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Abstract—The growing worldwide production of synthetic plastics leads to increased amounts of plastic pol-
lution. Even though microbial degradation of plastics is known to be a very slow process, this capacity has
been found in many bacteria, including invertebrate symbionts, and microscopic fungi. Research in this field
has been mostly focused on microbial degradation of polyethylene, polystyrene, and polyethylene terephthal-
ate (PET). Quite an arsenal of different methods is available today for detecting processes of plastic degrada-
tion and measuring their rates. Given the lack of generally accepted protocols, it is difficult to compare results
presented by different authors. PET degradation by recombinant hydrolases from thermophilic actinobacte-
ria happens to be the most efficient among the currently known plastic degradation processes. Various
approaches to accelerating microbial plastic degradation are also discussed.
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Synthetic plastic materials are utilized in a great
variety of human activity fields, and it would be diffi-
cult or even impossible to imagine the modern world
without plastics. One of their key properties is high
resistance to environmental factors, including biodeg-
radation. However, it is the very same property that
caused one of the central problems of the modern civ-
ilization, namely, the accumulation of enormous
amounts of plastic waste on Earth.

Due to ease of production and widespread use of
plastics, their global production is constantly increas-
ing; as a consequence, this augments the level of plas-
tic pollution on Earth (Geyer et al., 2017; Plakunov
et al., 2020; Lau et al., 2020). A significant contribu-
tion to this process is made by growing use of dispos-
able items. In 2015, annual production of plastic mate-
rials reached 350 million tons, as opposed to 2 million
tons in 1950 (Geyer et al., 2017); in 2019, it amounted
to 368 million tons (Plastics Europe, 2021). Alto-
gether, from 1950 to 2015, 8300 million tons of plastic
and additives employed in their production were pro-
duced.

Assuming that the current trends of increasing
plastic production are maintained, it is expected that
33 billion tons of plastic waste will have been generated
by 2050; most of it will end up at landfill sites or simply

remain in the environment: soil, air, and water sys-
tems, polluting lakes, rivers, seas, and oceans (Roch-
man et al., 2013). It is estimated that nearly 8 million
tons of macroplastic and 1.5 million tons of primary
microplastic waste are annually released into oceans
(Jambeck et al., 2015; Boucher and Friot, 2017). If the
current trends persist, the total amount of plastic in
the ocean may increase by an order of magnitude by
2025 in comparison to 2010 (Jambeck et al., 2015).
The proportion of microplastic entering terrestrial
habitats from 2012 to 2017 exceeded manifold its
release in oceans (Horton et al., 2017).

Apart from synthetic fibers obtained from polyes-
ter, polyamide, and acrylate polymers, the largest seg-
ment in the global plastic production belongs to poly-
ethylenes (36%), while polypropylene and polyvinyl
chloride constitute 21 and 12%, respectively; polyeth-
ylene terephthalate, polyurethane, and polystyrene
make up equal proportions of 10% each (Geyer et al.,
2017). At the same time, the share of packaging mate-
rials in the total plastic waste is constantly increasing
(Geyer et al., 2017).

Plastic waste represents a serious environmental
hazard, first of all because of physical deterioration of
ecosystems (Sheavly and Register, 2007). Plastic pol-
lution provokes a detrimental effect on animals and
671
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humans (Schmaltz et al., 2020). Sea animals get
entangled in f loating plastic (Gall and Thompson,
2015; Kühn et al., 2015; Lusher et al., 2018); plastic
debris also facilitates the spread of invasive species
(Kiessling et al., 2015) that impair the nutrition of
marine animals by incorporating into trophic chains
(Laist, 1987; de Stephanis et al., 2013; Gall and
Thompson, 2015; Brandon et al., 2019). Microplastics
may efficiently deliver toxic pollutants known as
reproductive toxins or carcinogenic and mutagenic
agents (Wright and Kelly, 2017; Schmaltz et al., 2020),
either initially present in the material or adsorbed from
the environment (Gallo et al., 2018). This poses a
potential hazard for human health, since, according to
various estimates, every year a person consumes 39000
to 52000 microplastic particles (Schmaltz et al., 2020).

The current levels of plastic waste production and
distribution contribute considerably to aggravation of
greenhouse effects. If the existing trends persist, by
2050, plastics will be responsible for 15% (by carbon)
of total greenhouse gas emission (Zheng and Suh,
2019).

Currently, plastic wastes can be disposed of by
thermal degradation, stored at landfill sites, or left in
the environment (Peng et al., 2018; Ru et al., 2020).
Recycling may delay but not avoid the ultimate dis-
posal of plastic wastes. In spite of the advent of new
techniques, such as pyrolysis, which converts plastic
wastes into fuel, thermal degradation of plastics is cur-
rently performed mainly by combustion, either with or
without energy recovery (Lau et al., 2020; Ru et al.,
2020).

Microorganisms exhibit considerable metabolic
plasticity and are capable of degrading numerous
chemical compounds, including certain plastics.
Investigation of these microorganisms, their metabo-
lism and enzymatic activity, as well as application of
various approaches and techniques to accelerate the
target processes, may become the basis for biotechnol-
ogies of plastic waste disposal that would help solve
the ecological problems associated with plastic pollu-
tion.

This review discusses the diversity of microorgan-
isms that degrade most widely used plastics, the
enzyme systems they possess, and the possibilities of
intensifying the crucially important process of plastic
waste degradation.

GENERAL CHARACTERISTICS 
OF PLASTIC MATERIALS

Currently, 80% of commercial plastic materials are
obtained based on thermosoftening polymers, so-
called thermoplastics, which can undergo reversible
transition from solid to viscous state under the increas-
ing temperature. Approximately 10–15 basic varieties
of industrial polymers are used for production of more
than 4000 brands of construction thermoplastics
(Mel’nikova, 2013). In our review, we will consider the
properties of the top five types of thermoplastics
accounting for a major share in the global production:
polyethylene, polypropylene, polyvinyl chloride,
polyethylene terephthalate, and polystyrene. Their
principal characteristics are presented in Table 1.

Nearly 90% of total plastic production are materi-
als based on polyolefins (polyethylenes and polypro-
pylene), polystyrenes, and polyvinyl chlorides; they
withstand constant external stress of up to 10–15 MPa
and temperatures of up to 80 ± 20°C. Materials based
on PET, polyamides, polycarbonates, and poly-
formaldehydes constitute approximately 9% of the
total production volume. They have higher mechani-
cal and thermal resistance, withstanding tensile stress
of up to 140 ± 20 MPa and temperatures of up to
150°C (Mel’nikova, 2013).

Polyethylene (PE) is composed of ethylene
monomers. There are several PE types produced
using different techniques: e.g., low-density polyeth-
ylene (LDPE), high-density polyethylene (HDPE),
or ultrahigh-molecular weight polyethylene
(UHMWPE). LDPE is characterized by strongly
branched chains with a degree of polymerization of
~50000, density of 910‒935 kg/m3, and crystallinity
of 50‒60%. HDPE is a dense polymer material of lin-
ear molecules with polymerization degree of up to
300000, density of 930‒970 kg/m3, and crystallinity
of 70‒85% (Galygin et al., 2012). Differences in the
properties of LDPE and HDPE are mainly due to the
branching of their macromolecules: the higher the
number of branching sites in the chain, the higher the
elasticity and the lower the crystallinity of the poly-
mer. Both LDPE and HDPE are in high demand and
widely used in nearly all industrial, agricultural, and
household markets, mainly for packaging of goods.
The share of UHMWPE in the total production is very
low, but it should be mentioned as a highly promising
material with a growing field of applications.
UHMWPE is obtained using metalloorganic catalysis;
its molecular weight ranges from 1.5 to 8 MDa. It has
extreme strength and high cold resistance and serves to
manufacture high-strength technical products, such
as armor. As a physiologically inert material,
UHMWPE is used in endoprosthetics. Due to its
extremely low friction coefficient, it is used to manu-
facture artificial ice (Zakharov et al., 2009; Kudryash-
ova, 2020).

Polypropylene (PP) also belongs to polyolefins:
linear hydrocarbons with the general formula CnH2n.
This is the high-molecular-weight product of ste-
reospecific propylene polymerization by Ziegler–
Natta catalysts conducted at 80°C and low to medium
pressure (0.3–10 MPa). Industrial PP production
employs petrochemical products, as well as natural
hydrocarbon gases. The stereoisomeric composition
of polymers can vary depending on the polymerization
technique: isotactic and syndiotactic PP have regu-
MICROBIOLOGY  Vol. 90  No. 6  2021
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larly organized helical chains, while atactic PP fea-
tures sterically irregular arrangement of methyl groups
(Arutchelvi et al., 2008). PP is harder and less dense
than PE; it is widely used for production of packaging
materials, various consumer goods, nonwoven materi-
als (including medical masks), and laboratory equip-
ment (e.g., pipette tips and microcentrifuge tubes).

