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Annually, 400 Mt of plastics are produced of which roughly 40% is discarded within
a year. Current plastic waste management approaches focus on applying physical,
thermal, and chemical treatments of plastic polymers. However, these methods have
severe limitations leading to the loss of valuable materials and resources. Another major
drawback is the rapid accumulation of plastics into the environment causing one of
the biggest environmental threats of the twenty-first century. Therefore, to complement
current plastic management approaches novel routes toward plastic degradation and
upcycling need to be developed. Enzymatic degradation and conversion of plastics
present a promising approach toward sustainable recycling of plastics and plastics
building blocks. However, the quest for novel enzymes that efficiently operate in cost-
effective, large-scale plastics degradation poses many challenges. To date, a wide
range of experimental set-ups has been reported, in many cases lacking a detailed
investigation of microbial species exhibiting plastics degrading properties as well as
of their corresponding plastics degrading enzymes. The apparent lack of consistent
approaches compromises the necessary discovery of a wide range of novel enzymes. In
this review, we discuss prospects and possibilities for efficient enzymatic degradation,
recycling, and upcycling of plastics, in correlation with their wide diversity and broad
utilization. Current methods for the identification and optimization of plastics degrading
enzymes are compared and discussed. We present a framework for a standardized
workflow, allowing transparent discovery and optimization of novel enzymes for efficient
and sustainable plastics degradation in the future.

Keywords: plastics, enzymes, biorecycling, biodegradation, comprehensive workflow

INTRODUCTION—THE WORLD OF PLASTICS

Plastics are man-made polymers that are used for many applications. Their flexibility, strength
and erosion resistance allow plastics to be suitable material for a broad spectrum of applications
(Wang et al., 2018). Of the almost 400 Mt of plastics produced, 40 percent is used in single-
use applications, leading to a significant amount of waste (PlasticEurope-Association of Plastics
Manufacturers, 2020). Current waste management systems mostly consist of accumulation in
landfills, incineration for energy recovery, and recycling. Although the fraction of plastic that is
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being recycled is increasing, the vast majority ends up in the
incinerator or in landfills polluting the environment, rather than
being reused (Geyer et al., 2017). Especially in Asia millions of
metric tons of plastic waste are managed poorly resulting in a high
likelihood of leakage into the environment (d’Ambrières, 2019).

Landfilling, careless dumping and other sources of leakage
such as the release of microfibres into the environment, causes
the accumulation of plastics in both terrestrial and marine
ecosystems (Henry et al., 2019). The leakage of plastics into the
environment has been shown to have several negative effects
on flora and fauna. Environmentally, plastic pollution has a
plethora of effects. The presence of plastic films in soil has been
shown to decrease crop yield by 3% meaning that this could
have significant effects on food security (Zhang et al., 2020). The
fragmentation of larger plastic products, when exposed to abiotic
factors, into so-called nano (<100 nm) and/or microplastics
(<5 mm) is also a risk that needs to be considered (Science
Advice for Policy by European Academies [SAPEA], 2019;
Chamas et al., 2020). Even though the SAPEA report from 2019
states that micro and nano plastics do not endanger human
health and the environment, the evidence seemed limited at
that time (Science Advice for Policy by European Academies
[SAPEA], 2019). Recently, several studies and reviews regarding
the effects of nano and microplastics on the environment have
been published and describe that there is a negative effect of
these particles in the environment (Shen et al., 2019; Iqbal et al.,
2020; Selonen et al., 2020; Shiu et al., 2020; Tiwari et al., 2020;
Guerrera et al., 2021; Kumar et al., 2021; Wang et al., 2022;
Zhang et al., 2022). The effects of these particles existent from
neurotoxicity to oxidative stress and even lethality (Wang et al.,
2021). The further degradation of monomers and oligomers of
plastics can also result in negative health effects. Exposure of
pregnant mice to bisphenol A and S resulted in the disruption of
their placentas (Mao et al., 2020). Finally, the release of harmful
volatile organic compounds upon photo-degradation of plastics
has been neglected until recently meaning that there might be
more aspects of plastic degradation threatening our ecosystems
(Lomonaco et al., 2020).

The results so far show that plastic pollution harms our
planet, meaning that we should aim to decrease plastic pollution.
According to a recent model (Lau et al., 2020), several approaches
need to be taken in parallel to decrease the rapid accumulation
of plastics in the environment: (1) plastic consumption needs
to be reduced by limiting single-use plastic products; (2) reuse
should be stimulated; (3) waste collection and recycling should
be increased; (4) landfilling should eventually be eliminated.

To increase recycling, more efficient collecting, sorting and
recycling methods should be developed. A promising and novel
recycling approach is biorecycling, which relies on the enzymatic
degradation of plastics. After degradation, the monomers are
extracted and used to manufacture the original plastic known as
recycling or be used as building blocks for other compounds with
a higher value (upcycling), without loss of quality.

Sorting waste materials after collection is an essential step
in the implementation of recycling as the main method for
domestic plastic waste management. As described by Hahladakis
and Iacovidou (2019), the lack of efficient sorting may

cause unwanted blending of polymers, ultimately yielding new
polymeric materials with unwanted characteristics. In addition,
accidental mixing of biobased plastics with petrochemical-based
plastics compromises the recyclability of the end products
(Hahladakis and Iacovidou, 2019). Currently, automated sorting
is being employed based on material or color focused separation.
Both methods have clear limitations and contamination cannot
be avoided (Hahladakis and Iacovidou, 2019). Automated
sorting of plastics using near-infrared spectroscopy may
separate various household plastics with an accuracy of
99% (Wu et al., 2020). However, this method still needs
further improvement since it is not suitable for dark-colored
plastics. Moreover, interference and effects of surface coating
and surface contamination still need further characterization
(Wu et al., 2020).

Despite the limitations in plastic sorting, various recycling
methods are in use. For large scale solid waste, mechanical
recycling is the preferred method. In this method, all organic
residues are washed off which is followed by shredding, melting,
and remolding of the polymeric material. Since household waste
consists of a wide variety of polymers, sometimes contaminated
with coloring, other plastics or metals, the quality of the
reprocessed matter is relatively low (Eriksen et al., 2018;
Shahid Kashif et al., 2021). To overcome this low quality,
mixing with virgin plastic is required to achieve the desirable
characteristics for industrial use (Garcia and Robertson, 2017).
Another approach is chemical recycling, yielding higher quality
products but having significantly higher costs. Examples of
chemical recycling are the lysis of glycols and methanol (Grigore,
2017). However, the chemical structure and diversity as well as
the use of various plastics mixtures, compromise the efficiency
of mechanical recycling (Garcia and Robertson, 2017), and
are the main cause for the fact that most of the solid waste
is not being recycled. Since energy recovery and mechanical
recycling have their limits, large amounts of plastics continue
to be landfilled.

Importantly, current gaps in literature concern the still limited
characterization of efficient plastic depolymerizing enzymes
which are required for the degradation of plastics into their
corresponding monomers, which subsequently can be used
for recycling and upcycling. In this review, we addressed the
enzymatic degradation of plastic. We divide the overall approach
into “upstream” and “downstream” approaches. The upstream
approaches are dealing with enzymatic depolymerization of
plastics while the downstream approaches are focused on
upcycling and merging plastic waste management into the
bioeconomy. We focus our discussion on how to identify
and characterize novel enzymes, especially for the important
aforementioned upstream approaches, and how to assess the
suitability and efficiency of enzymatic degradation processes,
providing a comprehensive workflow which so far is lacking in
literature. Thus, our review is substantially different from other
recent reviews in the field of microbial plastic degradation (Wang
et al., 2021; Sarkar et al., 2022; Zhou et al., 2022). We refer to
other recent reviews in the field of microbial plastic degradation
reviewing other topics within this rapidly evolving field (Wang
et al., 2021; Sarkar et al., 2022; Zhou et al., 2022).
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DIVERSITY OF SYNTHETIC POLYMERS

Currently, over twenty different types of plastics are on
the market, the majority developed and synthesized from
petrochemical feedstocks (PlasticEurope-Association of Plastics
Manufacturers, 2020). Clear differences can be observed in the
biodegradability of different plastics. Important determinants
for the degradability of plastics are the nature of the chemical
bonds constituting the polymeric structure, and the crystallinity
of the plastic. Recently, the development of biobased plastics
has taken an important leap. Biobased plastics are manufactured
using biological feedstocks, like starch or lactic acid. However,
this does not entail that they can automatically be regarded as
biodegradable. Some biobased plastics, like polylactic acid, are
highly recalcitrant and hence, are difficult to degrade.

Different plastics may indeed be structurally different,
however, the covalent chemical bonds connecting the
constituting monomers can be similar. In Figure 1, several
examples are given of different plastics containing similar
chemical bonds connecting the structurally different monomers.
We hypothesize that the biodegradability of these plastics
correlates with the occurrence and abundance of the specific
chemical bonds in natural substrates. The more likely a bond
is to be present in natural substrates, the more likely it may be
recognized and broken in the synthetic polymer. It is expected
that the enzymes’ ability to degrade specific bonds can either
be coincidental or has evolved depending on the nature of the
enzyme. Determining the prevalent chemical bonds within a
plastic polymer of interest provides insights into the family of
enzymes needed to degrade the plastic and may give insight into
possible modifications needed for these enzymes. Four types of
covalent bonds are abundantly present in plastics: ester bonds,
urethane bonds and carbon-carbon bonds. In addition, the
crystallinity of plastics presents another important determinant
for their biodegradability.

Ester Bonds
Ester bonds are abundant in both petrochemical-derived plastics
and bio-based polymers. Typical plastics containing these bonds
are polyethylene terephthalate (PET), polycaprolactone (PCL),
poly-lactic acid (PLA), and many more exist. Interestingly, for
all of these plastics degrading enzymes have been identified.
This likely correlates with the abundance of ester bonds in
natural polymers such as lipid- and phenolic-based barriers
present in the outer layer of plant cells. Enzymes able to degrade
such natural polymers have in some cases been shown to be
able to degrade synthetic compounds such as PET. A common
example is presented by cutinase enzymes from Thermobifida
spp., that degrade plant polymeric cutin and in addition have
been shown to degrade PET (Ribitsch et al., 2012). Several
common lipases and esterases have also been shown to be able
to degrade one or more of the above-mentioned polyesters
(Hajighasemi et al., 2016).

Urethane Bonds
Urethane bonds constitute polyurethane plastics which are
mostly used for long-term applications in construction and

automotive, as well as in foams used e.g., in furniture
(PlasticEurope-Association of Plastics Manufacturers, 2020).
Urethane bonds resemble covalent peptide bonds between amino
acids constituting proteins. Electron density and pulling force
within these bonds are clearly different from those in ester
bonds and hence, different enzymes are required for degradation
(Kjeldsen and Zubarev, 2011). In addition, several enzymes such
as the polyester hydrolases were shown to degrade polyurethanes
(Howard et al., 1999; Russell et al., 2011; Álvarez-Barragán et al.,
2016; Schmidt et al., 2017; do Canto et al., 2019).

The majority of published research on polyurethane
degradation is performed on Impranil-DLN (Biffinger et al.,
2015; Schmidt et al., 2017; Danso et al., 2019; Espinosa et al.,
2020). Impranil is an aqueous polyester-polyurethane emulsion
that is mostly used for impregnating textile (Biffinger et al.,
2015). This emulsion is easily incorporated in solid growth
medium and accessible for bacteria or fungi allowing for a ready
to use screening method. However, it is not easily translatable to
the degradation of polyurethanes like PUR (polyurethane), since
Impranil also contains ester bonds (Molitor et al., 2020).

Ether Bonds
Ether bonds are abundantly found in nature, they are present in
wood cell walls (Nishimura et al., 2018), plant active molecules
such as saponins (Abed and Aziz, 2019) and many more
(Domínguez De María et al., 2010). Some plastics contain
combinations of bonds for example PUR contains both urethane
bonds as well as ether bonds (Figure 1). These foams are
highly recalcitrant and difficult to degrade. So far it has
been shown that a selected microbial community was able
to partially degrade these polyether-polyurethane co-polymers
when dispersed in water (Gaytán et al., 2020). Recently, the
first case of enzymatic poly(ether urethane) foam degradation
has been shown using a laccase-mediated system (Magnin et al.,
2021). Butylene succinate copolymers like butylene succinate-
co-diethylene glycol succinate (PBS-co-DEGS) and butylene
succinate-co-butylene diglycolic acid (PBS-co-BDGA) are other
examples of polymers with combined bonds since it consists
of ester and ether bonds. The dispersed presence of these
ether bonds in these specific co-polymers appears to improve
the hydrophobicity of these plastics and hence, improves their
biodegradability (Li et al., 2018).

