due to their faster degradation
rates [38]. These suggestions are based on the differences in crystallinity, specific surface
area, and surface structure between MPs and MBPs, although more research is needed to
support this finding [38].

Chemical contaminants and pathogens, when adhered to MPs, can be transported
along with them, potentially leading to contamination of new environments. Only a
limited number of studies have investigated the transport of contaminants associated with
microplastics directly in soil; some authors involve simulations conducted under conditions
that mimic porous media [47]. Experimentally, MPs of LDPE have been shown to increase
the mobility of glyphosate in soils containing microplastics (MP) [78], MPs of PE to enhance
the mobility of atrazine and 4-(2,4-dichlorophenoxy) butyric acid [78], and MPs of PE, PET,
PP, PS, PU, PES, and biodegradable PLA to improve the bioavailability of Cu, Pb, Cd, Fe,
and Mn [79]. However, this effect appears to be compound-specific, as in the latter case,
the PA MPs had no impact on the bioavailability of metal ions.

However, Gateuille and Naffrechoux noted that due to the limited amount of adsorbed
contaminants, MPs as a source of exogenous molecules are negligible compared to en-
dogenous chemicals that are part of plastic composition (i.e., additives such as phthalates,
biocides, etc.). Additionally, Castan et al. [79] evaluated the diffusion and partitioning coef-
ficients of agrochemicals on tire and PE MPs and found that the contaminants’ desorption
was too rapid, implying that MPs are unlikely to facilitate the transport of contaminants in
soil unless under conditions with log Kow > 5 and preferential flow.

The transport properties of biodegradable MPs have been less frequently studied,
as this is a relatively new area of research. MBPs generally contain more polar binding
groups; hence, in these materials, polar interactions such as hydrogen bonding, charge–
charge, and electron donor–acceptor (EDA) interactions play a more dominant role [80].
Although the overall interaction of polar microplastics with environmental constituents
has not been extensively studied, existing research indicates that polar microplastics ex-
hibit a higher sorption rate of metals and some organic pollutants compared to their
non-polar counterparts. Additionally, the transport processes will be significantly affected
by MP aging, which increases the surface hydrophilicity [81], thereby affecting combined
MP/contaminant transport dynamics within soil profile [82]. In conclusion, the interac-
tion of plastic particles with soil contaminants is complex and multifaceted, involving
adsorption, transport, and potential changes in contaminant bioavailability and toxicity.

4.2. Impact of Plastic Particles on the Soil Microbiome and Implication for Soil Metabolism

When MPs enter the soil ecosystem, they can negatively impact the soil’s microbiome.
This disruption can lead to detrimental changes in soil metabolism and an increase in soil
pathogens [83], significantly affecting agricultural crop production. Therefore, the impact of
MPs on soil should not be underestimated. Table S5 (SI) offers a comprehensive summary
of the current knowledge on this topic. The interaction between MPs and soil microbiota
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is complex, influenced by numerous factors. First, factors such as soil structure, pH, and
the presence of metal ions and organic chemicals significantly affect the development
of microbial biofilms on MP surfaces [84]. Second, the type, shape, and size of plastic
particles play crucial roles in biofilm formation [85]. Research shows [86–90] that MPs of
different chemical composition origins create habitats for various microorganisms. The
properties of these polymers, including surface roughness, free energy, specific surface
area, hydrophobicity, and bioavailability influence the differentiation among microbial
communities associated with different polymer types [91,92]. This effect is a form of
chemotaxis [93].

Studies summarized in Table S5 (SI) indicate that the morphology of microorganisms
and their microcolonies on MP surfaces differ from those in bulk soil. The difference
arises from the unique properties of MPs, particularly their hydrophobicity [77,94], which
creates distinct habitats for specific bacterial and fungal species [95]. Additionally, MPs
can act as a physical barrier, limiting the movement and dispersal of soil microorganisms.
They can also change the availability and distribution of nutrients in the soil [96–98].
Consequently, MPs in soil can lead to alterations in the soil microbiome composition by
modifying the soil microclimate and creating new ecological niches [3,98,99]. While current
data do not precisely describe how MPs impact the soil microbiome and subsequently affect
broader properties like soil fertility (Table S5, SI), three related factors must be considered
in understanding soil microbiome changes due to MP contamination (see Figure 4).
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The first factor concerns the destabilization of the soil microbiome structure, leading to
imbalances in soil metabolic pathways. Studies suggest that MPs’ presence tends to reduce
the alpha diversity of bacteria and fungi in specific areas of soil while increasing the beta
diversity [88,91,96,100]. This indicates that while MPs reduce the diversity of bacterial and
fungal genera in their immediate vicinity, they do not significantly affect the microbiome in
areas without MPs. This supports the idea that MPs create distinct ecological niches with
different microbiome structures compared to the surrounding soil, possibly enabling new
species to colonize the soil matrix.