Polyvinyl chloride (PVC) is obtained by polymer-
ization of vinyl chloride; it is characterized by high
chemical resistance to alkali, most acids, and organic
solvents. This polymer is composed of linear or weakly
branched macromolecules. Its cold resistance is low
(‒15°C). As a good dielectric, PVC is widely
employed to manufacture cables and insulating mate-
rials; it is also used in the production of pipes, lino-
leum, window frames, stretch ceilings, and other
goods. PVC is not used directly for manufacturing
products; rather, they are made of PVC-based com-
posite materials: vinyl plastic and flexible PVC (plasti-
cate). Additionally, they contain heat stabilizers,
lubricants, pigments or dyes, mineral fillers, and elas-
tomers; plasticate also contains 30–90 mass parts of
plasticizers (e.g., esters of phthalic, phosphoric,
sebacic, or adipic acids). These materials are used to
manufacture chemical equipment and communica-
tions, ventilation ducts, pipes, and construction ele-
ments. Transparent vinyl plastic serves to make bulk
food containers, bottles, and other items. PVC plasti-
cate is used to manufacture insulation and sheathing
for electric wires and cables, hosepipes, linoleum and
floor tiles, materials for wall cladding and furniture
upholstery, or artificial leather. Transparent f lexible
PVC tubing is used in blood transfusion and life sup-
port systems in medical technology (Mel’nikova,
2013).

Polyethylene terephthalate (PET) is a polyester
obtained by condensation of ethylene glycol with tere-
phthalic acid or by transesterification of dimethyltere-
phthalate and ethylene glycol. Its structure includes
aliphatic and aromatic moieties. This intermittence of
crystalline and amorphous fragments determines the
principal properties of PET, such as hardness, impact
resistance, and transparency, as well as extremely low
gas permeability, water absorption, and plasticity in
cold and hot states (Shevlik et al., 2016). PET is stable
in the temperature range from ‒40 to 60°C; it has a
low friction coefficient and low hygroscopicity. Expo-
sure to UV light can induce its degradation
(Mel’nikova, 2013). Industrial production of PET is
mainly based on petrochemical products. The high
strength and durability of PET are due to a high con-
tent of aromatic terephthalate elements, which limit
the mobility of polymer chains (Marten et al., 2005).
PET is widely used for manufacturing containers for
liquids and other consumer goods, fibers, and tissues
(clothes).

Polystyrene (PS) is a synthetic polymer composed
of monomers of styrene, an aromatic hydrocarbon; its
MICROBIOLOGY  Vol. 90  No. 6  2021
chemical formula is (C8H8)n; thus, the only elements it
includes are carbon and hydrogen. Industrially pro-
duced PS has a degree of polymerization that ranges
from 600 to 2500. Phenyl groups prevent ordered
arrangement of PS macromolecules and formation of
crystalline structures. PS is a homopolymer with
molecular weight of 100000–400000 g/mol. It is hard
to depolymerize, since newly formed σ-bonds
between carbon atoms are stronger than π-bonds of
vinyl groups. The properties of PS depend on the cha-
racter of phenyl group positioning relative to the zigzag
carbon chain. PS is a rigid brittle amorphous polymer
with a high level of optical light transmission and low
mechanical strength. Is has low density (1060 kg/m3),
excellent dielectric properties, and good cold resis-
tance (up to −40°C). Standard commercial PS is an
atactic polymer with phenyl groups randomly
arranged at both sides of the chain. This random
arrangement prevents the formation of crystalline
fragments, so the polymer is amorphous with the glass
transition temperature Tg of ~90°C. PS is used for
manufacturing disposable tableware, packaging, dis-
posable laboratory equipment (e.g., petri dishes),
medical instruments, and construction materials.

To sum up, all these types of plastic are widely
employed in various areas of human activity. In spite
of differences in structure and architecture, they all
share a common quality: high resistance to environ-
mental factors, including biological agents. Neverthe-
less, it has already been well established that a fairly
large number of microbial species are capable of
degrading plastics and utilizing their components as a
source of carbon and energy. However, due to the
extremely low rate of these processes, insolubility of
plastics, their nonstandardized composition, and
shape diversity, there is a need to employ various tech-
niques to detect and quantitatively assess the microbial
degradation of plastics.

METHODS OF STUDYING MICROBIAL 
DEGRADATION OF PLASTICS

All widely employed plastics discussed in this
review are insoluble in water. Microbial interaction
with the substrate occurs on the interphase boundary;
accordingly, biodegradation is preceded by biofilm
formation. The role of biofilms in plastic degradation
was analyzed in detail in the recent review by Plakunov
et al. (2020). A number of studies report on the com-
position of microbial biofilms that colonize the sur-
face of various plastic materials exposed to diverse
environments. For instance, Tourova et al. (2020)
analyzed the biofilms that developed on PET speci-
mens after 60 days of incubation in water of the Black
Sea and in circulating water of a petrochemical plant
and demonstrated that their composition was specific
for the material. At the same time, evidence of changes
on the PET surface was also reported (Laptev et al.,
2019).
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Microbial degradation of plastics can be investi-
gated using two fundamentally different approaches:
(1) by testing pure cultures for their ability to degrade
plastics; (2) by incubating plastic specimens in the
presence of natural samples or directly in natural envi-
ronments, such as soil, compost, landfill sites, water,
or benthic sediments. The second approach is focused
on natural selection of strains that possess the required
activity.

It was proposed to consider the entire process of
plastic biodegradation as divided in four stages
(Sharma, 2018; Montazer et al., 2019):

(1) biodeterioration, which involves modification
of polymer properties and facilitates its further degra-
dation;

(2) biofragmentation, which results in hydrolysis
and fragmentation of the carbon chains of the poly-
mer, as well as release of intermediate products of deg-
radation;

(3) bioassimilation of smaller hydrocarbon meta-
bolite molecules by microbial cells and their incorpo-
ration into the microbial biomass;

(4) mineralization, which accompanies complete
degradation of plastic to CO2 and water.

For each of these stages, a range of techniques can
be used to document the changes that occur to the
plastic. The principal methods used to detect micro-
bial biodegradation of plastics are presented in Table 2.

Primary information on the changes of the plastic
surface can be obtained using various microscopic
techniques. Most commonly, scanning electron
microscopy (SEM) is used to study specimens from
which the attached cells have been washed off in com-
parison to control specimens incubated in the absence
of microorganisms. Atomic force microscopy (AFM)
and other approaches can also be employed to investi-
gate the polymer surface. Other methods can be used
to detect changes in the structure of plastic: for
instance, plastic specimens incubated in the presence
of microbial cultures can be tested for their mechani-
cal properties (tensile strength, extension at break,
elastic constant, and yield point).

Biofragmentation can be registered based on the
decrease in the mean molecular mass (Mn) of poly-
meric carbon chains and widening of the molecular
mass distribution as determined using gel permeation
chromatography; intermediate products of plastic
degradation can be detected using spectrometry, gas
chromatography with mass spectrometry (GC‒MS),
high-performance liquid chromatography (HPLC),
Fourier-transform infrared (FTIR) spectroscopy, and
nuclear magnetic resonance (NMR) imaging. In par-
ticular, FTIR spectroscopy provides data on the con-
tent of various types of atomic bonds in the specimen,
e.g., C‒C, C‒Cl, C‒O, or C=O. The spectral
changes may indicate oxidation, dechlorination (for
PVC), or degradation of polymer chains. Thermo-
gravimetric analysis is used to evaluate thermal stabil-
ity of the plastic, which can be expected to decrease as
a result of polymer chain shortening or break and
increase following degradation or washing-out of plas-
ticizers.

At this and subsequent stages, the microbial degra-
dation of plastics can also be assessed by gravimetry as
the most straightforward technique; for this purpose,
the associated microbial cells must be thoroughly
removed from plastic specimens.

Degradation of some plastics, e.g., PET, can be
studied using various spectrophotometry methods to
monitor the optical density of culture medium, either
directly, based on production of light-absorbing com-
pounds, or with addition of an indicator that reacts to
changes in pH (Pirillo et al., 2021).

Bioassimilation of plastics can be estimated by the
increase in microbial biomass growing in the presence
of a plastic substrate, e.g., by amount of yielded pro-
tein produced in comparison to control.