Carbon-Carbon Bonds
Carbon-carbon bonds are most commonly found in
petrochemical-derived plastics like polystyrene (PS), polyvinyl
chloride (PVC), polyethylene (PE), and polypropylene (PP).
These plastics, and especially PE, are commonly used in single-
use products (packaging, plastic bags, etc.) and contribute
extensively to environmental pollution (PlasticEurope-
Association of Plastics Manufacturers, 2020). In contrast to
urethane bonds and ester bonds, carbon-carbon bonds are much
more recalcitrant, and their degradation usually requires redox
enzymes. These enzymes cleave the carbon-carbon bond in four
steps: (1) oxidation and rearrangement of unstable oxidized
intermediates; (2) collapse and rearrangement of radicals and/or
cations; (3) oxygenation to obtain hydrolyzed cleavage products
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FIGURE 1 | Plastics and their specific chemical bonds.

and finally; (4) oxygen activation requiring oxygen for substrate
binding. The complex redox enzymes catalyzing these steps
require metal ligands (Guengerich and Yoshimoto, 2018).

In contrast to ester bonds, only a few specific enzymes
have been identified for the degradation of carbon-carbon
bond polymers. Recently, initial steps were taken with the
isolation of P. putida from the gut of polystyrene-eating
super worms (Yang et al., 2020). Kim et al. (2020) isolated
Pseudomonas sp. DSM50071 from the super worm gut and
identified the enzyme responsible for polystyrene degradation.
The enzyme was characterized as a serine-hydrolase oxidizing
the polystyrene and thereby increasing its hydrophilicity and
enabling further degradation of the polymer. For polyethylene
(PE), polypropylene (PP), and polyvinyl chloride (PVC)
microbial degradation has been observed. For example, PE
degrading fungi have been identified using a combination
of solid screening on medium containing plastic particles in
combination with respirometry assays, Fourier Transform
infrared (FTIR) and scanning electron microscopy (Spina
et al., 2021). Several Fusarium species, Aspergillus fructus and
Purpureocillum lilacinum were able to damage PE films, however,
no specific enzymes were identified (Spina et al., 2021).

Other Structural Determinants
Apart from the chemical bonds connecting the monomers, other
physicochemical characteristics may affect the biodegradability
of plastics. One important factor is crystallinity which affects

the strength of plastic polymers as well as their degradation
rate (Pantani and Sorrentino, 2013). Low crystallinity results
in better degradation. PET degrading I. sakaiensis can degrade
amorphous PET but is unable to degrade high crystallinity PET
(Wallace et al., 2020). When the crystalline PET was converted
to amorphous PET the bacterium again was able to degrade the
compound (Wallace et al., 2020). Studies on the degradation of
PBS also suggested that crystallinity may be a more important
factor influencing degradation than molecular weight (Pan et al.,
2018). Moreover, these authors showed that crystallinity of PBS
may decrease after several hours of degradation (Pan et al., 2018).
Another study showed that the crosslinking of amorphous silk
domains with crystalline silk regions protects the amorphous
region, making it more resistant against enzymatic degradation
(Valente et al., 2020), The degradation of plastics with high
crystallinity may be improved by the expansion of the enzyme’s
binding pocket as shown in the case of PET (Liu et al., 2018;
Kitadokoro et al., 2019) or by the pre-treatment of plastics
making them less crystalline (Wallace et al., 2020).

The addition of specific biosurfactants may significantly
increase or decrease the biodegradability of various plastics.
Recently, it was shown that the addition of rhamnolipids
increased the microbial colonization of plastics (Taghavi et al.,
2021). Whether degradation was indeed increased, appeared
dependent on the type of plastic. For PET and PE biodegradation
decreased, whereas for PS degradation increased (Taghavi et al.,
2021). This is likely to be a rhamnolipid specific feature since
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TABLE 1 | Comprehensive overview of enzymes discussed in this review.

Plastic Chemical
bond

Domain and
phylum

Species Method of
identification

Enzyme Enzyme class References

PET Ester Bacteria—
Proteobacteria

Ideonella sakaiensis Screening on
low-crystallinity PET
films

IsPETase Tannase Yoshida et al.,
2016; Liu et al.,
2018

PET Ester Bacteria—
Actinomycetota

Thermobifida fusca Enzyme activity assay
on 3PET

TfCut2 Cutinase Herrero Acero
et al., 2011;
Ribitsch et al.,
2012, 2015

PET/PEF Ester Bacteria—
Actinomycetota

Thermobifida
cellulosilytica

Enzyme activity assay
on 3PET Enzymatic
assay on PEF powder

TcCut1 Cutinase Herrero Acero
et al., 2011; Pellis
et al., 2016

PET Ester Bacteria—
Actinomycetota

Thermobifida alba
AHK119

Screening on 3PET Est119/Tha-Cut1 Cutinase/Esterase Kitadokoro et al.,
2012; Ribitsch
et al., 2012

PLA Ester Bacteria—
Proteobacteria

Alcanivorax
borkumensis

Screening on various
polymer emulsions

ABO2449 α/β hydrolase Hajighasemi et al.,
2016

PLA Ester Bacteria—
Proteobacteria

Rhodopseudomonas
palustris.

Screening on various
polymer emulsions

RPA1511 α/β hydrolase Hajighasemi et al.,
2016

PCL Ester Bacteria—
Proteobacteria

Alcanivorax
borkumensis

Screening on various
polymer emulsions

ABO2449 α/β hydrolase Hajighasemi et al.,
2016

PCL Ester Bacteria—
Proteobacteria

Rhodopseudomonas
palustris.

Screening on various
polymer emulsions

RPA1511 α/β hydrolase Hajighasemi et al.,
2016

PCL Ester Bacteria—
Actinomycetota

Streptomyces sp. In silico search,
screening on emulsified
PCL

SM14est Esterase Almeida et al., 2019

PS Carbon-
Carbon

Bacteria—
Proteobacteria

Pseudomonas sp.
DSM50071

Grown on PS film No specific enzyme Serine hydrolase Kim et al., 2020

LD-PE Carbon-
carbon

Bacteria—
Proteobacteria

Pseudomonas putida Screening on LD-PE
films

No specific enzyme Unknown Talkad et al., 2014

LD-PE Carbon-
carbon

Fungi—
Ascomycota

Fusarium oxysporum,
Fusarium falciforme
and Purpureocillum
lilacinum

Initial screening on agar
containing pulverized
LD-PE

No specific enzyme Unknown Spina et al., 2021

LD-PE Carbon-
carbon

Bacteria Marine organisms LD-PE powder in
medium

No specific enzyme Unknown Khandare et al.,
2021

another study indicated increased biodegradability of LD-PE
upon the addition of biosurfactants (Hussain Ali et al., 2021).

THE SEARCH FOR NEW PLASTICS
DEGRADING MICROBES AND ENZYMES

Enzymatic recycling of plastics presents a sustainable and
therefore interesting approach for several reasons. These include
(i) no harsh conditions are required for degradation, (ii) costs
for bulk enzyme production can be relatively low, and (iii)
it allows for the retrieval of the monomers which can be
polymerized into new plastics or upcycled into new compounds.
To develop the enzymatic degradation approach, novel plastics
degrading enzymes need to be discovered, characterized and
improved. These enzymes can be categorized into two types: (1)
plastic depolymerizing enzymes and (2) downstream processing
enzymes, ensuring proper processing of the degradation products
toward the desired product. For example, the PETase from
Ideonella sakaiensis (IsPETase) can degrade PET into mono-
(2-hydroxyethyl) terephthalic acid (MHET) and this enzyme

would be categorized as a PET depolymerizing enzyme.
The MHETase that degrades MHET into terephthalic acid
and ethylene glycol is regarded as a downstream processing
enzyme within the scope of this review (Yoshida et al., 2016).
These enzymes were initially identified by Yoshida et al.
(2016) and subsequently discussed in a broad spectrum of
papers discussing the production, structure and mechanisms
of both the PETase and the MHETase (Han et al., 2017;
Liu et al., 2018; Ma et al., 2018; Almeida et al., 2019; Palm
et al., 2019; Seo et al., 2019; Janatunaim and Fibriani, 2020;
Wallace et al., 2020).

The search for novel complex polymer degrading
enzymes started decades ago and was extended with plastics
depolymerization enzymes in the late 1980s. In, Pometto
et al. (1992) showed that Streptomyces species can produce
extracellular polyethylene degrading enzymes. These enzymes
can be optimized to reach a higher efficiency. In addition, in silico
methods can be used to identify interesting homologs for further
investigation. Several strategies to discover new plastic degrading
enzymes are discussed in detail below. The enzymes discussed in
this paragraph were summarized in Table 1.
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Experimental
Approaches—Environmental Screening
for Plastic Degrading Enzymes
Isolating micro-organisms from environments with long-term
exposure to rigid natural polymers or plastics has been a fruitful
approach and led to the identification of several microbial
species able to degrade plastics. This suggests that microbes
may adapt toward the use of anthropogenic persistent and
complex polymers.

Several bacteria displaying plastic degrading abilities have
been isolated from floating debris, garbage soil, landfills,
and polluted water. These include Pseudomonas, Bacillus,
Staphylococcus, Streptomyces, and many more species (El-Shafei
et al., 1998; Usha et al., 2011; Bhardwaj et al., 2013; Brunner
et al., 2018). Here we describe a few interesting bacterial origins
of enzymes. An example is presented by the newly identified
bacterium, Ideonella sakaiensis, isolated from a PET bottle
recycling facility, which uses PET as an energy source (Yoshida
et al., 2016). The enzymes required for the depolymerization,
and downstream degradation of PET were characterized and
shown to act specifically and efficiently (Yoshida et al., 2016; Liu
et al., 2018). Another example is presented by the Actinobacteria
Thermobifida cutinases; these members of the esterase family can
hydrolyze the primary and/or secondary ester linkage in cutin,
allowing microbes to use the monomers as a carbon source.
Cutinases hydrolyze ester bonds and hence, are interesting
candidates to screen for the ability to degrade plastics. Since
2010 several studies indicated that cutinases, especially from
Thermobifida species, can degrade synthetic polymers like PET
(Herrero Acero et al., 2011; Ribitsch et al., 2012, 2015). The
Cut1 enzyme from Thermobifida cellulosilytica has shown to
successfully degrade PET and polyethylene furanoate powders
(PEF) (Herrero Acero et al., 2011; Pellis et al., 2016).

Another interesting group of microorganisms are the fungi,
they are known for their ability to degrade complex polymers
such as wood, cellulose and lignin (Bugg et al., 2011; Couturier
et al., 2018; Nemli et al., 2018; Zhang et al., 2016; Hou et al.,
2020; Qu et al., 2021). Several fungal cutinases may also degrade
PET (Suzuki et al., 2014; Sankhla et al., 2020; Anbalagan et al.,
2021; Vázquez-Alcántara et al., 2021). In addition, Filamentous
fungi isolated from landfill soil have been shown to degrade
polyethylene. These include Fusarium oxysporum, Fusarium
falciforme, and Purpureocillum lilacinum (Spina et al., 2021).
Various reviews have been published providing an overview of
these plastic degrading microorganisms (Pathak and Navneet,
2017; Roohi et al., 2017; Rana, 2019; Jaiswal et al., 2020; Mohanan
et al., 2020; Maity et al., 2021; Priya et al., 2022). Due to the
abundance of plastic degrading micro-organisms isolated from
plastic polluted environments, plastic debris is considered a
promising source for the isolation of potentially successful plastic
degrading bacteria and fungi.

Computational Approaches
With interesting strains or consortia identified, different
approaches can be taken to pinpoint the genes encoding
plastic degrading enzymes. The first approach has led to the

identification of the IsPETase from I. sakaiensis in which
the sequenced genome was investigated for promising open
reading frames containing sequences like already known plastic
degrading enzymes (Yoshida et al., 2016). The second approach
includes transcriptome analysis and identification of up-and
down-regulated genes in the presence and absence of plastics
to reveal genes potentially important for PET degradation
(Kumari et al., 2021).