The concept of the ‘plastisphere’, microbial communities that form biofilms on MPs’
surface, is a prominent topic in environmental research. It is believed that the plastisphere
alters soil metabolism by changing the microbiome structure and composition [96,101,102],
leading to significant metabolic differences compared to unaffected soil, impacting nutrient
availability, cycling, and microbial activity [102]. Hu et al. [77] reported that the plastisphere
can influence soil metabolism by changing the microbiome structure and composition,
resulting in significant differences in metabolic pathways and functions compared to the
surrounding soil that can lead to changes in nutrient availability, nutrient cycling and
microbial activity in the soil. Furthermore, plastisphere bacteria may more significantly
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influence nutrient cycling processes, while plastisphere fungi may play a greater role
in organic matter decomposition and nutrient release [77]. This suggests a reason why
the degradation of biodegradable polyesters like PHB and PBAT is primarily fungal-
driven, whereas conventional MPs like polyethylene (PE) more significantly impact soil
bacterial biomass [90]. Therefore, it can be hypothesised that the impact of MPs on fungal
communities, especially with bioplastic contamination, could be more pronounced than on
bacterial communities.

While there is no conclusive evidence that micro-bioplastics (MBPs) disrupt the soil
microbiome structure more than conventional MPs, some studies suggest that MBPs
could have a stronger impact [101,103]. For instance, Hu et al. [101] observed that MBPs
(PBAT/PLA) might promote beneficial microbial taxa, as opposed to conventional MPs like
PE, which could foster more harmful taxa. The question of whether MPs or MBPs have a
more severe effect on the soil microbiome remains open to further research. Similarly, some
studies [77,92,103] point out that MPs impact soil enzyme activity related to nitrogen fixa-
tion, potentially decreasing soil nitrogen bioavailability and causing nutrient imbalances.
The effect of MBPs on soil metabolism, particularly in relation to nitrogen fixation, appears
to be more significant than that of conventional MPs, but more research is needed to draw
definite conclusions [77,92,103].

The second factor is the impact of MPs on soil mycobiome and microbiome relates to
the increase in antibiotic resistance genes (ARGs), metal resistance genes (MRGs), and viru-
lence factors (VFs) in soil. ARGs contribute to the emergence of antibiotic-resistant bacteria,
MRGs facilitate the spread of metal-resistant bacteria, and VFs are molecules produced
by bacteria, enabling them to cause disease [89]. Previous research indicates [47,89,93]
that MPs can act as reservoirs for ARGs and MRGs in the soil microbiome, significantly
elevating the abundance and co-selection of these genes. MPs combined with organic and
metal pollutants, such as tetracycline or copper, can intensify this effect. Song et al. [89]
found that MBPs composed of PBS notably increased ARGs and VFs, whereas conventional
MPs had minimal impact. These findings imply that MPs could heighten the risk of spread-
ing multi-resistant bacterial species, including pathogenic variants harmful to soil health.
Notably, MBPs might pose a greater risk in this context than conventional MPs.

The third factor to consider is the potential of MPs to create natural habitats that
foster the proliferation of pathogenic bacteria and fungi in the soil matrix. Various
studies [102,104–109] have linked the presence or increase of soil pathogens to MP contami-
nation. For example, Qi et al. [107] observed that plastispheres of LDPE and biodegradable
mulch films (starch-based) tend to support higher abundances of certain bacterial phyla
(Actinobacteria, Bacteroidetes, and Proteobacteria) and fungal genera (Rhizoctonia and
Arthrobotrys), which include facultative plant pathogens. Notable pathogenic species
associated with MPs in soil are fungi like Fusarium oxysporum, Corynespora cossicola and
Myrothecium roridum [102,110], and the plant pathogenic bacteria are listed as Acinetobacter
johnsonii and Escherichia coli [109]. Moreover, studies have mentioned viruses adhering
to various MP types [111]. One study recovered infectious virus particles from biofilms
on MPs, noting their enhanced survival compared to those in water [112]. Addition-
ally, irradiation-induced aging of MPs was found to increase the adsorption capacity of
viruses on their surfaces [113]. Given current global health threats, the potential role of
MPs in transmitting diseases like SARS-CoV-2 through the ecosystem warrants significant
research attention.