Finally, mineralization of plastics is assessed based
on the amount of released CO2 or, in the case of anaer-
obic processes, products of the terminal reductive
reactions, such as CH4, H2S, or reduced nitrogen
compounds.

As an auxiliary method, screening of microbial iso-
lates can be performed on a solid medium containing
dispersed fine particles (powder) of the polymer,
where colonies of plastic-degrading microorganisms
would be surrounded by a clear zone.

Finally, high accuracy can be achieved by using
plastics labeled with 14C isotope and determining
accumulation of the label in the end products of deg-
radation: 14CO2 or 14CH4 (Silelicki et al., 1978).
Although this method is insensitive to the presence of
biodegradable impurities or additives in the polymer,
its application is limited due to the complexity of the
assay and the high cost of radiolabeled polymers.

As a rule, to document changes within the poly-
mer, each study should employ several techniques to
register the changes in polymer structure, state of the
microbial culture, and formation of intermediate or
terminal products of plastic degradation (Müller,
2005; Lucas et al., 2008; Ru et al., 2020).

EXAMPLES OF MICROBIAL DEGRADATION 
OF PLASTICS

Although this kind of research is time- and labor-
consuming and reliable results are difficult to obtain, a
large number of experimental studies demonstrating
microbial degradation of plastics have been performed
in the two recent decades using the techniques
described in the previous section. A few of them will be
discussed below.

For instance, PE degradation by microorganisms
has been described in numerous studies published in
MICROBIOLOGY  Vol. 90  No. 6  2021
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Table 2. Principal techniques used to detect microbial degradation of plastics

Parameter analyzed Method Signs of biodegradation
of plastic References

Features of plastic surfaces Scanning electron
microscopy (SEM), atomic 
force microscopy (AFM)

Changes in the structure 
of the surface: formation
of microflaws, holes, uneven 
relief

Sarmah and Rout, 2018; 
Muhonja et al., 2018; 
Skariyachan et al., 2018; 
Delacuvellerie et al., 2019; 
Park and Kim, 2019, and 
other

Tensile strength (TS) and 
extension at break (EAB)

Tensiometry Decrease in TS and EAB
(in the course of LDPE
degradation)

Skariyachan et al., 2018

Glass transition tempera-
ture

Differential scanning
calorimetry (DSC)

Decrease in the glass
transition temperature

Lucas et al., 2008; Park and 
Kim, 2019

Degree of crystallinity Fourier-transform infrared 
(FTIR) spectroscopy

Increase in the degree
of crystallinity due
to preferential degradation
of amorphous PE

Sen and Raut, 2015; Das and 
Kumar, 2015

Hydrophobicity Measuring the contact angle; 
BATH test

Decrease in the contact angle 
(increased hydrophilicity)

Koutny et al., 2006; Das and 
Kumar, 2015

Residual mass of polymer Gravimetry (weighing) Decrease in the mass
of plastic

Sarmah and Rout, 2018; 
Skariyachan et al., 2018; 
Mohan Rasu et al., 2018; 
Delacuvellerie et al., 2019; 
Park and Kim, 2019

Chemical composition FTIR spectroscopy Increase in the carbonyl 
index; formation of interme-
diates with additional
functional groups
(carbonyl/carboxyl) and 
alkanes; appearance of novel 
peaks corresponding
to carbonyl and ether bonds

Sarmah and Rout, 2018; 
Muhonja et al., 2018; 
Skariyachan et al., 2018; 
Delacuvellerie et al., 2019; 
Park and Kim, 2019

Molecular weight Nuclear magnetic resonance 
(NMR), gas chromatography/ 
mass spectrometry (GC‒MS), 
gel permeation chromatography 
(GPC)

Decrease in the mean
molecular weight

Yamada-Onodera et al., 
2001; Sarmah and Rout, 
2018; Muhonja et al., 2018; 
Skariyachan et al., 2018;
Park and Kim, 2019

Microbial biomass Analysis of protein (biomass) 
yield

Increased amounts 
of microbial protein 
in the presence of the poly-
mer

Sarmah and Rout, 2018
the recent 20 years and currently represents a topical
issue in the research on plastic degradation (Shah
et al., 2008; Ammala et al., 2011; Sen and Raut, 2015;
Harrison et al., 2018). It is well established that PE
biodegradation under normal conditions is an
extremely slow process. PE molecules with their sim-
ple linear structure are highly resistant to biodegrada-
MICROBIOLOGY  Vol. 90  No. 6  2021
tion. The low rate of PE biodegradation is also due to
the high hydrophobicity of the molecules composed
only of ‒CH2 groups and to their high molecular
weight (more than 30 kDa), which prevents their
direct uptake by microbial cells (Orr et al., 2004; Sivan
et al., 2006). For instance, in a microbial culture
where PE was the sole energy source, fragments of
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smaller size were utilized more rapidly than larger ones
(Kawai et al., 2004). It was also reported that a signi-
ficant biodegradation level can be achieved in a rea-
sonable time if the mean molecular weight of PE is less
than 5000 Da (Reddy et al., 2009). LDPE chains with
their branched structure are more susceptible to deg-
radation, and tertiary carbon atoms at branching sites
are more readily attacked. HDPE has a much higher
molar weight, which probably impairs the access to the
polymer chains for microorganisms and their enzymes
(Sudhakar et al., 2008; Fontanella et al., 2010). It was
shown that structural variations of PE polymers gener-
ated in the course of polymerization and subsequent
processing, such as unsaturated double C=C bonds,
carbonyl groups, and hydroperoxide groups, are the
first to be utilized by bacteria, promoting rapid micro-
bial growth (Ojeda et al., 2011). While the microbial
origin of PE biodeterioration and biofragmentation
has been sufficiently well documented (Albertsson and
Karlsson, 1990; Ammala et al., 2011), evidence of PE
bioassimilation and complete mineralization is scarce
(Yang et al., 2014; Sen and Raut, 2016; Montazer
et al., 2019).

Table 3 lists examples of PE degradation studies
reported in different publications. The considerable
diversity of PE materials and culture conditions used
makes it difficult to compare the results obtained in
different biodegradation experiments. This fact
emphasizes the need to develop standardized methods
and protocols for systematic studies of plastics biodeg-
radation, as it was proposed in the recent review by
Montazer et al. (2020).

To date, little is known about the process of PP
degradation. At any rate, it is obvious that the length of
the molecules, their highly ordered structure, the lack
of groups available for oxidation, and the presence of
methyl side groups impair biodegradation of PP (Jeon
and Kim, 2016). As a rule, PP specimens incubated
with microbial cultures exhibit some decrease of plas-
tic weight; however, the observed rates ranged from
0.43% in 12 months (Arkatkar et al., 2009) to 6.4% in
40 days (Auta et al., 2018) for pure PP exposed to bac-
terial cultures and from 1.4% in 3 months (Sheik et al.,
2015) to 18% in 12 months for PP containing a catalyst
together with cultures of micromycetes: Phaneroch-
aete chrysosporium or Engyodontium album (Jeyaku-
mar et al., 2013). Biodegradation of PP is assessed by
formation of biofilms, by increase in the protein or
ATP content in the culture in comparison to control
without plastic addition, by decrease in the molecular
weight of the polymer, by increase in the surface
hydrophilicity, and by changes in the IR spectra.

Biodegradation of PVC waste is difficult to study
because typical consumer goods made of this material
contain large amounts of various additives, such as
plasticizers, heat stabilizers, antipyrene, or biocides,
which may constitute up to 50‒75% of total weight. It
is well known that many microorganisms can grow on
media containing plasticizers as a sole source of car-
bon and energy (Berk et al., 1957; Booth et al., 1968;
Webb et al., 2000; Nakamiya et al., 2005; Sabev et al.,
2006; Das et al., 2012). Accordingly, a decrease in the
weight of plastics exposed to microorganisms or
changes in their physical properties, such as f lexibility
or tensile strength, may be due to diminishing amount
of additives rather than to degradation of PVC chains
(Luzia et al., 2020; Ru et al., 2020). This problem can
be addressed by using pure PVC powder (Wu et al.,
2017) or pure PVC plates obtained in the laboratory by
dissolving commercial polymer in tetrahydrofurane
(Kirbas et al., 1999; Ali et al., 2014; Khatoon et al.,
2019), as well as by employing additional methods of
analysis. Among them, the most commonly used ones
are IR spectroscopy, thermogravimetric analysis, and
gel permeation chromatography (Raddadi and Fava,
2019).