Data Mining and in silico Screening for Plastic
Degrading Enzymes
By performing homology searches using various databases
promising enzymes can be revealed. An example is presented by
the PETase-like enzyme SM14est found by searching homologs
of the IsPETase. 30 potential enzymes were found of which
one showed PCL degrading activity (Almeida et al., 2019).
Surprisingly, to date, only a few papers have been published
using this method to identify promising enzymes. Nevertheless,
this is a promising technique to narrow down the number of
bacteria and fungi for screening. It is, however, important to note
that merely looking for homology at the amino acid level is not
enough to find interesting enzymes. In addition, understanding
and predicting the chemical characteristics of the enzymes and
predicting enzyme structures are of utmost importance for the
identification of promising new enzymes using in silico methods.

Another in silico source for enzyme identification is ancestral
sequence reconstruction (ASR) By obtaining the possible
ancestral sequence, novel enzymes can be identified via homology
searches or novel proteins can be expressed by the creation
of fusion proteins (Verma et al., 2019; Zitare et al., 2021).
In addition, ASR provides insights into the evolutionary
development of enzymes (Ruiz-Dueñas et al., 2020). So far, ASR
and additional methods have been used to identify novel enzyme
families and conserved structures (Voshol et al., 2017). Likewise,
it can provide insight into the origin and evolution of plastics
degrading enzymes. In silico methods indeed, have shown to
provide leads aiding the search for novel enzymes and are, in our
opinion, useful to gain more insights into promising enzymes.

De novo Enzymes Design
De novo design and development of enzymes, based on well-
determined modular structures provides a possible future
approach to generate a new generation of plastic degrading
properties. The de novo design and creation of enzymes is
one of the primary goals of synthetic biology and requires
computational approaches. Donnelly et al. created de novo
enzyme Syn-F4 which can hydrolyze the siderophore ferric
enterobactin. The expression of Syn-F4 in vivo allowed a ferric
enterobactin sensitive E. coli to survive in the presence of ferric
enterobactin (Donnelly et al., 2018). New tools for the de novo
design of enzymes are emerging rapidly. By using machine
learning methods, protein prediction software is being improved
drastically. The current prediction programs, however, are still
lacking a user-friendly platform for end-users, resulting in limited
use of these tools (Abriata and Dal Peraro, 2021). To stimulate
the design of novel enzymes using computational synthetic
biology approaches is dependent on the prior identification and

Frontiers in Microbiology | www.frontiersin.org 6 March 2022 | Volume 13 | Article 821629

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-821629 March 23, 2022 Time: 11:42 # 7

Verschoor et al. Microbial Plastic Recycling and Upcycling

characterization of several different plastics degrading enzymes
to begin training machine learning software and providing
accessible computing tools. In addition, a list of web tools for
in silico biodegradation studies is available in a recent review
(Skariyachan et al., 2022).

Another useful method is the addition of specific protein
domains to create better enzymes with altered binding properties.
This method has been used e.g., for the optimization of
carbohydrate degrading enzymes, where carbohydrate-binding
modules (CBMs) have been switched and replaced to optimize
carbohydrate degrading abilities as well as thermostability
and catalytic efficiency in existing enzymes (Ha et al., 2015;
Meng et al., 2015). Likewise, CBMs may be useful tools
to increase substrate binding of plastic degrading enzymes,
since a recent paper showed that the addition of inactive
polysaccharide monooxygenase PcAA14A to the medium
increased the efficiency of the IsPETase by 27 percent. This
inactivated enzyme appears to bind with its CBM to the
hydrophobic surface of PET, thus enabling the other enzyme to
bind more efficiently (Dai et al., 2021a). Subsequent research
by Dai et al. (2021b) shows that the addition of a CBM
domain can increase the plastic degrading abilities of the
IsPETase up to 86 percent, underscoring that enhancing these
enzymes with extra binding domains is a promising approach for
improved degradation.

ENZYME AND STRAIN OPTIMIZATION
FOR PLASTIC DEGRADATION

Existing enzymes can be optimized using various methods to
obtain a higher depolymerization efficiency and thermostability.
These may be regarded as necessary requirements since plastic
depolymerization is currently mostly conducted at elevated
temperatures (Nakasaki et al., 2019; Xiong et al., 2020).
In addition, in silico methods combined with experimental
approaches can target specific sites for the catalytic improvement
of these enzymes.

Random Mutagenesis
Random mutagenesis and subsequent screening and selection
is an effective strategy used to improve the activity of specific
strains and enzymes. By exposing plastic degrading microbial
strains to mutagens, such as UV, a high mutation frequency can
be obtained and mutants with higher enzyme activity can be
selected. If required, cycles of mutagenesis and selection can be
repeated until a significantly higher efficiency is reached. Talkad
et al. (2014) were able to improve the degradation of low-density
(low crystallinity) polyethylene by UV and EMS treatment of
P. putida. Via GWAS studies the SNPs responsible for the
improvements can be identified. The same approach has shown
to be fruitful in fungi. Penicillium oxalicum strain DSYD05-1
was optimized vis UV mutagenesis to increase its PCL degrading
ability. The enzymes of this strain showed to have a higher
PCL- degrading ability and a wider substrate specify allowing
it to additionally degrade poly(β-hydroxybutyrate) (PHB) and
poly(butylene succinate) (PBS) (Li et al., 2012).

TABLE 2 | Overview of methods for screening and identification of
plastic degradation.

Plastic Model
polymer

Method of
incorporation

References

PET PET Emulsification Charnock, 2021

PET 3PET, 2PET,
BHET

Dissolving Herrero Acero et al., 2011; Ma
et al., 2018; Palm et al., 2019

PLA PLA Emulsification Pranamuda et al., 1997

PLA PLA Film on plate Kim et al., 2017

PLA PLA Spray Shin et al., 2021

PCL PCL Emulsification Almeida et al., 2019

PUR Impranil-DLN Dissolving Molitor et al., 2020

HD-PE HD-PE Films Awasthi et al., 2017

LD-PE LD-PE powder Mixing with
medium

Khandare et al., 2021; Spina
et al., 2021

PS PS Emulsification Tang et al., 2017

PS PS Spray Shin et al., 2021

Site-Specific Mutagenesis Based on
Enzyme Modeling
As a recent development, computer-aided enzyme engineering
is increasingly used for the optimization of enzymes. When
the crystal structure of an enzyme is known, computer-aided
engineering can be used to identify important targets for
improvement. Experimental approaches can then induce these
changes resulting in optimized enzymes.

For example, based on the crystal structure and modeling
of the IsPETase, site- directed mutagenesis has been performed
on 15 amino acid domains in the first contact shell of the
IsPETase, to improve its efficiency (Tournier et al., 2020). The
addition of disulfide bridges to improve thermostability and
mutagenesis of the residues responsible for substrate binding
also drastically improved PET-depolymerization, allowing the
enzyme to depolymerize 90% of the provided PET in 10 h. The
optimized strain was able to degrade 16.7 g of PET per liter
per hour (Tournier et al., 2020). The 90% efficiency in 10 h
of the enzymatic degradation process comes close to the 98%
efficiency in 8 h for chemical PET degradation (Khoonkari et al.,
2015). Furthermore, the purified monomers could be used to
synthesize new PET without the loss of quality of the material
(Tournier et al., 2020).

In addition, Liu et al. (2018) enzyme modeling and
experimental data provided insight into the different
binding pockets of the PETase from I. sakaiensis and of a
spectrum of cutinases. Likewise, Kitadokoro et al. (2019)
identified the binding pocket residues involved in substrate
interaction of a cutinase isolated from Thermobifida and
how this differs from the IsPETase. After comparison with
a.o., Thf 42_Cut1 it was concluded that the success of the
IsPETase enzyme is caused by the structural features of its
binding pocket. Compared to other enzymes, this PETase has
a relatively shallow and broad surface, allowing the enzyme
to bind to aggregated PET molecules whereas other cutinases
are mostly only able to hydrolyze linear PET molecules
(Liu et al., 2018).
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A similar approach was taken with the Tf Cut2 from
Thermobifida fusca. Furukawa et al. (2019) managed to improve
the PET degrading abilities of Tf Cut2 by identifying important
residues via computer modeling and applying site-directed
mutagenesis on the identified substrates thereby increasing the
degradation rate of the PET film 12.7-fold.

In another study, the Thc_Cut2 cutinase was shown to
be significantly less efficient than its close relative Thc_Cut1.
Previously, Herrero Acero showed that differences in surface
properties of these enzymes are responsible for the difference in
efficiency. In one of the first site-specific mutagenesis studies on
Thc_Cut2, Arg29 was mutated into Asn and Ala30 into Val. These
changes resulted in significantly higher specific activity on a PET
surface (Herrero Acero et al., 2013; Ribitsch et al., 2015). In the
future, site-directed mutagenesis combined with the addition of
substrate-binding domains (3.3) is promising to further improve
the efficiency of plastics degrading.

Adaptive Laboratory Evolution to
Improve the Activity of Plastic Degrading
Strains
Adaptive laboratory evolution (ALE) is a powerful approach
to improve or create certain phenotypes in microbial strains
by provoking and stimulating evolutionary adaptation processes
(Lee and Kim, 2020). In combination with omics-approaches
to characterize the mutations invoked, ALE is a sophisticated
and potent strain engineering tool for inducing mutations to
improve metabolic pathways and enzymes for rapid growth
on a variety of carbon sources and stress tolerances. Various
examples of ALE for improved utilization of plastics monomers
have emerged, which are important to build plastic-degrading or
-upcycling cell factories.

Genome sequencing of Pseudomonas pseudoalcaligenes
CECT 5344 revealed that this strain could potentially utilize
furfurals (monomers of the biobased plastic polyethylene
2,5-furandicarboxylate or PEF), furfuryl alcohol, furfural and
furoic acid as carbon sources. However, a long lag period
lasting for several days was observed during its growth on
furfurals. Growth on furfurals was improved using ALE,
following which the adapted strain no longer exhibited any
prolonged lag phases (Igeño et al., 2019). Sequencing of this
strain revealed a point mutation in an AraC family activator
locus (BN5_2307) at the HTH region of the protein (L261R)
to be responsible for this improvement by generating an
active regulator for the hmfABCDE gene cluster located
upstream of this gene.

In another example, Li et al. (2019) successfully isolated ALE-
derived mutants of P. putida KT2440 able to utilize ethylene
glycol, a monomeric component of PET besides terephthalate,
as its carbon source. Genomic analysis of these mutants revealed
missense mutations and a 15 bp deletion on PP_4283 encoding
for gclR, a transcriptional repressor to the glyoxylate carboligase
pathway. In addition, secondary mutations were also found in
a transcriptional regulator encoded by PP_2046 and a porin
encoded by PP_2662 which further improved the growth of ALE-
derived P. putida KT2440 on ethylene glycol. These secondary

mutations likely maintain flux balances through the initial
oxidation of ethylene glycol to glyoxylate.

Although current ALE approaches are mainly focused on
the efficient utilization of plastics monomers, ALE has a
great potential to evolve and improve plastics depolymerization
enzymes. Several members of promiscuous enzyme classes, like
esterase, lipase and cutinase, have been identified to be able
to depolymerize PET and PLA, although with low specificity
and turn-over (Kawai et al., 2019). ALE or directed evolution
constitutes a promising approach to acquire new or improved
enzymatic activity from promiscuous enzyme classes to develop
novel plastic depolymerizing enzymes.

THE CHALLENGES OF EXPERIMENTAL
DESIGN AND SET-UP

The diversity of methods available for the identification of
micro-organisms and enzymes with plastic depolymerizing
abilities complicates the trustworthiness and translatability of
the experiments. In any case, the experimental setup is highly
determinant to increase the chances of success.

Clearance assays are frequently used in screening for enzyme
activities. These rely on a turbid plastic-containing medium.
If the plastic in the medium is degraded, a clear halo will
occur. Screening for halo formation is a relatively quick method
that yields binomial results. Two approaches are frequently
used to incorporate plastics in the medium which include
emulsification and the addition of semi-water dissolvable plastics.
During emulsification, plastics are dissolved in an organic
solvent, such as dichloromethane, and mixed with surfactants
and growth medium. Subsequently, the solvent is evaporated,
resulting in small droplets of plastic in the medium (Pranamuda
et al., 1997). This method is used for plastics like polylactic
acid, polycaprolactone, and polystyrene. We experienced that
emulsification is not an easy-going method, difficult to reproduce
and a challenge in keeping the final dispersion stable. Another
approach is the addition of plastic granules or pellets to the
medium and screen for clearance (Khandare et al., 2021; Spina
et al., 2021).

