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Abstract. Recently, microplastic pollution has become an environmental issue with
widespread concern. As a bigger reservoir of microplastics than the ocean,
microplastic pollution borne by soil has an impact on its structure and properties that
cannot be ignored. Furthermore, with the help of plants, soil animals and
microorganisms, this emerging pollutant will eventually threaten human health.
Microplastics are difficult to recycle due to their small particle size, making it hard
for traditional methods of plastic pollution management to work. In contrast,
biodegradation methods are gaining attention because of its environmental
sustainability and wide treatment range. This paper reviews the most popular
microplastic biodegradation methods and their influencing factors, aiming to
provide ideas and references for the biodegradation of microplastics.
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1. Introduction

Microplastics, as an emerging pollutant, has attracted much attention worldwide in recent
years. It is usually defined as plastic fragments less than 5 mm in diameter and was first
introduced by Thompson in 2004 [1]. In addition to microplastics produced for specific
applications (e.g., abrasives in toiletries or drug carriers), some hard-to-degrade plastics
can gradually crush into smaller particles after entering the environment and cannot be
completely removed even after special treatment. People have started the research on
microplastics for decades, especially the nature, characteristics and hazards of
microplastics in water have been well understood, while the understanding on
microplastics in soil is in need of improvement. However, it is suggested that soil may
be a larger reservoir with a much higher abundance and input of microplastics than the
ocean [2]. Microplastics entering the soil environment, under the influence of their own
properties and the plasticizers, stabilizers, and flame retardants contained in them, can
affect soil physicochemical properties, soil functions, and biodiversity, and even have
compound pollution with other pollutants in the soil environment [3, 4]. In addition, due
to the nature of MPs that can easily migrate and transform with the environment, they
also have the risk of endangering animal and human health through the food chain.
Current methods for dealing with plastics include recycling, landfilling, thermal,
mechanical and biological degradation [5], but microplastics in soil are difficult to
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recycle or enrich, not to mention conventional methods, due to their small size and
widespread incorporation everywhere. In contrast, biodegradation methods are currently
considered the best way to manage microplastic pollution because they can effectively
degrade microplastics in a large area without damaging the surrounding environment and
biota. Currently, the most common microplastic biodegradation methods include animal
(insect) degradation, microbial degradation and enzyme degradation. However, since the
related research is just in its infancy, researchers do not know the specific mechanisms
of microplastic degradation by these methods, and there are still many urgent problems
to be solved in order to apply them to industrial microplastic treatment. Therefore, this
article reviews the hot microplastic biodegradation methods and their influencing factors
in recent years, and makes suggestions for the development of biodegradation methods
combined with their shortcomings, in order to provide references and ideas for further
research directions.

2. Biodegradation Methods of Microplastics in Soil
2.1. Soil Animal-Mediated Microplastic Degradation

Soil animals are essential consumers in the material cycle of ecosystems that can actively
assimilate various substances from the environment for their own growth, development
and other activities. Studies have shown that some insects (including some invertebrates
[6-8] and social insects [9]) are able to chew and feed on plastic products and use them
as the sole source of carbon, converting microplastics into CO, and H,O by physical
means such as biting, chewing or digesting and a series of biochemical processes [10].
Table 1 summarizes the studies on microplastic degradation by soil animals, and it is
easy to see that current studies are focusing on flour beetle, barley pest and waxworm
larvae. The degradation of microplastics by these insects is mainly attributed to the gut
microbial symbionts. For example, Aspergillus flavus is the main cause of microplastic
degradation by G. mellonella due to its ability to produce Lac and Lac-like multi-copper
oxidases [11]; waxworm (P. interpunctella larvae) degrading PE films is also achieved
by Bacillus and Enterobacteriaceae in their gut [7].

2.2. Microbial-Mediated Microplastic Degradation

Microorganisms can well adapt to almost all environments and have the ability to
decompose different organic pollutants, thus being a green and economical means of
cleaning up microplastics [17]. In the degradation process, microplastics are used by
microorganisms as a substrate for biofilm growth. As the biofilm grows, the structure of
the microplastic breaks down and then enzymes secreted by bacteria/fungi break down
the microplastic fragments by specific and non-specific actions. When the fragment
weight is below 600 kDa, the microplastics are easily taken up by microorganisms in the
biofilm during assimilation. Thereafter, the assimilated fragments can be further broken
down by enzymes into smaller molecules (CO», N2, CHs, H,O, H,S), which are used by
microorganisms as an energy source and finally returned to the atmosphere. Table 2
summarizes the studies on microbial degradation of microplastics, including the species
and sources of microorganisms that degrade plastics, as well as the types of plastics. It is
no hard to see that the target material is mainly PE while studies on other plastics are
relatively few.
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Table 1. Animal degradation of soil microplastics.