The high strength and durability of PET are due to
the high content of aromatic terephthalate elements,
which limits the mobility of the polymer chains (Mar-
ten et al., 2005) and makes PET highly resistant to
microbial degradation (Andredy, 1994; Zheng et al.,
2005; Müller, 2006; Tokiwa et al., 2009). The degree
of crystallinity of this polymer, which usually exceeds
30‒40% (Liu et al., 2004; Lee et al., 2013), and its sur-
face hydrophobicity are significant for PET biode-
gradability, because microbial enzymes attack mainly
amorphous sites of the plastic, which are of key impor-
tance for primary adhesion of potential degraders
(Urgun-Demirtas et al., 2007; Wang et al., 2016).

While PS is amorphous, its molecules are nonpolar
and have high molecular weight, and the polymer itself
is insoluble in water, which strongly protects PS from
the effect of enzymes (Motta et al., 2009). Further-
more, phenyl side groups with their random spatial
arrangement are highly resistant to biodegradation
(Atlas and Barta, 1987). The available data on micro-
bial degradation of PS are controversial. A number of
researchers believe that PS is resistant to microorgan-
isms. For instance, a PS film incubated for 8 months
with pure cultures of Microbacterium sp. NA23, Paeni-
bacillus urinalis NA26, Bacillus sp. NB6, and Pseudo-
monas aeruginosa NB26 isolated from soil was not
affected by their activity (Atiq et al., 2010), and a PS
sheet buried in soil for 32 years had no signs of degra-
dation (Otake et al., 1995). Other authors underline
that PS is degraded by microorganisms very slowly,
because it comprises 75% of aromatic moieties and its
molecular weight is very high. The hydrophobic
nature of PS enhances its resistance to hydrolysis and
affects the ability of microorganisms to adhere to the
surface. The high molecular weight of PS and its poor
solubility in water prevent it from being transported
through the cell wall and the cytoplasmic membrane
for further assimilation. Microbial exoenzymes cannot
penetrate into the polymer and act on its surface only.
Biodegradation of PS is most frequently studied using
SEM and fluorescent microscopy (which enables
MICROBIOLOGY  Vol. 90  No. 6  2021
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evaluating the microbial viability) to monitor visible
changes of the plastic surface and color, as well as
development of microbial fouling; further techniques
include gravimetry, detection of intermediate pro-
ducts by spectrophotometry (for aromatic com-
pounds), gas chromatography, HPLC, and FTIR
spectroscopy, as well as quantitative assessment of gas
uptake and release.

Thus, in spite of substantial technical difficulties,
an assortment of methods developed specifically to
address the problem of plastic decomposition serves to
provide evidence on biodegradation of the most com-
mon types of plastics mediated by bacteria and fungi.
Currently, there is still no information about involve-
ment of archaea in these processes. Unfortunately, the
diversity of substrates and specimen forms utilized
(e.g., polymer film, powder, or beads) strongly impair
the comparison of results across different studies. The
nearest challenge for researchers is developing coordi-
nated guidelines for plastic degradation studies, which
could serve to resolve this issue.

DIVERSITY OF FREE-LIVING 
MICROORGANISMS MEDIATING 
BIODEGRADATION OF PLASTICS

Although biodegradation of plastics is a very slow
process, this activity was described for many bacteria
and micromycetes. Most frequently, microorganisms
degrading PE and other types of plastics were isolated
from soil, landfill sites, compost, seawater, and active
sludge (Montazer et al., 2020). For instance, strains of
Pseudomonas putida, Acinetobacter pittii, and Micro-
coccus luteus were shown to perform biofragmentation
of preliminarily untreated LDPE and to utilize it as a
source of carbon and energy (Montazer et al., 2019).
The process was accompanied by production of
alkanes and by accumulation of polyhydroxyal-
kanoates (biodegradable polymers) within the cells.
Members of more than 20 bacterial genera were shown
to participate in biodegradation of different PE types
(Ghatge et al., 2020). Bacteria capable of degrading
PE as well as the rates of the corresponding processes
are presented in Table 3. Capacity of degrading PE was
also detected in fungi of the genera Aspergillus, Clado-
sporium, Fusarium, Gliocladium, Mortierella, Mucor,
Penicillium, and Zalerion (El-Shafei et al., 1998;
Yamada-Onodera et al., 2001; Volke-Sepúlveda et al.,
2002; Bonhomme et al., 2003; Manzur et al., 2004;
Koutny et al., 2006; Hasan et al., 2007; Ahebnazar
et al., 2010; Nowak et al., 2011; Pramila and Ramesh,
2011; Sheik et al., 2015; Paco et al., 2017). Fungi pos-
sess powerful enzyme systems and can survive under
challenging environmental conditions at low levels of
nutrient and water supply. Furthermore, they can
widely spread their hyphae that penetrate the cracks
and hollows on the plastic surface (Jeyakumar et al.,
2013).
It was shown that bacteria of the genera Bacillus
(Sudhakar et al., 2008; Abrusci et al., 2013), Rhodo-
coccus (Bonhomme et al., 2003; Gilan et al., 2004;
Fontanella et al., 2010), and Pseudomonas (Rajandas
et al., 2012), as well as fungi of the genera Aspergillus
and Fusarium (Hasan et al., 2007; Sahebnazar et al.,
2010) can perform depolymerization of PE after vari-
ous kinds of preliminary treatment, such as ultraviolet
(UV) irradiation and/or thermal treatment, which
make PE carbon chains more susceptible to biodegra-
dation (Ammala et al., 2011).

The number of studies reporting successful micro-
bial degradation of PP is very limited. For instance, it
was shown that the mass of PP granules and films
incubated for 140 days at 50°C with a consortium of
bacteria isolated from wastewater treatment plants and
landfills (Aneurinibacillus aneurinilyticus, Brevibacil-
lus sp., B. agri, and B. brevi) decreased by 44 and 56%,
respectively (Skariyachan et al., 2018). The gravimet-
ric data were confirmed by using FTIR spectroscopy,
SEM, and some other techniques. For Bacillus cereus
and Sporosarcina globispora, it was shown that their
growth on a mineral medium containing PP as the sole
source of carbon and energy was accompanied by a
decrease of PP mass (Auta et al., 2017). However, most
positive results on microbial degradation of PP were
obtained using pretreatment of plastic, which will be
discussed below. 

The PVC-degrading ability of fungi and bacteria is
difficult to study because of the presence of plastici-
zers, which may serve as true substrates for microor-
ganisms cultivated on PVC (Kirbas et al., 1999; Webb
et al., 2000; Peciulyte, 2002; Sabev et al., 2006).
Experiments with pure PVC materials demonstrated
the activity of Phanerocheate chrysosporium, Lentinus
tigrinus, Aspergillus niger, and A. sydowii, as confirmed
by the increase of fungal biomass, CO2 production,
and SEM data (Ali et al., 2014). The authors observed
the growth of the fungi on the plastic-supplemented
medium, as well as the decrease in the mass of PVC
free from plasticizers and additives (by 31% in
2 months), together with mineralization (by week 4,
CO2 release constituted 13.74 mg/L), and enhanced
peroxidase activity accompanying the growth of bio-
mass. A possible source of PVC-degrading fungi is soil
polluted with this type of plastic. A recent study
showed that isolation under these conditions led to
selection of Mucor sp. and Penicillium sp. strains capa-
ble of growing on PVC-containing medium and caus-
ing partial degradation of plastic, as confirmed by IR
spectrometry data (Pardo-Rodríguez and Zorro-
Mateus, 2021).

Studies of PVC-degrading bacteria and fungi began
at about the same time. In one of the first works, PVC
substrate containing di-iso-octylsebacyanate as plasti-
cizer was incubated under the laboratory conditions
with the members of the genera Pseudomonas, Brevi-
bacterium, and Achromobacter isolated from the sur-
MICROBIOLOGY  Vol. 90  No. 6  2021
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face of plastic items, which led to 20% weight loss and
decrease of f lexibility (Booth et al., 1968). However, in
comparison to the number of studies on PVC-degrad-
ing fungi, there are considerably fewer reports about
bacteria interacting with PVC, and many of them deal
with utilization of plasticizers. The most interesting
investigation on biodegradation of PVC films by cul-
tures of Bacillus flexus and Pseudomonas citronellolis
describes that 45-day-long incubation with both cul-
tures led to fragmentation of PVC films, changed their
IR-spectroscopy profiles, decreased their thermal sta-
bility, and diminished Mn by ~10%; after 30 days of
incubation, P. citronellosis caused 19% decrease in the
gravimetric weight of PVC specimens (Giacomucci
et al., 2019). The authors mentioned that the films
used in their experiments contained up to 30% of var-
ious additives (citrates, adipates and polyadipates,
epoxidized soybean oil, and Zn), and the results
obtained suggest the degradation of both PVC chains
and additives. In another study, an artificial consor-
tium of Pseudomonas otitidis, Bacillus aerius, B. cereus,
and Acanthopleurobacter pedis was introduced into
experimental soil samples with buried polymer films
(Anwar et al., 2016). In comparison to control soil
samples, incubation with the bacterial consortium
resulted in significant damage of the plastic surface
(SEM data) and changes of the IR and UV spectros-
copy profiles, as well as in 78.5% Mn decrease (from
72.65 to 15.63 kDa in 9 months, as opposed to
66.61 kDa in control), suggesting degradation of poly-
mer chains. These outstanding results are in strong
contrast with the data obtained in other similar studies
and require further exploration.