An easier approach is the addition of plastics that are partially
dissolvable or plastic simulators such as the aquatic dispersion
Impranil-DLN, which is used for the screening of polyester and
polyurethane degradation (Molitor et al., 2020). Similarly, bis-(2-
hydroxyethyl) terephthalate (BHET) is soluble in water and can
be used as a PET-mimicking substrate (Palm et al., 2019). Model
compounds are very useful to show e.g., polyester degrading
activity but are only partially translatable to the degradation of the
actual polymer of interest (Table 2; Ribitsch et al., 2011; Almeida
et al., 2019; Palm et al., 2019; Molitor et al., 2020). Therefore, one
must be aware that results are easily over-interpreted and plastic
degrading features may be overstated. However, plate clearance
assays are quick, high throughput and important screens for the
initial identification of interesting organisms.

Measuring the weight loss of plastics is another method for
the identification of plastic degradation. Plastic particles or films
are incubated in the presence of microorganisms and regularly

Frontiers in Microbiology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 821629

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-821629 March 23, 2022 Time: 11:42 # 9

Verschoor et al. Microbial Plastic Recycling and Upcycling

weighed to monitor the possible decline in weight. Major
drawbacks of this method are timespan and weight fluctuations
(Li et al., 2008; Danso et al., 2019; Przemieniecki et al., 2020).
It may take weeks to months to conduct the experiments and
weight differences may be caused due to fragmentation by other
external or internal factors such as the attachment of microbes
to the plastic which is also measured. A better method to
examine plastic degradation is provided via respirometry assays,
specifically while the plastic is being used as sole carbon. This
method is based on measuring carbon dioxide production upon
degradation of the polymers, using pH indicators and carbon
dioxide calibration (Yang et al., 2020; Spina et al., 2021). This
method provides more reliable results than weight loss assays
since it is less influenced by other external factors such as
the fragmentation of the plastics. Plastics degradation may be
examined by combining respirometry assays with microscopy,
testing the plastic’s physical characteristics and enzymatic activity
assays (Janczak et al., 2018; Tournier et al., 2020; Yang et al.,
2020; Spina et al., 2021). Interactions of the microorganism with
the plastic surface can be visualized using scanning electron
microscopy, this does not show enzymatic activity but can
provide clues about the physical interaction of the microorganism
of interest and the plastics. In addition, Liquid Chromatography-
Mass Spectrometry (LC-MS) is a powerful tool for the detection
of polymer degradation products and characterization of the
degradation pattern (Hajighasemi et al., 2016). An excellent
example is the research of Hajighasemi et al. (2016), in this study
purified enzymes were used to degrade PLA resulting in a clear
chemical degradation pattern.

Another method to observe chemical degradation is
FTIR spectroscopy, based on the (changing) absorbance or
transmission of specific wavelengths by specific (altered)
chemical groups (Sandt et al., 2021). Several studies used FTIR
to evaluate microbial PE, PET and polystyrene degradation
(Ioakeimidis et al., 2016; Ojha et al., 2017; Canopoli et al., 2020;
Yang et al., 2020; Spina et al., 2021). A recently published short
communication by Sandt et al. (2021) discusses the use and
misuse of FTIR in relation to plastic degradation. Importantly,
most studies reported to date are focused on strains displaying
plastic depolymerizing abilities instead of the specific enzyme
responsible. If enzymes are identified, efficiency is not easily
comparable to other enzymes. Herrero Acero et al. (2011)
performed several enzymatic assays, PET hydrolysis tests,
modeling and docking analyses to be able to compare the
Thf42_Cut1 enzyme from Thermobifida fusca with two other,
previously identified, PET degrading cutinases: Thc_Cut1 and
Thc_Cut2 derived from Thermobifida cellulosilytica DSM44535.
By expressing and purifying these three enzymes in E. coli the
kinetic properties on PET could be compared. They were able to
model the hydrolysis of PET and determine that Thc_Cut1 was
most efficient in PET degradation (Herrero Acero et al., 2011).
Other methods may include examining enzyme activity on model
substrates or actual polymers, as well as examining degradation
using chemical analysis or microscopy (Hajighasemi et al., 2016;
Austin et al., 2018; Magnin et al., 2019). An interesting approach
is the use of dye-containing plastic films, whereupon enzymatic
degradation of the films the dye is being released, causing the

appearance of a blue color (Shinozaki et al., 2013). For enzymatic
assays to work optimally the suitable conditions for enzyme
activity should be determined (Jain et al., 2020).

As discussed by Arnling Bååth et al. (2020), the kinetics of
these plastic degrading enzymes is not well understood and
there is no framework present to analyze these reactions and
therefore score the efficiency of plastic degrading enzymes.
There is a need for better substrates to quantify the plastic
degrading enzyme activity. Arnling Bååth et al. (2020) showed
that the addition of putative attack sites on the surface of
PET allowed better comparison of the activity of various
enzymes. A faster method is the use of spectrophotometric
absorbance to analyze the enzymatic degradation kinetics. With
bulk absorbance assays insight may be obtained into the enzyme
reaction kinetics and efficiency (Zhong-Johnson et al., 2021).
If this method could be used as a standardized method for
the comparison of plastic degrading enzymes, such comparison
would be simplified drastically.

TOWARD A COMPREHENSIVE
WORKFLOW FOR PLASTIC DEGRADING
ENZYME IDENTIFICATION

Not only is it important to follow the currently used methods,
but it is also important to establish new strategies for finding
and optimizing plastic degrading species and enzymes. This will
allow to fill current gaps in the identification of plastic degrading
enzymes and create efficient pipelines for the identification of
such novel enzymes.

The diversity of methods complicates the comparison between
results. Therefore, we would like to propose a workflow that
would make outcomes more comparable and would result in
more experimental support for future experiments (Figure 2).

As a quick and reliable method for screening organisms for
plastic degrading activities, we suggest using the clearance assays
since this method is also suitable for high throughput screening.
To screen efficiently, optimal screening conditions need to be
determined and possible inducers for enzyme expression should
be identified. These screens can be performed using model
polymers, or by emulsification, incorporation into the medium
or spraying of the original polymers (Table 2).

The most favorable strains can be grown in liquid culture
containing the above mentioned model plastics, or the actual
plastic polymer itself in powder, film, particle or even cube
form (Chua et al., 2013; Sepperumal et al., 2013; Pellis et al.,
2016; Weinberger et al., 2017; Magnin et al., 2021). By
exposing microorganisms to plastic particles in liquid culture,
the degradation can be examined providing more insights into
the natural degradation processes. Samples from these flasks can
be used for several approaches; (1) microscopical analysis, the
physical interaction between de microorganism and the plastic
can be examined by SEM by making high-resolution images of
the interactions between the organism of interest and plastic.
A drawback is that only the macrostructure of the film or
particle can be observed since it is only a visual technique. (2)
Chemical analysis, for example, LC-MS-based analyses to observe
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FIGURE 2 | Comprehensive workflow for the identification of plastic degrading enzymes. New plastic degrading enzymes can be found by (A) environmental
screening of interesting strains (green arrows) and (B) the computational methods (magenta arrows). In the case of computational methods, the enzymes need to be
expressed in a suitable expression system (2) before high throughput enzyme assays can be performed. Via high throughput enzymatic assays, active
strains/enzymes can be pinpointed. For the strains isolated via environmental screening, the specific enzymes need to be identified (2). The enzymes can then be
further characterized to identify potential targets for enzyme optimization approaches. The protein depicted in this figure is based on PDB ID 6ANE (Fecker et al.,
2018).

and identify the non-metabolized products. In addition, FTIR
can detect and indicate the oxidation of the plastics and the
creation of new chemical bonds during this process (Sandt et al.,
2021). Identification of complete chemical degradation can prove
difficult when the degradation products are being metabolized.

This can be visualized using respirometry monitoring carbon
dioxide release and provide proof for the use of plastic as a carbon
source (Yang et al., 2020; Spina et al., 2021). Another, however,
more sophisticated option would be the use of a cell-free system
to observe and investigate actual degradation by specific enzymes.
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(3) Genomics, transcriptomics and/or proteomics can be used
to identify the responsible enzyme(s) and optimized using ALE or
site-directed mutagenesis approaches. Parts of this workflow can
be used depending on the starting point of the study (Figure 2).

THE FUTURE OF PLASTIC
DEPOLYMERIZATION—BIORECYCLING
AND BIO-UPCYCLING

When plastic degrading strains or enzymes are identified,
characterized, and improved, the next step would be to apply
the strains or enzyme (cocktails) for the degradation of plastics.
We identified two main fields for the application of these strains
or enzymes namely: (1) biorecycling and bio-upcycling, (2) bulk
degradation and bioremediation. Depending on the application a
thoughtful future approach is suggested.

Biorecycling and bio-upcycling are promising solutions to
replace the current mechanical recycling methods since less
product and quality is lost. Purified enzymes or enzyme cocktails
can be used to catalyze the depolymerization process. Some
advantages of a cell-free system are the mild reaction conditions
and degradation under conditions unsuitable for bacterial or
fungal cultures. The major challenge to overcome, still, is the
handling of combinations of different plastics since no enzyme
is expected to be active on all plastics. Large scale degradation
of plastic mixtures can be achieved using enzyme cocktails.
Such mixtures can be used to degrade mixes of different
polymers or one specific complex polymer consisting of different
chemical bonds. Enzyme cocktails are already used in industry
for the degradation of natural complex compounds, such as
lignocellulose (Lopes et al., 2018). Currently, projects are starting
up researching the use of enzyme cocktails for plastic degradation
(Ballerstedt et al., 2021).

Another promising method is presented by the industrial
degradation of plastics by microbial consortia (Skariyachan et al.,
2021). Microbial consortia have shown to degrade PE, PP, and
other recalcitrant polymers (Skariyachan et al., 2017; Kang et al.,
2020; Blair et al., 2021). These can be carefully structured
consortia (Negi et al., 2009; Kang et al., 2020) or specifically
isolated consortia from waste (Skariyachan et al., 2016, 2018). No
economic models have so far been published about the feasibility
of such approaches on an industrial scale. However, if plastic
can be used as a sole carbon source for these communities, the
use of microbial consortia for plastic degradation would be a
cost-efficient approach once the upscaling is successful.

To achieve large scale degradation of these plastics using a
cell-free system, the efficiency of the plastic degrading enzymes
must be increased, and an efficient waste retrieval system must
be established. PET would be an ideal candidate plastic for
the establishment of a large-scale enzymatic recycling trial.
Many countries already have an established PET retrieval
system in place meaning enough PET waste can be supplied.
The availability of relatively pure PET waste and PET
degrading enzymes to convert PET into its monomers allows
efficient recycling. These monomers can then be purified
and repolymerized into new plastics (Tournier et al., 2020).

The monomers can also be upcycled toward more valuable
compounds. As discussed in the bowtie model by Tiso
et al. (2021), bacterial metabolism can be adapted to convert
plastic imputes (monomers, oligomers) into a wide variety of
compounds such as aromatics, organic alcohols and more. The
promise of this has already been shown by the conversion
of terephthalic acid to vanillin, coumarin and catechol (Kim
et al., 2019; Sadler and Wallace, 2021). The review of Tiso
et al. (2021) discusses the promise of engineered microorganisms
for the processing of these plastics and the promise of
plastic monomers as substitutes for current petrochemical-
based materials extensively. The adjustments of these metabolic
pathways were extensively described showing the possibilities to
further engineer these pathways allowing for microbial upcycling
of plastics (Tiso et al., 2021).

There are some challenges to overcome, especially concern
plastic depolymerizing enzymes. The main demerits, concerning
plastic degrading enzymes, will so far remain enzyme efficiency,
thermostability and the degradation of highly crystalline
plastics. These aspects need to be dramatically improved to
be able to degrade, for example, high-crystallinity PET used
for the manufacture of plastic bottles (Yoshida et al., 2016;
Kawai et al., 2019; Kitadokoro et al., 2019). Hence, the
identification and optimization of (novel) enzymes promise to
yield enzymes efficient enough to degrade high crystallinity
plastics. Additionally, thermostability of enzymes can be
improved using enzyme modeling combined with site-specific
mutagenesis (Liu et al., 2018; Tournier et al., 2020). Another
option would be the optimization of the degradation conditions,
to allow for more efficient degradation. This approach has been
taken regarding the microbial production of plastics and could
also be an important aspect for its degradation (Thapa et al., 2018;
Sabapathy et al., 2019; Mohammed et al., 2020).