Xiang et al. [114] highlighted differences between conventional and biodegradable
MPs in their interactions with pathogenic microorganisms. Conventional MPs can persist
in the environment for extended periods, providing a continual substrate for pathogen
growth. In contrast, biodegradable MPs, due to their faster degradation rate, may limit the
long-term availability of such substrates. However, as indicated above, the degradation
of bioplastics in soil can take several years [89,115], potentially supporting pathogen
proliferation. Karamanlioglu and Robson [116] found that PLA materials incubated at
25 ◦C and 37 ◦C in compost, soil and sterile water did not significantly degrade over a
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year. Only at higher temperatures, like 45 ◦C, did PLA completely degraded in soil within
63 days. In conclusion, the potential impact of bioplastics on the soil microbiome might be
more significant than conventional MPs. Their propensity to host more fungal structures
could pose a risk for the proliferation and spread of pathogenic fungi. In conclusion, plastic
particles in soil significantly impact the soil microbiome and soil metabolism, leading to
changes in microbial diversity, function, and overall soil health.

4.3. Microplastic Tranport Pathways in Soil System

Microplastics can move through soil systems via various transport pathways; their
transport within the soil matrix is influenced by a variety of factors, including soil aggrega-
tion, the shape and size of the MPs, interactions with soil organisms, and environmental
conditions [117–119], as detailed in studies listed in Table S6 (SI).

Bioturbation plays a pivotal role in both initiating and facilitating the vertical and
horizontal movement of MPs within soil systems [120–123]. Soil organisms, notably earth-
worms, are instrumental in this process. By creating burrows and tunnels, earthworms
provide channels that enable MPs to migrate vertically and horizontally, potentially reach-
ing deeper soil layers [120,121]. Other organisms, such as collembolans, mites, insects,
plants, and small animals, also contribute to the transport of MPs. Their ability to ingest
and excrete MPs facilitates their movement from shallower to deeper soil layers [121],
especially in the case of low-density MPs. These particles can penetrate soil pores, and
their movement is further amplified by bioturbation activities like plant root growth and
earthworm burrowing [120].

Abiotic factors play a significant role in the vertical transport of MPs in soil, primarily
through soil water infiltration and the formation of soil cracks [120]. The movement of
soil water can cause MPs to migrate vertically into deeper layers, following paths like
macropores and cracks, alongside plant roots and through earthworm burrows [121].

In contrast, the predominant factor in the horizontal transport of MPs, particularly in
soil or sand, is wind erosion [117]. Wind-driven processes, such as saltation and suspension,
are crucial for the horizontal dispersal of MPs in the atmosphere [117]. However, it is worth
noting that soil organisms like collembolans, mites, and other insects also contribute to the
horizontal movement of MPs within the soil matrix [120,122,124].

The transportation mechanisms of conventional and biodegradable MPs might differ.
Conventional MPs, known for their longevity in the environment, can be transported
through various means. Their movement is influenced by factors such as shape and size, soil
porosity and permeability, chemical and physical interactions with soil, biofilm formation,
environmental conditions including physico-chemical properties of the pore water such
as ionic strength, pH, types of dissolved cations, and flow rate [82]. Biodegradable MPs
may exhibit distinct behaviours due to their faster degradation (chemical aging and UV
irradiation [122]) and stronger interactions with soil particles or microorganisms [123]. In
particular, surface hydrophobicity of MP particles is a critical factor. The faster aging of
MBPs leads to an abundance of oxygen-containing groups, resulting in the reduction of
the zeta potential and increase in the hydrophilicity. This reduces their interaction with
soil particles, thereby enhancing their mobility in soil profile [125], potentially leading to
contamination of ground or surface waters [126]. Conversely, lower wettability makes MPs
more susceptible to interactions with soil particles, reducing their mobility and enhancing
their retention in the soil. This MP-induced hetero-aggregation largely depends on the
characteristics of the MPs, the soil organic matter content, and biofilm formation [127]. As a
result, hydrophobic (or less aged) particles are less prone to vertical movement by water or
bioturbation [128] and are more likely to be transported horizontally by wind erosion [129].

Experimental studies comparing transport of biodegradable and nondegradable plas-
tics are still rare. Recently, Fei et al. reported a comparative study in which demonstrated
that biodegradable PLA was easier to transport in soil than PVC [126]. The UV-aging of
the microplastics increased their mobility. The authors also concluded that increasing pH
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and flow rate facilitated the transport of MPs, whereas increasing ionic strength and cation
valence decreased their mobility.