PET degradation is currently a subject of extensive
research, and the most impressive results achieved by
using PET-degrading enzymes will be discussed in a
separate section below. Nevertheless, it is necessary to
mention Ideonella sakaiensis, the best-known micro-
organism capable of efficient PET degradation
(Yoshida et al., 2016). After 6 weeks of incubation at
30°C, I. sakaiensis mediated a nearly complete degra-
dation of PET films. However, to date, the principal
source of PET-degrading enzymes are thermophilic
actinobacteria isolated from compost, which grow at
50‒60°C and promote degradation of polymer sub-
strate, namely Thermomonospora fusca (Kleeberg
et al., 1998), Thermobifida alba (Hu et al., 2010), Sac-
charomonospora viridis (Kawai et al., 2014), and Ther-
momonospora kurvata (Wei et al., 2014).

The body of data on microbial degradation of PS is
fairly large, but they are rather controversial and diffi-
cult to compare because of variations in the polymer
structure and diversity of techniques used to detect its
degradation (Table 4). For instance, while most of
Rhodococcus ruber cells attached to the PS substrate
within a few hours, it was only after 8 weeks of cultiva-
tion that the polymer mass was observed to decrease by
0.8% (Mor and Sivan, 2008). Two bacterial strains iso-
MICROBIOLOGY  Vol. 90  No. 6  2021
lated from a wetland in India, Exiguobacterium sibiri-
cum and Exiguobacterium undae, were found to utilize
solid transparent PS and PS beads as a source of car-
bon and energy (Chauhan et al., 2018). Using AFM, it
was shown that the substrate surface became rougher,
which decreased its hydrophobicity. FTIR spectros-
copy revealed that oxidized groups appeared in the
molecules, while gravimetry confirmed PS mass
decrease by 0.4% in 30 days. At the same time, the
strain of Bacillus paralicheniformis isolated from the
Arabian Sea was able to degrade 34% of PS film mass
in 60 days (Kumar et al., 2021). For fungi of the genus
Curvularia, it was shown that their hyphae adhered to
the surface of atactic PS and penetrated through it; the
observed PS mass loss was 2‒5% in 2‒3 months
(Motta et al., 2009). Incubation of Enterobacter sp.,
Citrobacter sedlakii, Alcaligenes sp., and Brevundi-
monas diminuta in media containing PS as the sole
source of carbon and energy led to 12% substrate
depletion per month. It was found that brown rot fungi
Gloeophyllum striatum and Gloeophyllum trabeum can
attack PS via the Fenton reaction involving hydroqui-
none; after 20 days of incubation, significant PS depo-
lymerization was observed, and the molecular weight
decreased by nearly 50% (Krueger et al., 2015). The
fact of lignopolystyrene degradation by white rot fungi
Pleurotus ostreatus, Phanerochaete chrysosporium, and
Trametes versicolor was reported nearly 30 years ago
(Milstein et al., 1992). After 8 weeks of incubation
with Cephalosporium sp. and Mucor sp. cultures, the
mass of PS decreased by 2.17 ± 0.16 and 1.81 ± 0.13%,
respectively; the observed changes in the surface (from
smooth to rough), decreased medium pH, appearance
of metabolic intermediates, and decreased molecular
weight additionally confirmed PS degradation
(Chaudhary et al., 2019).

Microbial degradation of PS was studied not only
for pure cultures but also for natural microbial associ-
ations. The presence of PS promoted the succession of
microorganisms in the community of active sludge
under aerobic and anaerobic conditions (Wei et al.,
2020). Biofilms formed by active sludge on PS cubes
were growing during incubation from weeks 1 to 9.
SEM and X-ray spectroscopy revealed changes in the
structure of PS, while FTIR spectroscopy indicated
the appearance of intermediates of unknown compo-
sition. In experiments with addition of two types of
14C-labeled PS (α- and β-14C) to soil and active waste-
water sludge, only 0.01% of PS was oxidized to 14CO2
after 8 weeks, and the total conversion level after
75 days was 0.7% (Giullet et al., 1974). Low degrading
activity on 14C-PS was also reported for mixed cultures
of 17 lignin-degrading fungal strains, as well as for the
microbial communities of sludge, various soils,
manure, and landfill sites (from 0.04 to 3.0% in
16 weeks; Sielicki et al., 1978; Kaplan et al., 1979).
Significantly higher rates of PS foam degradation were
observed for the samples from the landfill site in
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Sarimukti (Indonesia): the mass of PS foam decreased
by 18.23% after 7 weeks of incubation (Hidayat et al.,
2020). SEM showed the appearance of pores on the
plastic surface, while FTIR spectroscopy confirmed
the formation of simpler functional groups in the mo-
lecules and appearance of C‒O groups. Presumably,
degradation of PS foam was mediated by bacteria of
the genera Pseudomonas and Bacillus.

PLASTIC-DEGRADING MICROBIAL 
SYMBIONTS OF INVERTEBRATES

It is known that some invertebrates can consume
plastics, and this phenomenon, and specifically the
gut microbiomes of these organisms, have recently
started attracting rapidly growing attention. For the
first time, the fact that some insects can make holes in
PE film was reported in 2007 (Riudavets et al., 2007).
Subsequently, strains of Enterobacter asburiae and
Bacillus sp. isolated from the gut of Plodia interpunc-
tella (Indianmeal moth) were shown to utilize PE film
by 6 and 10% in 60 days, respectively, while the mole-
cular weight of the remaining PE decreased (Yang
et al., 2014).

Larvae of greater wax moth Galleria mellonella
were found to rapidly degrade PE (13% weight
decrease in 14 h) with production of ethylene glycol
(as shown using FTIR spectroscopy). A strain of
Enterobacter sp. isolated from their gut caused changes
of the physical and chemical properties of PE films
after 31 days of incubation, as observed using FTIR
spectroscopy, GC–MS, SEM, and AFM (Ren et al.,
2019). Larvae of G. mellonella also exhibited capacity
of degrading PS, as indicated by a significant decrease
of plastic substrate mass, appearance of C=O and C–
O groups in the molecules, and production of long-
chain fatty acids (Lou et al., 2020). A study of their gut
microbiome composition showed that consumption of
plastic was associated with predominance of Bacillus
and Serratia species. Moreover, individual isolates
were less efficient in degrading PS than the gut micro-
bial community.

Biodegradation of PE and other plastics was
recently described for larvae of various insects, such as
mealworm beetle Tenebrio molitor (Billen et al., 2020),
dark mealworm beetle Tenebrio obscurus (Brandon
et al., 2018; Peng et al., 2019), giant mealworm beetle
Zophobas atratus (Peng et al., 2020), and lesser wax
moth Achroia grisella (Kundungal et al., 2019), as well
as for the land snail Achatina fulica (Song et al., 2020).
The strains of Acinetobacter sp. and Bacillus sp. iso-
lated from the gut of T. molitor larvae were capable of
growing on LDPE only in a coculture, diminishing
LDPE mass by 18% in 30 days of cultivation (Yin
et al., 2020).

Interesting results were obtained for larvae of meal-
worm beetle T. molitor growing on a PVC powder
(Peng et al., 2020). Polymer chains were partially
MICROBIOLOGY  Vol. 90  No. 6  2021
degraded to small chloroorganic compounds, and Mn
decreased by 33.4‒36.4%. However, complete miner-
alization of the polymer substrate was very slow. Tene-
brio molitor also exhibited similar activity against PE
and PS substrates (Wu et al., 2019). Importantly, addi-
tion of antibiotics significantly inhibited the biodegra-
dation, demonstrating the crucial role of the gut
microbiome in this process. Analysis of variable frag-
ments of the 16S rRNA genes of the gut microbial
community showed that feeding on PVC promoted
the predominance of Streptococcaceae (primarily, the
genus Lactococcus), Spiroplasmataceae, Enterobacteri-
aceae, and Clostridiaceae families, which were signifi-
cantly less abundant on the standard bran feed.