Another important aspect that must be considered is where
these methods fit within the global development of a sustainable
society and circular economy. Implementation of circularity
entails that optimally no plastics would be incinerated or lost
but all would be reused or recycled (Bucknall, 2020). So far, the
circular economy has been implemented only partially since more
time and money is needed to create the necessary infrastructure.
The requirement to close the loops is highly dependent on the
type of plastic; for each type, another approach would be needed
(Eriksen et al., 2019). Additionally, several chemical plastic
recycling methods have been shown not to be economically viable
(Bucknall, 2020). An extensive comparison between all plastic
recycling methods has recently been described by Lee and Liew
(2021). Currently, a vast knowledge gap still exists considering the
economic feasibility of enzymatic and/or microbial recycling in
large scale (industrial) applications. Economical models must be
established to further investigate the financial feasibility of these
methods (Lee and Liew, 2021).

CONCLUDING REMARKS

Promising steps have been taken in the biorecycling, upcycling,
and biodegradation of synthetic polymers. By focusing on the
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degradation of specific chemical bonds instead of degradation
of specific plastics, the search can be targeted to more
all-round or generalist plastic degrading enzymes. We
hypothesize that the abundance of specific bonds in
natural polymers makes degradation of these bonds in
synthetic polymers more likely. Further, several strategies
to find plastic degrading organisms were mentioned to
provide an overview of promising niches or environments
to find possible plastic degrading organisms. The
discovered strains and enzymes can be optimized using
various techniques.

Experimental screening for plastic degradation can be
complicated because plastics are intrinsically hard to degrade
and difficult to disperse in the medium. Since experiments
with plastics are not very straightforward, many different
methods are used in literature. To compare studies with
each other a standardized workflow was set up and
described in this paper to provide guidelines toward the
discovery and optimization of plastic degrading enzymes. This
workflow can be used to find and optimize plastic degrading

enzymes for biorecycling, bio-upcycling, bulk degradation,
or bioremediation.

The utilization of enzymatic cocktails can be an attractive
solution considering plastic mixtures, either mixed in the waste
stream or products containing several plastics. Therefore, future
research should be directed toward the optimization of enzymatic
cocktails for plastic degradation. We are convinced that
using the microbial diversity, enzyme optimization approaches
and optimization methods to produce these enzymes cost-
effectively will provide a sustainable method for enzymatic plastic
degradation and recycling.

AUTHOR CONTRIBUTIONS

J-AV wrote the majority of the main text of the manuscript.
HK contributed to the writing of the manuscript and designed
the figures. J-AV, HK, AR, and JW did the conceptualization,
reviewing, and editing. All authors contributed to the article and
approved the submitted version.

REFERENCES
Abed, M., and Aziz, E. (2019). A Review on Saponins from Medicinal Plants:

chemistry, Isolation, and Determination. J. Nanomed. Res. 8, 282–288. doi:
10.15406/jnmr.2019.08.00199

Abriata, L. A., and Dal Peraro, M. (2021). State-of-the-art web services for de
novo protein structure prediction. Brief. Bioinform. 22:bbaa139. doi: 10.1093/
bib/bbaa139

Almeida, E. L., Rincón, A. F. C., Jackson, S. A., and Dobson, A. D. W.
(2019). In silico Screening and Heterologous Expression of a Polyethylene
Terephthalate Hydrolase (PETase)-Like Enzyme (SM14est) With
Polycaprolactone (PCL)-Degrading Activity, From the Marine Sponge-
Derived Strain Streptomyces sp. SM14. Front. Microbiol. 10:2187.
doi: 10.3389/fmicb.2019.02187

Álvarez-Barragán, J., Domínguez-Malfavón, L., Vargas-Suárez, M., González-
Hernández, R., Aguilar-Osorio, G., and Loza-Tavera, H. (2016). Biodegradative
activities of selected environmental fungi on a polyester polyurethane varnish
and polyether polyurethane foams. Appl. Environ. Microbiol. 82, 5225–5235.
doi: 10.1128/AEM.01344-16

Anbalagan, S., Raghava, H., Venkatakrishnan, R., Ravindran, J., Sathyamoorthy,
J., Rangabashyam, K. A., et al. (2021). Hydrolytic Degradation of Polyethylene
Terephthalate by Cutinase Enzyme Derived from Fungal Biomass–Molecular
Characterization. Biointerface Res. Appl. Chem. 12, 653–667. doi: 10.33263/
briac121.653667

Arnling Bååth, J., Borch, K., Jensen, K., Brask, J., and Westh, P. (2020).
Comparative biochemistry of four polyester (PET) hydrolases. ChemBioChem
22, 1627–1637. doi: 10.1002/cbic.202000793

Austin, H. P., Allen, M. D., Donohoe, B. S., Rorrer, N. A., Kearns, F. L., Silveira,
R. L., et al. (2018). Characterization and engineering of a plastic-degrading
aromatic polyesterase. Proc. Natl. Acad. Sci. U. S. A. 115, E4350–E4357. doi:
10.1073/pnas.1718804115

Awasthi, S., Srivastava, P., Singh, P., Tiwary, D., and Mishra, P. K. (2017).
Biodegradation of thermally treated high-density polyethylene (HDPE) by
Klebsiella pneumoniae CH001. 3 Biotech 7:332. doi: 10.1007/s13205-017-0959-3

Ballerstedt, H., Tiso, T., Wierckx, N., Wei, R., Averous, L., Bornscheuer, U.,
et al. (2021). MIXed plastics biodegradation and UPcycling using microbial
communities: EU Horizon 2020 project MIX-UP started January 2020. Environ.
Sci. Eur. 33:99. doi: 10.1186/s12302-021-00536-5

Bhardwaj, H., Gupta, R., and Tiwari, A. (2013). Communities of Microbial
Enzymes Associated with Biodegradation of Plastics. J. Polym. Environ. 21,
575–579. doi: 10.1007/s10924-012-0456-z

Biffinger, J. C., Barlow, D. E., Cockrell, A. L., Cusick, K. D., Hervey, W. J.,
Fitzgerald, L. A., et al. (2015). The applicability of Impranil R© DLN for gauging
the biodegradation of polyurethanes. Polym. Degrad. Stab. 120, 178–185. doi:
10.1016/j.polymdegradstab.2015.06.020

Blair, E. M., Dickson, K. L., and O’Malley, M. A. (2021). Microbial communities
and their enzymes facilitate degradation of recalcitrant polymers in anaerobic
digestion. Curr. Opin. Microbiol. 64, 100–108. doi: 10.1016/J.MIB.2021.09.008

Brunner, I., Fischer, M., Rüthi, J., Stierli, B., and Frey, B. (2018). Ability of fungi
isolated from plastic debris floating in the shoreline of a lake to degrade plastics.
PLoS One 13:e0202047. doi: 10.1371/journal.pone.0202047

Bucknall, D. G. (2020). Plastics as a materials system in a circular economy. Philos.
Trans. R. Soc. A 378:20190268. doi: 10.1098/RSTA.2019.0268

Bugg, T. D. H., Ahmad, M., Hardiman, E. M., and Rahmanpour, R. (2011).
Pathways for degradation of lignin in bacteria and fungi. Nat. Prod. Rep. 28,
1883–1896. doi: 10.1039/c1np00042j

Canopoli, L., Coulon, F., and Wagland, S. T. (2020). Degradation of excavated
polyethylene and polypropylene waste from landfill. Sci. Total Environ.
698:134125. doi: 10.1016/j.scitotenv.2019.134125

Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Hee Jang, J., et al. (2020).
Degradation Rates of Plastics in the Environment. ACS Sustain. Chem. Eng
8:3511. doi: 10.1021/acssuschemeng.9b06635

Charnock, C. (2021). A simple and novel method for the production of
polyethylene terephthalate containing agar plates for the growth and detection
of bacteria able to hydrolyze this plastic. J. Microbiol. Methods 185:106222.
doi: 10.1016/j.mimet.2021.106222

Chua, T.-K., Tseng, M., and Yang, M.-K. (2013). Degradation of Poly(ε-
caprolactone) by thermophilic Streptomyces thermoviolaceus subsp.
thermoviolaceus 76T-2. AMB Express 3:8. doi: 10.1186/2191-0855-3-8

Couturier, M., Ladevèze, S., Sulzenbacher, G., Ciano, L., Fanuel, M., Moreau, C.,
et al. (2018). Lytic xylan oxidases from wood-decay fungi unlock biomass
degradation. Nat. Chem. Biol. 14, 306–310. doi: 10.1038/nchembio.2558

Dai, L., Qu, Y., Hu, Y., Min, J., Yu, X., Chen, C. C., et al. (2021a). Catalytically
inactive lytic polysaccharide monooxygenase PcAA14A enhances the enzyme-
mediated hydrolysis of polyethylene terephthalate. Int. J. Biol. Macromol. 190,
456–462. doi: 10.1016/j.ijbiomac.2021.09.005

Dai, L., Qu, Y., Huang, J. W., Hu, Y., Hu, H., Li, S., et al. (2021b). Enhancing
PET hydrolytic enzyme activity by fusion of the cellulose–binding domain of
cellobiohydrolase I from Trichoderma reesei. J. Biotechnol. 334, 47–50. doi:
10.1016/j.jbiotec.2021.05.006

d’Ambrières, W. (2019). Plastics recycling worldwide: current overview and
desirable changes. OpenEdition J. 19, 12–21.

Frontiers in Microbiology | www.frontiersin.org 12 March 2022 | Volume 13 | Article 821629

https://doi.org/10.15406/jnmr.2019.08.00199
https://doi.org/10.15406/jnmr.2019.08.00199
https://doi.org/10.1093/bib/bbaa139
https://doi.org/10.1093/bib/bbaa139
https://doi.org/10.3389/fmicb.2019.02187
https://doi.org/10.1128/AEM.01344-16
https://doi.org/10.33263/briac121.653667
https://doi.org/10.33263/briac121.653667
https://doi.org/10.1002/cbic.202000793
https://doi.org/10.1073/pnas.1718804115
https://doi.org/10.1073/pnas.1718804115
https://doi.org/10.1007/s13205-017-0959-3
https://doi.org/10.1186/s12302-021-00536-5
https://doi.org/10.1007/s10924-012-0456-z
https://doi.org/10.1016/j.polymdegradstab.2015.06.020
https://doi.org/10.1016/j.polymdegradstab.2015.06.020
https://doi.org/10.1016/J.MIB.2021.09.008
https://doi.org/10.1371/journal.pone.0202047
https://doi.org/10.1098/RSTA.2019.0268
https://doi.org/10.1039/c1np00042j
https://doi.org/10.1016/j.scitotenv.2019.134125
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1016/j.mimet.2021.106222
https://doi.org/10.1186/2191-0855-3-8
https://doi.org/10.1038/nchembio.2558
https://doi.org/10.1016/j.ijbiomac.2021.09.005
https://doi.org/10.1016/j.jbiotec.2021.05.006
https://doi.org/10.1016/j.jbiotec.2021.05.006
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-821629 March 23, 2022 Time: 11:42 # 13

Verschoor et al. Microbial Plastic Recycling and Upcycling

Danso, D., Chow, J., and Streita, W. R. (2019). Plastics: environmental
and biotechnological perspectives on microbial degradation. Appl. Environ.
Microbiol. 85, e01095–19. doi: 10.1128/AEM.01095-19

do Canto, V. P., Thompson, C. E., and Netz, P. A. (2019). Polyurethanases: three-
dimensional structures and molecular dynamics simulations of enzymes that
degrade polyurethane. J. Mol. Graph. Model. 89, 82–95. doi: 10.1016/J.JMGM.
2019.03.001

Domínguez De María, P., Van Gemert, R. W., Straathof, A. J. J., and Hanefeld, U.
(2010). Biosynthesis of ethers: unusual or common natural events?. Nat. Prod.
Rep. 27, 370–392. doi: 10.1039/B809416K

Donnelly, A. E., Murphy, G. S., Digianantonio, K. M., and Hecht, M. H. (2018).
A de novo enzyme catalyzes a life-sustaining reaction in Escherichia coli. Nat.
Chem. Biol. 14, 253–255. doi: 10.1038/nchembio.2550

El-Shafei, H. A., Abd El-Nasser, N. H., Kansoh, A. L., and Ali, A. M.
(1998). Biodegradation of disposable polyethylene by fungi and Streptomyces
species. Polym. Degrad. Stab. 62, 361–365. doi: 10.1016/S0141-3910(98)
00019-6