5. Discussion: Can Microplastics and Microbioplastics Act as Vectors of Pathogens?

After reviewing current literature, the main findings relevant to our topic can be
summarized as follows:

• Microplastics (MPs) in soil undergo complex transformation processes that enhance
their interaction with soil constituents. Microbial bioplastics (MBPs) are particularly
prone to these processes.

• MPs can adsorb contaminants such as metal ions and organic pollutants from the soil,
acting as vectors for these substances. MBPs are more effective at adsorbing polar
compounds/particles, and aging increases this capability for both MPs and MBPs.

• The mobility of MBPs within the soil matrix is higher than that of MPs, likely because
MBPs are more polar and less likely to be trapped within the soil structure.

• MPs create environments favorable for the growth of pathogenic bacteria and fungi.
MBPs are especially susceptible to microbial biofilm formation over a shorter time-
frame. Additionally, MPs negatively impact the soil microbiome by increasing the
prevalence of antibiotic-resistant genes and virulence factors, with more pronounced
effects observed in MBPs.

• While not conclusively proven, current theories suggest that microplastic particles
may serve as carriers of pathogenic microorganisms, with bioplastics potentially being
more effective carriers when not inhibited by interactions with bulk soil.

The introduction of biodegradable plastics as an alternative to conventional plas-
tics aims to balance the benefits of plastic use, such as durability, flexibility, and cost-
effectiveness, with the need to protect the environment and reduce the ecological footprint
of human activities. However, this effort requires robust data support to prevent future
problems. Currently, biodegradable plastics represent one potential solution to mitigate
plastic pollution and the persistence of resistant plastics in environmental compartments.
Yet, as this work shows, an increasing number of studies on the interactions between soil
and other environmental compartments with bioplastics indicate emerging issues, such as
nutrient imbalances [14], shifts in microbial communities [25], and a priming effect [15],
which appear to intensify with the rate of bioplastics’ biodegradation. This work aimed
to draw public attention to other potential threats, such as the support and spread of
pathogenic organisms within and beyond the soil matrix by MPs and MBPs.

The increasing frequency and severity of pathogen-induced plant disease outbreaks
pose substantial threats to primary productivity, global food security, and biodiversity.
These outbreaks lead to significant crop yield losses, estimated to cost around 220 billion
USD annually, impacting food security, regional economic stability, and related socio-
economic factors [130].

In untouched soils, the spread of pathogenic microorganisms is facilitated by several
factors and vectors, among the most important belong water, rainfall, and runoff that can
mobilize pathogens, leaching them deeper into the soil and affecting groundwater quality
or spreading them across landscapes, into surface water bodies [131]. The second factor
is wind [130], which can carry soil particles along with attached microorganisms over
various distances, depending on the wind speed and soil particle size. This is particularly
significant in arid and semi-arid regions where wind erosion is prevalent. The third factor is
animals, which can spread soil pathogens through their movement and excreta and during
soil disturbance [132]. Earthworms, insects, birds, and mammals can transport pathogens
on their bodies or internally and deposit them in new locations.

Anthropogenic activities have increased the natural spread of pathogens. Agricultural
practices, like irrigation, digging, the use of contaminated machinery, tools, and footwear,
can mechanically spread pathogens from one field to another. Furthermore, the transporta-
tion and application of contaminated manure, compost, or soil amendments can introduce
pathogens into the soil. Additionally, the use of infected plant materials, such as seeds,



Appl. Sci. 2024, 14, 4643 12 of 19

transplants, or debris left in the field after harvest can also contribute to the spread of
pathogens. These organisms can survive on plant residues and infect subsequent crops.

Microplastic particles, whether they are made of biodegradable or non-biodegradable
polymers, are becoming more prevalent in soil. As a result, these particles can have a
significant impact on soil physical and chemical properties, as well as soil ecology. Changes
can occur in soil grain size, soil aggregate formation capacity, soil water levels, and soil
biodiversity [88,91,96,100]. These changes can ultimately lead to issues such as soil erosion,
eutrophication and disruption in soil metabolism and nutrient cycling [77]. It is becom-
ing increasingly evident that the presence of MPs in soil, known as the ‘plastisphere’ or
‘microplastisphere’, can alter the microbial and fungal communities present in the soil, po-
tentially introducing new species and impacting the spread of pathogenic microorganisms
in both aquatic and terrestrial ecosystems [107,133].

The inappropriate soil management exacerbates the problem of pathogen spread. In
undisturbed soils, soil-borne pathogens are generally controlled by natural predator–prey
relationships and do not pose a significant risk to the environment [131]. However, soil
disturbance through contamination by MPs and MBPs, combined with soil erosion, can
disturb this balance, potentially allowing pathogens to proliferate and spread to other
ecosystems or infect humans, either directly or indirectly [131].