PS-degrading ability was studied for larvae of two
mealworm species, T. molitor and T. obscurus (Yang
et al., 2015a, 2015b; Peng et al., 2019). Radioisotope
analysis showed that, in 24 h, 47.7% of 13C-labeled PS
foam was metabolized to CO2, 49.2% was excreted,
and a minor part was incorporated into lipids.
GS‒MS analysis recorded the following intermedi-
ates of PF degradation: pentanone, 4-hydroxy-4-
methylbenzene, 2,2-dimethyl-1,3-dioxolan-4-meth-
anol, oxalate, butyl-6-ethyloct-3-yl-ester, phenol,
2,4-bis(1,1-dimethyletyl), 1,2-benzenedicarboxylate,
butyl-2-methylpropyl ester. Pronounced succession
was observed in the gut microbial community of larvae
feeding on PS foam: the initially predominant lacto-
and enterobacteria were replaced by streptococci, and
finally by spiroplasmas and enterococci. The fact that
suppression of gut microbiota with antibiotics resulted
in nearly complete arrest of plastic utilization proves
its key role in PS degradation. Thirty bacterial isolates
were obtained from the larvae gut and identified; sub-
sequently, they were incubated as pure cultures in the
presence of PS for 28 days. Strains of Bacillus cereus,
Enterobacter hormaechei, Enterococcus gallinarum,
E. faecalis, Chryseobacterium sp., and Exiguobacterium
sp. exhibited a significant increase in abundance; after
the cultivation of Exiguobacterium sp. on PS for
60 days, gas chromatography revealed numerous
peaks of intermediate compounds in the culture
medium, and the plastic mass decreased by ~7.5%.

Larvae of Zophobas atratus consumed 0.58 g PS per
day: 4 times more than larvae of T. molitor. Various
methods of analysis demonstrated PS depolymeriza-
tion and formation of low-molecular-weight interme-
diates in their gut, while 36.7% of carbon present in PS
foam were mineralized to CO2 within 16 days (Yang
et al., 2020). A strain of Pseudomonas aeruginosa iso-
lated from the gut of Z. atratus larvae was capable of
degrading PS, and it was found that expression of its
serine hydrolase was upregulated in the course of PS
degradation (Kim et al., 2020). Larvae of Plesiophthal-
mus davidis beetle consumed 34.27 ± 4.04 mg PS foam
per individual in 14 days and survived on the feed of
plastic only. When enrichment cultures of their gut
microbiota were incubated for 20 days with PS, bio-
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film formation and morphological modifications (for-
mation of cavities) were observed on the plastic sur-
face. FTIR spectroscopy showed that C‒O bonds
appeared in the molecules. Analysis of the gut micro-
bial community revealed the presence of Serratia mar-
cescens; in larvae fed with PS for 2 weeks, the abun-
dance of these bacteria increased sixfold (Woo et al.,
2020).

A recent study investigated the ability of common
land snail, Achatina fulica, to utilize PS foam (Song
et al., 2020). PS was consumed at the rate of 18.5 ±
2.9 mg per snail in 4 weeks and excreted as microplas-
tic with the mean mass loss of 30.7%. Different meth-
ods of analysis revealed changes in the molecular
weight of residual PS and appearance of oxidized
groups in PS molecules. Analysis of the composition
of the microbial community by high-throughput
sequencing of 16S rRNA genes showed a significant
increase in the relative abundance of bacteria of the
families Enterobacteriaceae, Sphingobacteriaceae, and
Aeromonadaceae, indicating their possible involve-
ment in biodegradation.

MECHANISMS OF MICROBIAL 
DEGRADATION OF PLASTICS

PE and other plastics that contain only car-
bon‒carbon bonds in the main chain are highly resis-
tant to various environmental factors, including
microbial activity (Wei and Zimmermann, 2017a);
nevertheless, microorganisms possess a range of
mechanisms that mediate degradation of plastics
(Sheel and Pant, 2018). As a rule, microbial biodegra-
dation of PE involves biofragmentation of the polymer
by microbial enzymes with subsequent assimilation of
the resulting small fragments with molar weights of
less than 500 g/mol (Bonhomme et al., 2003; Mon-
tazer et al., 2019).

To date, two groups of enzymes are known to par-
ticipate in PE degradation, and both of them are also
involved in degradation of two other types of resistant
polymers: hydrocarbons and lignin. The first group
includes alkane hydroxylases (Yoon et al., 2012; Jeon
and Kim, 2015; Gravouil et al., 2017) and monooxy-
genases (Jeon and Kim, 2015; Moreno and Rojo,
2019), whereas the second one includes laccases
(Santo et al., 2013; Sheel and Pant, 2018) and manga-
nese peroxidase (Iiyoshi et al., 1998; Mukherjee and
Kundu, 2014).

Alkane hydroxylases (EC 1.14.15.3) are the key
enzymes mediating aerobic alkane degradation by
bacteria (Monahan et al., 2020). The initial stage
involves hydroxylation of C‒C bonds with formation
of primary or secondary alcohols, which are next oxi-
dized to aldehydes and ketones, and finally, to carbo-
xylic acids. Carboxylated n-alkanes are similar to
fatty acids, which can be catabolized by bacteria via
the β-oxidation system. Transcriptome analysis
showed that, in the presence of PE, Rhodococcus ruber
expressed enzymes of alkane degradation and of the
pathway of fatty acid β-oxidation (Gravouil et al.,
2017). Recombinant E. coli cells expressing the com-
plete alkane hydroxylase system from Pseudomonas
aeruginosa isolated from oil-polluted beach soil medi-
ated mineralization of 19.3% of low-molecular weight
polyethylene (LMWPE) to CO2 in 80 days (Yoon
et al., 2012). Many PE-degrading microorganisms
were also shown to be capable of utilizing linear
n-alkanes, e.g., paraffin (C44H90, Mw = 618). It was
found that decomposition of linear paraffin molecules
can be mediated by several microorganisms during
20 days (Haines and Alexander, 1975). However, no
information was reported on C‒C bond breaking in
the main chain of PE polymers, as well as on the for-
mation of hydrolysis products from long-chain car-
boxylic acids (Eubeler et al., 2010; Yoon et al., 2012;
Gewert, 2015; Jeon and Kim, 2015).

Enzymes that mediate degradation of lignin are
manganese peroxidase (EC 1.11.1.13), lignin peroxi-
dases (EC 1.11.1.14), and laccases (EC 1.10.3.2); they
were also shown to participate in PE degradation
(Restrepo-Florez et al., 2014; Krueger et al., 2015).
Exposure to extracellular copper-dependent laccase
from Rhodococcus ruber caused a decrease of the ave-
rage molecular weight and Mn of UV-irradiated PE
and increased the content of carbonyl groups in the
polymer (Santo et al., 2013). Another enzyme involved
in biodegradation of synthetic plastics, including PE,
is manganese peroxidase (EC 1.11.1.13). It was shown
that lignin-degrading fungi Phanerochaete chrysospo-
rium, Trametes versicolor and strain IZU-154, as well
as partially purified manganese peroxidase from
P. chrysosporium, mediated PE degradation, and this
process was stimulated by manganese ions (Iiyoshi
et al., 1998). This enzyme was also demonstrated to
mediate biodegradation of UV-irradiated PE
(Mukherjee and Kundu, 2014). Certain data suggest
that bacteria also possess similar mechanisms. For
instance, synthesis of laccase and manganese peroxi-
dase was stimulated in Bacillus cereus cells incubated
with PE pretreated by UV irradiation (Sowmya et al.,
2014). It was also found that lignin peroxidase of Strep-
tomyces sp. induced degradation of PE after a heat
treatment at 70°C (Pometto et al., 1992).

These and some other experimental data indicate
that the enzymes listed above are involved in PE deg-
radation. However, it should be kept in mind that, in
most of these studies, plastic substrates were pre-
treated with UV radiation or heat, which made them
more sensitive to enzyme activity.

There is currently no information available on the
mechanisms of PP degradation. Data on PVC degra-
dation mechanisms are also very scarce; however, it
was shown that PVC degradation by P. chrysosporium
is based on peroxidase activity (Khatoon et al., 2019).
Furthermore, the observed damage to the plastic sur-
MICROBIOLOGY  Vol. 90  No. 6  2021
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face (SEM data) and changes in IR spectroscopy pro-
files were significantly more pronounced in PVC
treated with purified peroxidase from P. chrysosporium
than in plastic incubated in the presence of fungal cul-
ture only.