Eriksen, M. K., Christiansen, J. D., Daugaard, A. E., and Astrup, T. F. (2019).
Closing the loop for PET, PE and PP waste from households: influence of
material properties and product design for plastic recycling. Waste Manag. 96,
75–85. doi: 10.1016/J.WASMAN.2019.07.005

Eriksen, M. K., Pivnenko, K., Olsson, M. E., and Astrup, T. F. (2018).
Contamination in plastic recycling: influence of metals on the quality of
reprocessed plastic. Waste Manag. 79, 595–606. doi: 10.1016/J.WASMAN.2018.
08.007

Espinosa, M. J. C., Blanco, A. C., Schmidgall, T., Atanasoff-Kardjalieff, A. K.,
Kappelmeyer, U., Tischler, D., et al. (2020). Toward Biorecycling: isolation of a
Soil Bacterium That Grows on a Polyurethane Oligomer and Monomer. Front.
Microbiol. 11:404. doi: 10.3389/fmicb.2020.00404

Fecker, T., Galaz-Davison, P., Engelberger, F., Narui, Y., Sotomayor, M., Parra, L. P.,
et al. (2018). Active site flexibility as a hallmark for efficient PET degradation by
I. sakaiensis PETase. Biophys. J. 114, 1302–1312. doi: 10.1016/J.BPJ.2018.02.005/
ATTACHMENT/B9761E8B-970E-4B58-BC07-305833F16609/MMC1.PDF

Furukawa, M., Kawakami, N., Tomizawa, A., and Miyamoto, K. (2019). Efficient
Degradation of Poly(ethylene terephthalate) with Thermobifida fusca Cutinase
Exhibiting Improved Catalytic Activity Generated using Mutagenesis and
Additive-based Approaches. Sci. Rep. 9:16038. doi: 10.1038/s41598-019-5
2379-z

Garcia, J. M., and Robertson, M. L. (2017). The future of plastics recycling. Science
358, 870–872. doi: 10.1126/science.aaq0324

Gaytán, I., Sánchez-Reyes, A., Burelo, M., Vargas-Suárez, M., Liachko, I., Press,
M., et al. (2020). Degradation of Recalcitrant Polyurethane and Xenobiotic
Additives by a Selected Landfill Microbial Community and Its Biodegradative
Potential Revealed by Proximity Ligation-Based Metagenomic Analysis. Front.
Microbiol. 10:2986. doi: 10.3389/FMICB.2019.02986/BIBTEX

Geyer, R., Jambeck, J. R., and Law, K. L. (2017). Production, use, and fate of all
plastics ever made. Science Adv. 3:e1700782. doi: 10.1126/sciadv.1700782

Grigore, M. E. (2017). Methods of Recycling, Properties and Applications
of Recycled Thermoplastic Polymers. Recycling 2:24. doi: 10.3390/
recycling2040024

Guengerich, F. P., and Yoshimoto, F. K. (2018). Formation and Cleavage of
C-C Bonds by Enzymatic Oxidation-Reduction Reactions. Chem. Rev. 118,
6573–6655. doi: 10.1021/acs.chemrev.8b00031

Guerrera, M. C., Aragona, M., Porcino, C., Fazio, F., Laurà, R., Levanti, M.,
et al. (2021). Micro and nano plastics distribution in fish as model organisms:
histopathology, blood response and bioaccumulation in different organs. Appl.
Sci. 11:5768. doi: 10.3390/app11135768

Ha, J. H., Karchin, J. M., Walker-Kopp, N., Castañeda, C. A., and Loh, S. N. (2015).
Engineered Domain Swapping as an On/Off Switch for Protein Function. Chem.
Biol. 22, 1384–1393. doi: 10.1016/j.chembiol.2015.09.007

Hahladakis, J. N., and Iacovidou, E. (2019). An overview of the challenges and
trade-offs in closing the loop of post-consumer plastic waste (PCPW): focus
on recycling. J. Hazard. Mater. 380:120887. doi: 10.1016/J.JHAZMAT.2019.1
20887

Hajighasemi, M., Nocek, B. P., Tchigvintsev, A., Brown, G., Flick, R., Xu, X., et al.
(2016). Biochemical and Structural Insights into Enzymatic Depolymerization
of Polylactic Acid and Other Polyesters by Microbial Carboxylesterases.
Biomacromolecules 17, 2027–2039. doi: 10.1021/acs.biomac.6b00223

Han, X., Liu, W., Huang, J. W., Ma, J., Zheng, Y., Ko, T. P., et al. (2017). Structural
insight into catalytic mechanism of PET hydrolase. Nat. Commun. 8:2106.
doi: 10.1038/s41467-017-02255-z

Henry, B., Laitala, K., and Klepp, I. G. (2019). Microfibres from apparel and home
textiles: prospects for including microplastics in environmental sustainability
assessment. Sci. Total Environ. 652, 483–494. doi: 10.1016/J.SCITOTENV.2018.
10.166

Herrero Acero, E., Ribitsch, D., Dellacher, A., Zitzenbacher, S., Marold, A.,
Steinkellner, G., et al. (2013). Surface engineering of a cutinase from
Thermobifida cellulosilytica for improved polyester hydrolysis. Biotechnol.
Bioeng. 110, 2581–2590. doi: 10.1002/BIT.24930

Herrero Acero, E., Ribitsch, D., Steinkellner, G., Gruber, K., Greimel, K., Eiteljoerg,
I., et al. (2011). Enzymatic surface hydrolysis of PET: effect of structural
diversity on kinetic properties of cutinases from Thermobifida. Macromolecules
44, 4632–4640. doi: 10.1021/ma200949p

Hou, L., Ji, D., Dong, W., Yuan, L., Zhang, F., Li, Y., et al. (2020). The Synergistic
Action of Electro-Fenton and White-Rot Fungi in the Degradation of Lignin.
Front. Bioeng. Biotechnol. 8:99. doi: 10.3389/fbioe.2020.00099

Howard, G. T., Ruiz, C., and Hilliard, N. P. (1999). Growth of Pseudomonas
chlororaphis on a polyester-polyurethane and the purification and
characterization of a polyurethanase-esterase enzyme. Int. Biodeterior.
Biodegradation 43, 7–12. doi: 10.1016/S0964-8305(98)00057-2

Hussain Ali, L., Ali, S., Nnaji, C. F., Ogu, E. C., and Akpor, O. B. (2021).
Biosurfactants as facilitators in Biodegradation of Low-Density Polyethylene
(LDPE). IOP Conf. Ser. Mater. Sci. Eng. 1107:012135. doi: 10.1088/1757-899X/
1107/1/012135

Igeño, M. I., Macias, D., and Blasco, R. (2019). A Case of Adaptive
Laboratory Evolution (ALE): biodegradation of Furfural by Pseudomonas
pseudoalcaligenes CECT 5344. Genes 10:499. doi: 10.3390/genes10070499

Ioakeimidis, C., Fotopoulou, K. N., Karapanagioti, H. K., Geraga, M., Zeri, C.,
Papathanassiou, E., et al. (2016). The degradation potential of PET bottles
in the marine environment: an ATR-FTIR based approach. Sci. Rep. 6:23501.
doi: 10.1038/srep23501

Iqbal, S., Xu, J., Allen, S. D., Khan, S., Nadir, S., Arif, M. S., et al. (2020). Unraveling
consequences of soil micro- and nano-plastic pollution on soil-plant system:
implications for nitrogen (N) cycling and soil microbial activity. Chemosphere
260:127578. doi: 10.1016/j.chemosphere.2020.127578

Jain, A., Jain, R., and Jain, S. (2020). Basic techniques in biochemistry, microbiology
and Molecular biology principles and Techniques. New York: Humana Press,
39–51. doi: 10.1007/978-1-4939-9861-6_54

Jaiswal, S., Sharma, B., and Shukla, P. (2020). Integrated approaches in microbial
degradation of plastics. Environ. Technol. Innov. 17:100567. doi: 10.1016/j.eti.
2019.100567

Janatunaim, R. Z., and Fibriani, A. (2020). Construction and cloning of Plastic-
Degrading Recombinant Enzymes (MHETase). Recent Pat. Biotechnol. 14,
229–234. doi: 10.2174/1872208314666200311104541

Janczak, K., Hrynkiewicz, K., Znajewska, Z., and Da̧browska, G. (2018). Use of
rhizosphere microorganisms in the biodegradation of PLA and PET polymers
in compost soil. Int. Biodeterior. Biodegradation 130, 65–75. doi: 10.1016/j.ibiod.
2018.03.017

Kang, D., Jacquiod, S., Herschend, J., Wei, S., Nesme, J., and Sørensen, S. J.
(2020). Construction of Simplified Microbial Consortia to Degrade Recalcitrant
Materials Based on Enrichment and Dilution-to-Extinction Cultures. Front.
Microbiol. 10:3010. doi: 10.3389/FMICB.2019.03010/BIBTEX

Kawai, F., Kawabata, T., and Oda, M. (2019). Current knowledge on enzymatic
PET degradation and its possible application to waste stream management and
other fields. Appl. Microbiol. Biotechnol. 103, 4253–4268. doi: 10.1007/s00253-
019-09717-y

Khandare, S. D., Chaudhary, D. R., and Jha, B. (2021). Marine bacterial
biodegradation of low-density polyethylene (LDPE) plastic. Biodegradation 32,
127–143. doi: 10.1007/s10532-021-09927-0

Khoonkari, M., Haghighi, A. H., Sefidbakht, Y., Shekoohi, K., and Ghaderian,
A. (2015). Chemical Recycling of PET Wastes with Different Catalysts. Int. J.
Polym. Sci. 2015, 1–11. doi: 10.1155/2015/124524

Kim, H. R., Lee, H. M., Yu, H. C., Jeon, E., Lee, S., Li, J., et al. (2020). Biodegradation
of Polystyrene by Pseudomonas sp. Isolated from the Gut of Superworms
(Larvae of Zophobas atratus). Environ. Sci. Technol. 54, 6987–6996. doi: 10.
1021/acs.est.0c01495/suppl_file/es0c01495_si_001.pdf

Frontiers in Microbiology | www.frontiersin.org 13 March 2022 | Volume 13 | Article 821629

https://doi.org/10.1128/AEM.01095-19
https://doi.org/10.1016/J.JMGM.2019.03.001
https://doi.org/10.1016/J.JMGM.2019.03.001
https://doi.org/10.1039/B809416K
https://doi.org/10.1038/nchembio.2550
https://doi.org/10.1016/S0141-3910(98)00019-6
https://doi.org/10.1016/S0141-3910(98)00019-6
https://doi.org/10.1016/J.WASMAN.2019.07.005
https://doi.org/10.1016/J.WASMAN.2018.08.007
https://doi.org/10.1016/J.WASMAN.2018.08.007
https://doi.org/10.3389/fmicb.2020.00404
https://doi.org/10.1016/J.BPJ.2018.02.005/ATTACHMENT/B9761E8B-970E-4B58-BC07-305833F16609/MMC1.PDF
https://doi.org/10.1016/J.BPJ.2018.02.005/ATTACHMENT/B9761E8B-970E-4B58-BC07-305833F16609/MMC1.PDF
https://doi.org/10.1038/s41598-019-52379-z
https://doi.org/10.1038/s41598-019-52379-z
https://doi.org/10.1126/science.aaq0324
https://doi.org/10.3389/FMICB.2019.02986/BIBTEX
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.3390/recycling2040024
https://doi.org/10.3390/recycling2040024
https://doi.org/10.1021/acs.chemrev.8b00031
https://doi.org/10.3390/app11135768
https://doi.org/10.1016/j.chembiol.2015.09.007
https://doi.org/10.1016/J.JHAZMAT.2019.120887
https://doi.org/10.1016/J.JHAZMAT.2019.120887
https://doi.org/10.1021/acs.biomac.6b00223
https://doi.org/10.1038/s41467-017-02255-z
https://doi.org/10.1016/J.SCITOTENV.2018.10.166
https://doi.org/10.1016/J.SCITOTENV.2018.10.166
https://doi.org/10.1002/BIT.24930
https://doi.org/10.1021/ma200949p
https://doi.org/10.3389/fbioe.2020.00099
https://doi.org/10.1016/S0964-8305(98)00057-2
https://doi.org/10.1088/1757-899X/1107/1/012135
https://doi.org/10.1088/1757-899X/1107/1/012135
https://doi.org/10.3390/genes10070499
https://doi.org/10.1038/srep23501
https://doi.org/10.1016/j.chemosphere.2020.127578
https://doi.org/10.1007/978-1-4939-9861-6_54
https://doi.org/10.1016/j.eti.2019.100567
https://doi.org/10.1016/j.eti.2019.100567
https://doi.org/10.2174/1872208314666200311104541
https://doi.org/10.1016/j.ibiod.2018.03.017
https://doi.org/10.1016/j.ibiod.2018.03.017
https://doi.org/10.3389/FMICB.2019.03010/BIBTEX
https://doi.org/10.1007/s00253-019-09717-y
https://doi.org/10.1007/s00253-019-09717-y
https://doi.org/10.1007/s10532-021-09927-0
https://doi.org/10.1155/2015/124524
https://doi.org/10.1021/acs.est.0c01495/suppl_file/es0c01495_si_001.pdf
https://doi.org/10.1021/acs.est.0c01495/suppl_file/es0c01495_si_001.pdf
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-821629 March 23, 2022 Time: 11:42 # 14