As suggested by the literature reviewed in this work, MBPs are particularly susceptible
to microbial biofilm formation, which, together with faster erosion and rapid colonization,
could lead to higher risks of disease spread, impacting both plant and animal health. In
addition, the biofilm formed on MBPs will have different properties compared to MPs [134]
and therefore attract a more diverse array of organisms [135]. As a result, MBP biofilms
contain a larger biomass, respond differently to environmental stress, and have a higher
potential pathogenic bacteria index compared to MPs (based on the comparison of PLA
MBPs with PP and PE MPs [134]). In marine ecosystems, biofilms on some MPs release
noxious signals, known as infochemicals, into the environment, which attract the organisms
for ingestion [136]. It remains unclear whether this attraction also occurs in soil ecosystems,
because this would potentially increase the transport of MBPs by soil biota.

Recent reviews have also summarized the uptake of MPs and nanoplastics by plants
and their accumulation in plant tissues [137]. The transport mechanisms include endocyto-
sis, apoplastic transport, crack entry, and stomatal entry. However, current studies do not
address the potential uptake of pathogenic microorganisms and viruses to plants, either by
MPs or MBPs.

Another factor that must be considered is climate change, which increases outbreak
risks by altering pathogen evolution and host–pathogen interactions, facilitating the emer-
gence of new pathogenic strains [130]. However, the response of pathogenic fungi and
microorganisms to altered environmental conditions and elevated atmospheric CO2 con-
centration could be very diverse [138,139] As a result, the inclusion of soil-borne pathogens
with MPs/MBPs adds to the intricacy of crop–climate–environment relationships, making
it challenging to accurately predict the overall impact of climate change on agriculture.

Therefore, the effect of MPs on soil properties may be a critical question with regard
to the increasing utilization of biodegradable plastics in agriculture and other fields. Their
use in agriculture introduces a large amount of microbiologically labile substrate, which is
nutrient-poor and leads to the proliferation of a microbiota that can better lead to stress
conditions. Therefore, their possible adverse effect on soil ecosystem services should not be
overlooked [140]. Thus, we hypothesize that these conditions could foster the formation of
particles that serve as vectors for pathogenic organisms as depicted in Figure 5. Although
the current state of the issue still requires long-term research, it is already possible to
promote the idea of a potential solution to this problem, which may be the application of
amendments such as biochar or other MP-competing sorbents (e.g., zeolites) [141,142].
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In other fields like medicine, bioplastics are preferred for their biodegradability and
biocompatibility, often used in lower concentrations and under sterile conditions. However,
other applications, such as packaging, may present problems. Bioplastics can support
biofilm formation and microbial proliferation under certain conditions, counteracting their
purpose of protecting products from microbial contamination. A shift in storage conditions,
e.g., water activity, can support this growth. As a result, regulatory frameworks might
also need to be adjusted to better manage the lifecycle and environmental footprint of
biodegradable plastics.

To summarize the main research gaps following from this review, the future research
should focus on:

• Investigating the possible spread of soil-borne pathogens from soil and water contami-
nated by MPs and MBPs and strategies to prevent their possible transport.

• Developing bioplastics or their blends that minimize ecological impacts while enhanc-
ing the beneficial properties of these materials, with careful consideration in their use
and disposal.

• Deepening the knowledge on the shift of conditions in plastisphere of MBPs for various
bioplastics and their blends in terms of nutrient depletion and potential shift in redox
conditions due to oxygen depletion influencing the bacterial and fungal strains.

• Investigating the potential uptake of pathogenic microorganisms and viruses to plants
by micro/nano MPs and MBPs.

• Investigating the impact of climatic changes and related changes in ecosystems on
proliferation and spread of soil-borne pathogens adhered to MPs and MBPs

• Deepening the knowledge on the impact of MBPs of different types on the microbiome of
different soil types, under various crops, and under different soil management practices.

6. Conclusions

This review explores the impact of microplastics (MPs) on soil, highlighting key
factors that affect MP transport, as well as soil structure, pH, and microbiome. The studies
examined indicate that MP pollution detrimentally affects soil health, leading to alterations
in soil structure, pH, and fertility. Additionally, MPs can serve as carriers for contaminants
and contribute to an increased presence of antibiotic-resistant genes and virulence factors
in the soil microbiome. This study points to a potential emerging threat: MPs acting as
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vectors for bacterial and fungal soil-borne pathogens. Consequently, this issue should be
regarded as a high-priority area for future research.
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