Mechanisms of PET degradation are subject of
extensive research. Its biodegradation occurs by lim-
ited enzymatic hydrolysis of the ester bonds in the
polymer backbone. Bacterial and fungal enzymes
hydrolyze ester bonds in PET to produce terephthalate
and ethylene glycol. Intermediate products of enzy-
matic hydrolysis are also mono-(2-hydroxyethyl) tere-
phthalate (MHET) and bis-(2-hydroxyethyl) tere-
phthalate (BHET) (Vertommen et al., 2005; Ronkvist
et al., 2009), which can also be degraded by esterases
to terephthalate and ethylene glycol (Austin et al.,
2018; Maurya et al., 2020). At the same time, activity
of PET hydrolases is inhibited by the MHET and
BHET intermediates, as shown for polyester hydrolase
TfCut2 from Thermobifida fusca (Barth et al., 2015a).

The principal groups of PET-hydrolyzing enzymes
are hydrolases, cutinases, cutinase-like PETase from
Ideonella sakaiensis, as well as esterases and lipases
produced by various fungi and bacteria (Table 5).

Cutinases (EC 3.1.1.74) have a broad substrate
specificity and exhibit hydrolytic activity both towards
insoluble triglycerides (typical substrates of lipases)
and towards soluble esters (substrates of esterases)
(Taniguchi, 2019). The list of known producers of
PET-hydrolyzing cutinases includes strains of Fusar-
ium solani, Thermobifida fusca, Thermobifida celluloly-
sitica, Humicola insolens, and Pseudomonas men-
docina. Cutinase-mediated hydrolysis of PET is classi-
fied as so-called surface erosion of synthetic polymers
(Zhang et al., 2004; Wei et al., 2014). In contrast to
other enzymes that degrade biopolymers, e.g., cellu-
lose or polyhydroxyalkanoates, cutinases lack specific
binding domains responsible for adsorption to sub-
strate (Chen et al., 2013; Wei et al., 2014). Their bind-
ing to the PET surface is determined by hydrophobic
interactions with the residues located in immediate
vicinity of the catalytic center of the enzyme, as it was
shown for the cutinases of Thermobifida (Herrero
Acero et al., 2011). The authors showed that it was the
difference in electrostatic and hydrophobic properties
of cutinases from T. cellulolysitica and T. fusca that
determined the difference in their hydrolytic activity,
which resulted in high yields of hydrolysis products in
T. fusca. Cutinases are more active in biodegradation
of PET; many of them are thermostable enzymes that
can induce a considerable decrease of amorphous
PET film mass (Wei et al., 2016). Cutinases from the
fungus Fusarium solani and the bacterium Pseudomo-
nas mendocina are active at 50°C, and cutinase from
the fungus Humilica insolens is stable in the tempera-
ture range of 70‒80°C; however, in experiments using
PET with 7% crystallinity, their activity was 10 times
MICROBIOLOGY  Vol. 90  No. 6  2021
higher than with plastic with 35% crystallinity
(Ronkvist et al., 2009).

According to sequencing data, PETase (PET
hydrolase; EC 3.1.1.101) from Ideonella sakaiensis 201-
F6 (Yoshida et al., 2016) is similar to cutinases but has
a wider active center with additional disulfide bridges
(Kawai et al., 2020). This enzyme exhibits the highest
hydrolytic activity towards low-crystallinity PET at
ambient temperatures but, in contrast to other cuti-
nases, it has low thermostability.

Enzymatic activity of esterases (EC 3.1) takes place
on the interface between a water medium and a sub-
strate insoluble in water. Experiments with esterase
from Clostridium botulinum showed that PET-hydro-
lyzing activity of these anaerobic bacteria crucially
depended on its zinc-binding domain, which distin-
guishes this enzyme from cutinases of aerobic micro-
organisms (Biundo et al., 2018; Kawai et al., 2019).
Genetically engineered C. botulinum cells with certain
mutations introduced into this esterase site exhibited
facilitated binding to PET and enhanced hydrolytic
activity (Biundo et al., 2016). Ester substrates of ester-
ases usually have a shorter aliphatic chain than those
hydrolyzed by lipases (Freddi et al., 2011). Therefore,
only a limited number of esterases can participate in
PET hydrolysis, e.g., p-nitrobenzylesterase isolated
from Bacillus subtilis (BsEstB) (Ribitsch et al., 2011).
In comparison to cutinases and lipases, esterases gen-
erally have a lower capacity of surface hydrolysis of
polyesters; nevertheless, the PET-hydrolyzing activity
of esterase from Thermobifida Thh_Est is comparable
to activity of cutinases of the same genus (Ribitsch
et al., 2012).

Lipases (EC 3.1.1.3) exhibit low PET-degrading
activity because of limited substrate accessibility
(Zimmermann and Billig, 2011). Data on PET degra-
dation were reported for lipases from yeast Candida
cylindracea, filamentous fungus Aspergillus oryzae,
and bacteria Pseudomonas sp. (Wang et al., 2008; Ma
et al., 2012; Maurya et al., 2020).

Polyesterase isolated from Penicillium citrinum was
shown to mediate partial degradation of PET and a
model substrate bis-(benzoyloxyethyl) terephthalate
(3PET) with release of MHET and BHET as the
cleavage products; however, the amounts of tereph-
thalic acid were low (Liebminger et al., 2007). Among
the enzymes known for their PET-hydrolyzing activ-
ity, it is worth mentioning recombinant thermostable
polyesterase from yeast Saccharomonospora viridis
AHK190 (Kawai et al., 2014), recombinant esterase
originally isolated from Thermobifida halotolerans,
which is capable of degrading PET with production of
terephthalic acid and MHET (Ribitsch et al., 2012), as
well as nitrobenzylesterase from Bacillus subtilis (Rib-
itsch et al., 2011).

A considerable number of studies have addressed
the mechanisms of PS degradation. Weak sites of a PS
chain are the tertiary carbon atoms bound to phenyl
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groups. They can be attacked by free radicals, and
some chemical reactions at these sites can result in
chain break or induce formation of carbonyl groups
(Niessner and Gausepohl, 2003), which, together with
peroxide groups, promote the polymer degradation
(Meekum and Kenharaj, 2002; Botelho et al., 2004).

The initial stages of the process may involve enzy-
matic depolymerization, interactions with aggressive
microbial metabolites, or chemical reactions between
the polymer and the additives it contains (Milstein
et al., 1992; Mooney et al., 2006; Krueger et al., 2015;
Tischler et al., 2015; Chauhun et al., 2018; Ho et al.,
2018). Presumably, microorganisms growing on a PS
surface should synthesize enzymes or produce aggres-
sive metabolites that promote degradation of the poly-
mer into oligomers and monomers; however, none of
the currently known microbial enzymes was shown to
be capable of degrading PS. This property is expected
to be found in fungal ligninperoxidases. A strong effect
on polymer degradation can be induced by organic
acids secreted by mold fungi: citric, oxalic, succinic,
acetic, gluconic, lactic, or fumaric. Several species of
molds sharing a common habitat can exchange their
organic acid products, thus providing appropriate
growth conditions even for those fungi that cannot
develop on PS as pure cultures.

The second stage is biodegradation of oligo- and
monomers, in particular, styrene. It is predominantly
oxidized via the pathway of styrene side-chain oxygen-
ation (so-called upper pathway) (Oelschlägel et al.,
2018). Under aerobic conditions, styrene is directly
oxidized by styrene monooxygenase with production
of styrene epoxide, which is subsequently oxidized to
phenylacetaldehyde by styrene oxide isomerase. Next,
dehydrogenase catabolizes phenylacetaldehyde to
phenylacetic acid. Phenylacetic acid is transformed
into phenylacetyl-CoA by ligase, then it undergoes
dearomatization in several enzymatic reactions, and
ultimately enters the tricarboxylic acid cycle via for-
mation of acetyl-CoA and succinyl-CoA (as studied in
bacteria of the genera Pseudomonas, Xanthobacter,
Rhodococcus, and Corynebacterium).