Verschoor et al. Microbial Plastic Recycling and Upcycling

Kim, H. T., Kim, J. K., Cha, H. G., Kang, M. J., Lee, H. S., Khang, T. U., et al.
(2019). Biological Valorization of Poly(ethylene terephthalate) Monomers for
Upcycling Waste PET. ACS Sustain. Chem. Eng. 7, 19396–19406. doi: 10.1021/
acssuschemeng.9b03908

Kim, M. Y., Kim, C., Moon, J., Heo, J., Jung, S. P., and Kim, J. R. (2017). Polymer
Film-Based Screening and Isolation of Polylactic Acid (PLA)-Degrading
Microorganisms. J. Microbiol. Biotechnol. 27, 342–349. doi: 10.4014/JMB.1610.
10015

Kitadokoro, K., Kakara, M., Matsui, S., Osokoshi, R., Thumarat, U., Kawai, F., et al.
(2019). Structural insights into the unique polylactate-degrading mechanism of
Thermobifida alba cutinase. FEBS J. 286, 2087–2098. doi: 10.1111/febs.14781

Kitadokoro, K., Thumarat, U., Nakamura, R., Nishimura, K., Karatani, H., Suzuki,
H., et al. (2012). Crystal structure of cutinase Est119 from Thermobifida
alba AHK119 that can degrade modified polyethylene terephthalate at 1.76 Å
resolution. Polym. Degrad. Stab. 97, 771–775. doi: 10.1016/j.polymdegradstab.
2012.02.003

Kjeldsen, F., and Zubarev, R. A. (2011). Effects of peptide backbone amide-to-ester
bond substitution on the cleavage frequency in electron capture dissociation
and collision-activated dissociation. J. Am. Soc. Mass Spectrom. 22, 1441–1452.
doi: 10.1007/S13361-011-0151-7

Kumar, M., Chen, H., Sarsaiya, S., Qin, S., Liu, H., Awasthi, M. K., et al. (2021).
Current research trends on micro- and nano-plastics as an emerging threat
to global environment: a review. J. Hazard. Mater. 409:124967. doi: 10.1016/j.
jhazmat.2020.124967

Kumari, A., Bano, N., Bag, S. K., Chaudhary, D. R., and Jha, B. (2021).
Transcriptome-Guided Insights Into Plastic Degradation by the Marine
Bacterium. Front. Microbiol. 12:2761. doi: 10.3389/fmicb.2021.751571/bibtex

Lau, W., Shiran, Y., Bailey, R. M., Cook, E., Stuchtey, M. R., Koskella, J., et al.
(2020). Evaluating scenarios toward zero plastic pollution. Science 369, 1455–
1461. doi: 10.1126/science.aba9475

Lee, A., and Liew, M. S. (2021). Tertiary recycling of plastics waste: an analysis of
feedstock, chemical and biological degradation methods. J. Mater. Cycles Waste
Manag. 23, 32–43. doi: 10.1007/s10163-020-01106-2

Lee, S. R., and Kim, P. (2020). Current Status and Applications of Adaptive
Laboratory Evolution in Industrial Microorganisms. J. Microbiol. Biotechnol. 30,
793–803. doi: 10.4014/JMB.2003.03072

Li, C. T., Zhang, M., Weng, Y. X., and Qin, J. X. (2018). Influence of ether
linkage on the enzymatic degradation of PBS copolymers: comparative study
on poly (butylene succinate-co-diethylene glycol succinate) and poly (butylene
succinate-co-butylene diglycolic acid). Int. J. Biol. Macromol. 118, 347–356.
doi: 10.1016/J.IJBIOMAC.2018.06.062

Li, F., Wang, S., Liu, W., and Chen, G. (2008). Purification and characterization
of poly(l-lactic acid)-degrading enzymes from Amycolatopsis orientalis ssp.
orientalis. FEMS Microbiol. Lett. 282, 52–58. doi: 10.1111/j.1574-6968.2008.
01109.x

Li, F., Yu, D., Lin, X., Liu, D., Xia, H., and Chen, S. (2012). Biodegradation of
poly(ε-caprolactone) (PCL) by a new Penicillium oxalicum strain DSYD05-1.
World J. Microbiol. Biotechnol. 28, 2929–2935. doi: 10.1007/S11274-012-1103-
5/FIGURES/6

Li, W. J., Jayakody, L. N., Franden, M. A., Wehrmann, M., Daun, T., Hauer,
B., et al. (2019). Laboratory evolution reveals the metabolic and regulatory
basis of ethylene glycol metabolism by Pseudomonas putida KT2440. Environ.
Microbiol. 21, 3669–3682. doi: 10.1111/1462-2920.14703

Liu, B., He, L., Wang, L., Li, T., Li, C., Liu, H., et al. (2018). Protein crystallography
and site-direct mutagenesis analysis of the poly(Ethylene terephthalate)
hydrolase PETase from Ideonella sakaiensis. ChemBioChem 19, 1471–1475.
doi: 10.1002/cbic.201800097

Lomonaco, T., Manco, E., Corti, A., La Nasa, J., Ghimenti, S., Biagini, D.,
et al. (2020). Release of harmful volatile organic compounds (VOCs) from
photo-degraded plastic debris: a neglected source of environmental pollution.
J. Hazard. Mater. 394:122596. doi: 10.1016/J.JHAZMAT.2020.122596

Lopes, A. M., Ferreira Filho, E. X., and Moreira, L. R. S. (2018). An update
on enzymatic cocktails for lignocellulose breakdown. J. Appl. Microbiol. 125,
632–645. doi: 10.1111/jam.13923

Ma, Y., Yao, M., Li, B., Ding, M., He, B., Chen, S., et al. (2018). Enhanced
Poly(ethylene terephthalate) Hydrolase Activity by Protein Engineering.
Engineering 4, 888–893. doi: 10.1016/j.eng.2018.09.007

Magnin, A., Entzmann, L., Pollet, E., and Avérous, L. (2021). Breakthrough
in polyurethane bio-recycling: an efficient laccase-mediated system for the
degradation of different types of polyurethanes. Waste Manag. 132, 23–30.
doi: 10.1016/J.WASMAN.2021.07.011

Magnin, A., Pollet, E., Perrin, R., Ullmann, C., Persillon, C., Phalip, V., et al. (2019).
Enzymatic recycling of thermoplastic polyurethanes: synergistic effect of an
esterase and an amidase and recovery of building blocks. Waste Manag. 85,
141–150. doi: 10.1016/j.wasman.2018.12.024

Maity, S., Banerjee, S., Biswas, C., Guchhait, R., Chatterjee, A., and Pramanick,
K. (2021). Functional interplay between plastic polymers and microbes: a
comprehensive review. Biodegradation 32, 487–510. doi: 10.1007/s10532-021-
09954-x

Mao, J., Jain, A., Denslow, N. D., Nouri, M. Z., Chen, S., Wang, T., et al. (2020).
Bisphenol A and bisphenol S disruptions of the mouse placenta and potential
effects on the placenta-brain axis. Proc. Natl. Acad. Sci. U. S. A. 117, 4642–4652.
doi: 10.1073/pnas.1919563117

Meng, D.-D., Ying, Y., Chen, X.-H., Lu, M., Ning, K., Wang, L.-S., et al. (2015).
Distinct Roles for Carbohydrate-Binding Modules of Glycoside Hydrolase
10 (GH10) and GH11 Xylanases from Caldicellulosiruptor sp. Strain F32 in
Thermostability and Catalytic Efficiency. Appl. Environ. Microbiol. 81:2006.
doi: 10.1128/aem.03677-14

Mohammed, S., Behera, H. T., Dekebo, A., and Ray, L. (2020). Optimization
of the culture conditions for production of Polyhydroxyalkanoate and its
characterization from a new Bacillus cereus sp. BNPI-92 strain, isolated from
plastic waste dumping yard. Int. J. Biol. Macromol. 156, 1064–1080. doi: 10.
1016/J.IJBIOMAC.2019.11.138

Mohanan, N., Montazer, Z., Sharma, P. K., and Levin, D. B. (2020). Microbial
and Enzymatic Degradation of Synthetic Plastics. Front. Microbiol. 11:580709.
doi: 10.3389/fmicb.2020.580709

Molitor, R., Bollinger, A., Kubicki, S., Loeschcke, A., Jaeger, K., and Thies, S.
(2020). Agar plate-based screening methods for the identification of polyester
hydrolysis by Pseudomonas species. Microb. Biotechnol. 13:274. doi: 10.1111/
1751-7915.13418

Nakasaki, K., Hirai, H., Mimoto, H., Quyen, T. N. M., Koyama, M., and Takeda,
K. (2019). Succession of microbial community during vigorous organic matter
degradation in the primary fermentation stage of food waste composting. Sci.
Total Environ. 671, 1237–1244. doi: 10.1016/J.SCITOTENV.2019.03.341

Negi, H., Kapri, A., Zaidi, M. G. H., Satlewal, A., and Goel, R. (2009). Comparative
in-vitro biodegradation studies of epoxy and its silicone blend by selected
microbial consortia. Int. Biodeterior. Biodegradation 63, 553–558. doi: 10.1016/
J.IBIOD.2009.03.001

Nemli, G., Ayan, E., Ay, N., and Tiryaki, S. (2018). Utilization potential of
waste wood subjected to insect and fungi degradation for particleboard
manufacturing. Eur. J. Wood Wood Prod. 76, 759–766. doi: 10.1007/s00107-
017-1224-5

Nishimura, H., Kamiya, A., Nagata, T., Katahira, M., and Watanabe, T. (2018).
Direct evidence for α ether linkage between lignin and carbohydrates in wood
cell walls. Sci. Rep. 8:6538. doi: 10.1038/s41598-018-24328-9

Ojha, N., Pradhan, N., Singh, S., Barla, A., Shrivastava, A., Khatua, P., et al.
(2017). Evaluation of HDPE and LDPE degradation by fungus, implemented
by statistical optimization. Sci. Rep. 7:39515. doi: 10.1038/srep39515

Palm, G. J., Reisky, L., Böttcher, D., Müller, H., Michels, E. A. P., Walczak, M. C.,
et al. (2019). Structure of the plastic-degrading Ideonella sakaiensis MHETase
bound to a substrate. Nat. Commun. 10:1717. doi: 10.1038/s41467-019-09326-3

Pan, W., Bai, Z., Su, T., and Wang, Z. (2018). Enzymatic degradation of
poly(butylene succinate) with different molecular weights by cutinase. Int. J.
Biol. Macromol. 111, 1040–1046. doi: 10.1016/J.IJBIOMAC.2018.01.107

Pantani, R., and Sorrentino, A. (2013). Influence of crystallinity on the
biodegradation rate of injection-moulded poly(lactic acid) samples in
controlled composting conditions. Polym. Degrad. Stab. 98, 1089–1096. doi:
10.1016/j.polymdegradstab.2013.01.005

Pathak, V. M., and Navneet. (2017). Review on the current status of polymer
degradation: a microbial approach. Bioresour. Bioprocess. 4:15. doi: 10.1186/
s40643-017-0145-9

Pellis, A., Haernvall, K., Pichler, C. M., Ghazaryan, G., Breinbauer, R., and Guebitz,
G. M. (2016). Enzymatic hydrolysis of poly(ethylene furanoate). J. Biotechnol.
235, 47–53. doi: 10.1016/j.jbiotec.2016.02.006