Animals Plastic Degradation effect Ref.

Tenebrio molitor PE 49.0+1.4% of the ingested PE was converted to CO, [12]

Tenebrio molitor PS Degradation rate was 50% per day. [13]

Z. atratus PS Digested 0.58 mg/day/superworm. [6]
o . . .

G. mellonella PP, PE Eleg%z;(}ij ‘33 rﬁ; .of plastic materials, the degradation rate was 1.84 8]

Achatina fulica PS 18.5 £ 2.9 mg polystyrene was ingested per snail. [14]

EPS Within 33 days, the consumption rates of LDPE and PS foams are 58.7 + 1.8

Zophobas atratus \ b5 mg and 61.5 = 1.6 mg 100 larvae 'd"'.

[15]

Plodia PE Two bacterial strains isolated from the worm’s gut degraded approximately (7]

interpunctella 6.1 £0.3% and 10.7 = 0.2% of the PE films in 60 days.

Achroia grisella HDPE Over an 8-day period, PE consumption increased with an ingestion of 1.83 [16]
mg of PE per day per larvae.

Note: PE is polyethylene, PU is polyurethane, PP is polypropylene, PS is polystyrene, EPS is expanded polystyrene,
LDPE is low density polyethylene, HDPE is high density polyethylene.

As one of the most diverse species of organisms in the soil environment, the ability
of fungi to degrade microplastics has been widely demonstrated [18]. For example, 27
genera in the phylum Ascomycota (e.g., genus of Aspergillus and Fusarium), followed
by Basidiomycota and Zygomycota, are associated with microplastic degradation of
microplastics [19]. In addition, bacteria like Bacillus, Pseudomonas, Rhodococcus,
Arthrobacter, Oscillatoria subbrevis and Alcanivorax borkumensis have also been
reported to degrade microplastic [20]. Since the essence of microplastic degradation by
insects is the action of their gut microorganisms, the isolation of effective
microorganisms from the insect gut is a way to isolate microplastic degradable
microorganisms other than directly from the plastic circle.

In terms of degradation efficiency, the results of single culture studies showed that
fungi generally had better degradation ability than bacteria for following reasons: the
number of enzymes produced by fungi was significantly higher than that of bacteria, and
the mycelium of fungi could adhere more firmly to the surface of microplastics and might
penetrate into the interior of the particles, furthermore, fungi could reduce the
hydrophobicity of microplastics by promoting the formation of chemical bonds such as
carbonyl, carboxyl and ester groups in microplastics. However, bacteria require a much
less stable external environment than fungi, and therefore should also have a greater
degradation potential [21]. Despite the large number of studies devoted to the screening
of microplastic-degrading bacteria, the degradation velocities of the screened
microorganisms are generally slow, requiring at least 21 days to achieve the desired
decomposition [22]. In addition, the degradation effect of single cultures of both fungi
and bacteria is generally limited, and the effect can only be enhanced by the synergistic
effect between mixed cultures of fungi and bacteria. However, since the interaction
mechanism between microorganisms and microplastics is still unclear and the
collaboration between different flora is complicated, a lot of research is needed to
achieve the goal of achieving the desired degradation effect by adjusting the ratio
between strains of bacteria.

2.3. Enzyme-Mediated Microplastic Degradation

The mechanism of plastic biodegradation involves various biochemical reactions and the
ones mediated by microorganisms is essentially triggered by enzyme [31]. Enzymes that
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degrade plastics can be classified into intracellular and extracellular enzymes according
to their location of action. Intracellular enzymes such as esterase and lipases catalyze the
hydrolysis of ester bonds in polymeric esters [32], for example, esterase degrade PE,
PET, and PVC [33] and lipases degrade PET and PU [34]; extracellular enzymes degrade
complex polymers by breaking them down into oligomers, dimers, or monomers that can
be absorbed into the body by microorganisms and then further broken down by
intracellular enzymes [5]. So far, the types of enzymes identified as having degrading
effects on microplastics include proteases, lipases, keratases, insect laccase, manganese
peroxidase, lignin peroxidase, and alkane hydroxylase [35].