Pseudomonas putida CA-3 growing on styrene can
accumulate polyhydroxyalkanoates by using a unique
biodegradation pathway (lower pathway) (O’Leary
et al., 2005). It involves oxidation of the aromatic ring
with subsequent entrance into the β-oxidation cycle
and transformation to acetyl-CoA. Subsequently, ace-
tyl-CoA can enter either the tricarboxylic acid cycle or
the pathway of de novo fatty acid synthesis, which will
give rise to medium-chain polyhydroxyakanoates as
the end product. The above-mentioned Bacillus para-
licheniformis strain isolated from bottom sediments of
the Arabian Sea and capable of degrading 34% of total
PS film mass in 60 days was found to possess genes
that encode enzymes involved in PS degradation:
monooxygenase, dioxygenase, peroxidase, esterase,
and hydrolase.
MICROBIOLOGY  Vol. 90  No. 6  2021
Genes responsible for styrene side chain oxidation
frequently form a single conserved gene cluster named
styABC(D). The genes styA and styB encode the
monooxygenase complex that mediates styrene degra-
dation. Styrene monooxygenase is a two-component
flavoprotein that catalyzes NADH- and FAD-depen-
dent epoxidation of styrene into styrene oxide. StyA is
a monooxygenase, and StyB acts as a f lavin-adenine
nucleotide reductase to provide StyA with the required
electrons. The genes styC and styD encode styrene
isomerase and phenylacetaldehyde dehydrogenase,
respectively (Oelschlägel et al., 2012, 2018; Morrison
et al., 2013; Crabo et al., 2017).

APPROACHES TO ENHANCING EFFICIENCY 
OF PLASTIC BIODEGRADATION

Investigation of plastic degradation is invariably
accompanied by search for approaches to intensifying
this process. First of all, the rate of polymer degrada-
tion by microorganisms depends on the area of the
contact surface; therefore, to accelerate degradation,
polymers are used in the form of thin films or powder
(Montazer et al., 2020).

To promote degradation, plastics can be exposed to
various physical factors that modify their structure
and make them more susceptible to biodegradation.
The most common types of treatment are exposure to
UV radiation and heat. For instance, it was shown that
the rate of LDPE biodegradation can be increased
using preliminary photo- or thermal treatment
(Volke-Sepúlveda et al., 2002; Chatterjee et al., 2010).
Exposure to these factors alters the degree of crystal-
linity and morphological characteristics of PE,
decreases the length of polymer chains, and generates
oxidized carbonyl, carboxyl, and hydroxyl groups,
thus accelerating microbial degradation of the poly-
mer (Albertsson, 1980; Hadad et al., 2005, Esmaeili
et al., 2013). The duration of UV treatment should be
at least 250 h, and exposure to high temperatures
(70‒80°C) should last for at least 24 h (Yamada-
Onodera et al., 2001; Abrusci et al., 2011, Montazer
et al., 2019).

Similar effects of UV irradiation and thermal treat-
ment were observed for PET degradation. Its ester
bonds, which represent potential targets for microbial
esterases or lipases, are shielded by aromatic groups
that make the entire structure resistant to biodegrada-
tion (Webb et al., 2013).

Exposure to abiotic factors, such as UV irradiation
and thermal treatment, significantly enhances the
effect of microbial hydrolytic enzymes (Wei and Zim-
mermann, 2017b).

Formation of carbonyl groups in PE is stimulated
by preliminary acid treatment. In studies of microbial
degradation of LDPE, the polymer powder was pre-
treated with 65% nitric acid solution for 10 days
(Rajandas et al., 2012) or with 99% nitric acid for
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6 days (Hasan et al., 2007). In both cases, data
obtained by FTIR spectroscopy showed that PE bio-
degradation was enhanced. It was also found that a
combination of photooxidation and chemical pre-
treatment with nitric acid had a synergistic effect on
increasing the biodegradation rate (Hasan et al.,
2007).

The effects of cultivation temperature on polymer
degradation rates are currently extensively studied. For
instance, a high plastic-degrading capacity was
reported for thermophilic bacterial consortia of Brevi-
bacillus spp. and Aneurinibacillus sp. (Skariyachan
et al., 2018). When the rates of PE degradation by
Pseudomonas aeruginosa were compared at 7, 23, 37,
and 44°C, the most significant substrate depletion
(6.25% in 30 days) was observed at 44°C (Tamnou
et al., 2021).

To address the problem of PET degradation, it is of
key importance to search for microorganisms that pro-
duce thermostable enzymes exhibiting high activity at
elevated temperatures, since amorphous fragments of
the polymer become more f lexible and more accessi-
ble for hydrolytic enzymes at temperatures above the
glass transition point (65°C) (Ronkvist et al., 2009).

Microbial degradation of plastics is significantly
hindered by their hydrophobicity, which impairs cell
adhesion to plastic surfaces. Production of surface-
active compounds by bacteria is of key importance for
bacterial degradation of PE, since biosurfactants lower
interfacial tension and facilitate bacterial adhesion to
PE surfaces (Vimala and Mathew, 2016; Zhurina
et al., 2020). It was shown that addition of 0.05% min-
eral oil promoted biofilm formation and enhanced PE
biodegradation (Hadad et al., 2005). It was also found
that hydrolytic activity of PETases can be stimulated
by using anionic surfactants that enable anionized
PET surfaces to attract more cationic PETases (Furu-
kawa et al., 2019).

Degradation of plastics can be accelerated by using
substrate mixtures that include, in addition to the
plastic, more readily available sources of carbon and
energy. In particular, it was found that mixing PE with
polymers of natural origin, e.g., starch, can increase its
biodegradability. For instance, α-amylase was shown
to mediate degradation of blended LDPE‒starch
specimens in water solution; after enzymatic treat-
ment, weight and tensile strength of the polymer spec-
imens decreased by 48 and 87%, respectively (Karimi
and Biria, 2019). Data obtained by gel permeation
chromatography indicated that both the molar mass
and viscosity of LDPE decreased by more than 70 and
60%, respectively. These results suggest that the main
chain of the polymer, as well as its side chains, were
cleaved by α-amylase, indicating that this enzyme had
a promiscuous cometabolizing effect on the biodegra-
dation of LDPE blended with starch.

It was also observed that biodegradation in binary
biofilms is more efficient, if the microbial partners
form a trophic chain where one strain can mediate pri-
mary modification of the polymer molecule and the
other one consumes the resulting intermediate prod-
ucts. One of the members of the microbial association
may also perform the important auxiliary function of
producing biosurfactants, which help metabolize
compounds insoluble in water (Plakunov et al., 2020).
In the course of PS degradation by mixed cultures (as
a rule, at the initial stages), the polymer can be
exposed to aggressive metabolites (e.g., acids) pro-
duced by members of the community that grow on the
available sources of carbon and energy and do not pos-
sess enzymes acting directly on PS (Naz et al., 2013;
Ho et al., 2018; Chauhan et al., 2018).

CONCLUSIONS
Accumulation of plastic waste in the environment

definitely indicates that natural microbial communi-
ties cannot manage its degradation. Indeed, all avail-
able experimental data suggest that reliably docu-
mented processes of plastic degradation are very slow.
Nevertheless, the results of extensive research accu-
mulated in the recent years show that even in this
seemingly hopeless battle microorganisms demon-
strate their great potential. Foremost, diversity of fungi
and bacteria capable of degrading various types of
plastics is impressive: they represent different phyla
that include large numbers of cultured members, such
as Proteobacteria, Firmicutes, or Actinobacteria. It can
be supposed that the actual diversity of plastic-degrad-
ing prokaryotes is even greater. It should also be noted
that only a limited number of ecological niches have
been analyzed for the presence of microorganisms
capable of degrading plastics, and expanding the range
of habitats studied could probably result in isolation of
novel target microorganisms. Unfortunately, very few
studies have investigated anaerobic degradation of
plastics, while these processes are certainly worth
researchers’ attention, since anoxic habitats are widely
prevalent on Earth, including anoxic landfill layers.
Extremely impressive results were obtained by study-
ing invertebrates capable of assimilating hardly
degradable substrates, such as wax, due to their micro-
bial symbionts. It can be expected that the number of
such associated microbial communities is much
higher, and they might be present in highly diverse
habitats. It seems promising to search for novel micro-
organisms capable of plastic degradation in extreme
habitats, where plastics are exposed both to physico-
chemical factors as well as to microorganisms resistant
to these abiotic factors.

An example of breakthrough in research of plastic
degradation mechanisms are rapidly advancing studies
of enzymes that mediate degradation of PET. Recom-
binant PETases demonstrate high rates of polymer
substrate degradation; furthermore, thanks to their
thermal stability, the process can be conducted at ele-
vated temperatures. These promising results inspire
MICROBIOLOGY  Vol. 90  No. 6  2021
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hope that a technology of enzymatic PET treatment
will be developed in the nearest future.

It is expected that the number of studies on micro-
bial degradation of plastics will rapidly increase. In
this context, it is necessary to develop standardized
protocols for experiments on biodegradation of plas-
tics, since this would enable researchers to unite their
worldwide efforts in solving this extremely difficult
problem of ultimate importance.
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