Table 2. Microbial degradation of soil microplastics.

Microorganisms Microbial sources Plastic Degradation effect Ref.
Bacillus bacterial Maljlgrove PE, PET, PP’Degrade a mixture of various plastics [23]
environments PS
. Natural microbial Produces two enzymes that convert PET
Ideonella sakaiensis 201- . . .. .
communities PET efficiently into its two environmentally  [24]
F6 .
exposed to PET benign monomers
Zalerion maritimum Mar'lne PE Decrease the mass and size of the pellets. [25]
environment
Bacillus subtilis Nutrient medium PE Lost 9.26% weight in 30 days [26]
Kocuria palustris M16, o o o .
Bacillus pumilus M27,  Arabian sea PE EO“ 1%, 1.5% and 1.75% weight after 30, ;.
Bacillus subtilis H1584 ays
Degraded the polyester diol portion and
Pestalotiopsis microspora Ec.uadorlan PU produced degradation metapohte§ that 28]
rainforest used as carbon source to mineralize the
polymer.
Aspergillus terreus, Rhizosphere soil of Most efficient polythene deteriorating
. 2 . . . " PE [29]
Aspergillus sydowii Avicennia marina fungal
C. pseudocladosporioides Mineral medium  PU Degraded up to 87% after 14 days [30]

Research on enzymatic degradation of microplastics has just started, and the number
of studies is small. The types of enzymes studied at present are mainly extracellular
enzymes, and the reaction types are mainly PET hydrolysis, i.e., PET is gradually
hydrolyzed under the action of enzymes, then dehydrogenated and oxidized, and finally
becomes small molecules to be absorbed and utilized by microorganisms. The
degradation process of other types of polymers is similar to PET, only that the enzymes
involved in the reaction may be different. However, their specific types and mechanisms
of action are not yet clear, and need to be explored in depth in combination with genomics
and other means.

3. Influencing Factors of Biodegradation

The microbial biodegradation process consists of three steps of microbial activity: firstly,
changes in the physical, chemical and mechanical properties of microplastics inside or
on the surface caused by microbial growth; secondly, the transformation of microplastics
into oligomers and monomers through microbial activity; and finally microorganisms
obtain the necessary energy, carbon and nutrients from the microplastic fragments
through assimilation, converting plastic carbon into CO», H,O and biomass [36]. In this
process, the biodegradation of microplastics is governed by multiple factors, the most
critical of which include the properties of the polymer (polymer chains, crystallinity,
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chemical structure, type of functional groups, molecular weight, complexity of additives
and polymer formulations, etc. [36]), as well as the type of organism and means of
pretreatment. For example, the degradation rate of lower density polyethylene chains is
generally greater than that of higher density polyethylene chains. Microorganisms are
selective for the degradation of different polymers and the enzymes secreted by certain
microorganisms may not be applicable to the target plastic. For example, under the same
conditions, Bacillus subtilis inoculated alone in nutrient solution degraded PS with only
20.0% weight loss compared to 74.59% weight loss of PET; Pseudomonas aeruginosa
degraded PS with 5.0% weight loss while PET showed no weight loss [37]. In addition,
since microorganisms and enzymes play a dominant role in the biodegradation process,
some environmental factors affecting their metabolic processes also influence the
degradation of microplastics, such as temperature, humidity, and light [38].

4. Research Outlook

Microplastics from all kinds of sources accumulate in the soil and undergo further
physical, chemical and biological interactions to migrate and transform and even enter
the food chain to threaten human health. Compared with other methods, biodegradation
has greater advantages in terms of both efficiency and sustainability, and thus it can be
further developed as the most suitable method for microplastic pollution management.
However, since the sources and distribution of soil microplastics, as well as their own
and load toxicity effects, are not sufficiently studied to provide a guiding reference for
soil microplastics biodegradation measures, future research should focus on the
following aspects: identifying more soil animals, microorganisms and enzymes with
good degradation functions for soil microplastics; genetic engineering should be used to
modify the species that better meet the degradation requirements; research on the
biodegradation mechanism should be strengthened to understand the synergistic or
inhibitory effects among the mixed cultures, so as to provide reference for adjusting the
ratio of cultures to achieve the desired effect.
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