Frontiers in Microbiology | www.frontiersin.org 14 March 2022 | Volume 13 | Article 821629

https://doi.org/10.1021/acssuschemeng.9b03908
https://doi.org/10.1021/acssuschemeng.9b03908
https://doi.org/10.4014/JMB.1610.10015
https://doi.org/10.4014/JMB.1610.10015
https://doi.org/10.1111/febs.14781
https://doi.org/10.1016/j.polymdegradstab.2012.02.003
https://doi.org/10.1016/j.polymdegradstab.2012.02.003
https://doi.org/10.1007/S13361-011-0151-7
https://doi.org/10.1016/j.jhazmat.2020.124967
https://doi.org/10.1016/j.jhazmat.2020.124967
https://doi.org/10.3389/fmicb.2021.751571/bibtex
https://doi.org/10.1126/science.aba9475
https://doi.org/10.1007/s10163-020-01106-2
https://doi.org/10.4014/JMB.2003.03072
https://doi.org/10.1016/J.IJBIOMAC.2018.06.062
https://doi.org/10.1111/j.1574-6968.2008.01109.x
https://doi.org/10.1111/j.1574-6968.2008.01109.x
https://doi.org/10.1007/S11274-012-1103-5/FIGURES/6
https://doi.org/10.1007/S11274-012-1103-5/FIGURES/6
https://doi.org/10.1111/1462-2920.14703
https://doi.org/10.1002/cbic.201800097
https://doi.org/10.1016/J.JHAZMAT.2020.122596
https://doi.org/10.1111/jam.13923
https://doi.org/10.1016/j.eng.2018.09.007
https://doi.org/10.1016/J.WASMAN.2021.07.011
https://doi.org/10.1016/j.wasman.2018.12.024
https://doi.org/10.1007/s10532-021-09954-x
https://doi.org/10.1007/s10532-021-09954-x
https://doi.org/10.1073/pnas.1919563117
https://doi.org/10.1128/aem.03677-14
https://doi.org/10.1016/J.IJBIOMAC.2019.11.138
https://doi.org/10.1016/J.IJBIOMAC.2019.11.138
https://doi.org/10.3389/fmicb.2020.580709
https://doi.org/10.1111/1751-7915.13418
https://doi.org/10.1111/1751-7915.13418
https://doi.org/10.1016/J.SCITOTENV.2019.03.341
https://doi.org/10.1016/J.IBIOD.2009.03.001
https://doi.org/10.1016/J.IBIOD.2009.03.001
https://doi.org/10.1007/s00107-017-1224-5
https://doi.org/10.1007/s00107-017-1224-5
https://doi.org/10.1038/s41598-018-24328-9
https://doi.org/10.1038/srep39515
https://doi.org/10.1038/s41467-019-09326-3
https://doi.org/10.1016/J.IJBIOMAC.2018.01.107
https://doi.org/10.1016/j.polymdegradstab.2013.01.005
https://doi.org/10.1016/j.polymdegradstab.2013.01.005
https://doi.org/10.1186/s40643-017-0145-9
https://doi.org/10.1186/s40643-017-0145-9
https://doi.org/10.1016/j.jbiotec.2016.02.006
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-821629 March 23, 2022 Time: 11:42 # 15

Verschoor et al. Microbial Plastic Recycling and Upcycling

PlasticEurope-Association of Plastics Manufacturers (2020). Plastics – the Facts
2020. Brussels: PlasticEurope, 1–64.

Pometto, A. L., Lee, B., and Johnson, K. E. (1992). Production of an extracellular
polyethylene-degrading enzyme(s) by Streptomyces species. Appl. Environ.
Microbiol. 58:731. doi: 10.1128/aem.58.2.731-733.1992

Pranamuda, H., Tokiwa, Y., and Tanaka, H. (1997). Polylactide degradation by an
Amycolatopsis sp. Appl. Environ. Microbiol. 63, 1637–1640. doi: 10.1128/aem.
63.4.1637-1640.1997

Priya, A., Dutta, K., and Daverey, A. (2022). A comprehensive biotechnological and
molecular insight into plastic degradation by microbial community. J. Chem.
Technol. Biotechnol. 97, 381–390. doi: 10.1002/jctb.6675

Przemieniecki, S. W., Kosewska, A., Ciesielski, S., and Kosewska, O. (2020).
Changes in the gut microbiome and enzymatic profile of Tenebrio molitor
larvae biodegrading cellulose, polyethylene and polystyrene waste. Environ.
Pollut. 256:113265. doi: 10.1016/J.ENVPOL.2019.113265

Qu, Q., Zhang, J., Chen, X., Ravanbakhsh, H., Tang, G., Xiong, R., et al.
(2021). Triggered Release from Cellulose Microparticles Inspired by Wood
Degradation by Fungi. ACS Sustain. Chem. Eng. 9, 387–397. doi: 10.1021/
acssuschemeng.0c07514

Rana, K. I. (2019). Usage of Potential Micro-organisms for Degradation of Plastics.
Open J. Environ. Biol. 4, 7–15. doi: 10.17352/ojeb.000010

Ribitsch, D., Acero, E. H., Greimel, K., Eiteljoerg, I., Trotscha, E., Freddi, G., et al.
(2012). Characterization of a new cutinase from Thermobifida alba for PET-
surface hydrolysis. Biocatal. Biotransformation 30, 2–9. doi: 10.3109/10242422.
2012.644435

Ribitsch, D., Acero, E. H., Przylucka, A., Zitzenbacher, S., Marold, A., Gamerith,
C., et al. (2015). Enhanced cutinase-catalyzed hydrolysis of polyethylene
terephthalate by covalent fusion to hydrophobins. Appl. Environ. Microbiol. 81,
3586–3592. doi: 10.1128/AEM.04111-14

Ribitsch, D., Heumann, S., Trotscha, E., Herrero Acero, E., Greimel, K., Leber, R.,
et al. (2011). Hydrolysis of polyethyleneterephthalate by p-nitrobenzylesterase
from Bacillus subtilis. Biotechnol. Prog. 27, 951–960. doi: 10.1002/btpr.610

Roohi, Bano, K., Kuddus, M., Zaheer, M. R., Zia, Q., Khan, M. F., Ashraf, G. M.,
et al. (2017). Microbial Enzymatic Degradation of Biodegradable Plastics. Curr.
Pharm. Biotechnol. 18, 429–440. doi: 10.2174/1389201018666170523165742

Ruiz-Dueñas, F. J., Barrasa, J. M., Sánchez-García, M., Camarero, S., Miyauchi,
S., Serrano, A., et al. (2020). Genomic Analysis Enlightens Agaricales Lifestyle
Evolution and Increasing Peroxidase Diversity. Mol. Biol. Evol. 38, 1428–1446.
doi: 10.1093/molbev/msaa301

Russell, J. R., Huang, J., Anand, P., Kucera, K., Sandoval, A. G., Dantzler, K. W.,
et al. (2011). Biodegradation of polyester polyurethane by endophytic fungi.
Appl. Environ. Microbiol. 77, 6076–6084. doi: 10.1128/aem.00521-11

Sabapathy, P. C., Devaraj, S., Parthipan, A., and Kathirvel, P. (2019).
Polyhydroxyalkanoate production from statistically optimized media using rice
mill effluent as sustainable substrate with an analysis on the biopolymer’s
degradation potential. Int. J. Biol. Macromol. 126, 977–986. doi: 10.1016/J.
IJBIOMAC.2019.01.003

Sadler, J. C., and Wallace, S. (2021). Microbial synthesis of vanillin from
waste poly(ethylene terephthalate). Green Chem. 23, 4665–4672. doi: 10.1039/
D1GC00931A

Sandt, C., Waeytens, J., Deniset-Besseau, A., Nielsen-Leroux, C., and Réjasse, A.
(2021). Use and misuse of FTIR spectroscopy for studying the bio-oxidation of
plastics. Spectrochim. Acta A Mol. Biomol. Spectrosc. 258:119841. doi: 10.1016/j.
saa.2021.119841

Sankhla, I. S., Sharma, G., and Tak, A. (2020). “Fungal degradation of bioplastics:
An overview,” in New and Future Developments in Microbial Biotechnology
and Bioengineering, eds J. Singh and P. Gehlot (Amsterdam: Elsevier). doi:
10.1016/b978-0-12-821007-9.00004-8

Science Advice for Policy by European Academies [SAPEA] (2019). Micro-Plastics:
A Scientific Perspective On In Nature And Society. Available online at: https:
//www.sapea.info/topics/microplastics/ (accessed January 26, 2022).

Sarkar, B., Dissanayake, P. D., Bolan, N. S., Dar, J. Y., Kumar, M., Haque, M. N.,
et al. (2022). Challenges and opportunities in sustainable management of
microplastics and nanoplastics in the environment. Environ. Res. 207:112179.
doi: 10.1016/J.ENVRES.2021.112179

Schmidt, J., Wei, R., Oeser, T., Silva, L. A. D. E. S., Breite, D., Schulze, A., et al.
(2017). Degradation of polyester polyurethane by bacterial polyester hydrolases.
Polymers 9:65. doi: 10.3390/polym9020065

Selonen, S., Dolar, A., Jemec Kokalj, A., Skalar, T., Parramon Dolcet, L., Hurley,
R., et al. (2020). Exploring the impacts of plastics in soil – The effects of
polyester textile fibers on soil invertebrates. Sci. Total Environ. 700:134451.
doi: 10.1016/j.scitotenv.2019.134451

Seo, H., Kim, S., Son, H. F., Sagong, H. Y., Joo, S., and Kim, K. J. (2019). Production
of extracellular PETase from Ideonella sakaiensis using sec-dependent signal
peptides in E. coli. Biochem. Biophys. Res. Commun. 508, 250–255. doi: 10.1016/
J.BBRC.2018.11.087

Sepperumal, U., Markandan, M., and Palraja, I. (2013). Micromorphological and
chemical changes during biodegradation of Polyethylene terephthalate (PET)
by Penicillium sp. J. Microbiol. Biotechnol. Res. 3, 47–53.

Shahid Kashif, M., Kashif, A., and Choi, Y. (2021). “Advances in the recycling
of polymer-based plastic materials,” in Urban Mining for Waste Management
and Resource Recovery, (Boca Raton: CRC Press), 101–110. doi: 10.1201/
9781003201076-6

Shen, M., Zhu, Y., Zhang, Y., Zeng, G., Wen, X., Yi, H., et al. (2019).
Micro(nano)plastics: unignorable vectors for organisms. Mar. Pollut. Bull. 139,
328–331. doi: 10.1016/j.marpolbul.2019.01.004

Shin, G., Park, S. A., Koo, J. M., Kim, M., Lee, M., Jegal, J., et al.
(2021). A micro-spray-based high-throughput screening system for bioplastic-
degrading microorganisms. Green Chem. 23, 5429–5436. doi: 10.1039/d1gc01
916c

Shinozaki, Y., Watanabe, T., Nakajima-Kambe, T., and Kitamoto, H. K. (2013).
Rapid and simple colorimetric assay for detecting the enzymatic degradation
of biodegradable plastic films. J. Biosci. Bioeng. 115, 111–114. doi: 10.1016/J.
JBIOSC.2012.08.010

Shiu, R. F., Vazquez, C. I., Tsai, Y. Y., Torres, G. V., Chen, C. S., Santschi, P. H., et al.
(2020). Nano-plastics induce aquatic particulate organic matter (microgels)
formation. Sci. Total Environ. 706:135681. doi: 10.1016/j.scitotenv.2019.135681

Skariyachan, S., Manjunatha, V., Sultana, S., Jois, C., Bai, V., and Vasist, K. S.
(2016). Novel bacterial consortia isolated from plastic garbage processing areas
demonstrated enhanced degradation for low density polyethylene. Environ. Sci.
Pollut. Res. Int. 23, 18307–18319. doi: 10.1007/S11356-016-7000-Y

Skariyachan, S., Patil, A. A., Shankar, A., Manjunath, M., Bachappanavar,
N., and Kiran, S. (2018). Enhanced polymer degradation of polyethylene
and polypropylene by novel thermophilic consortia of Brevibacillus sps.
and Aneurinibacillus sp. screened from waste management landfills and
sewage treatment plants. Polym. Degrad. Stab. 149, 52–68. doi: 10.1016/J.
POLYMDEGRADSTAB.2018.01.018

Skariyachan, S., Setlur, A. S., Naik, S. Y., Naik, A. A., Usharani, M., and Vasist,
K. S. (2017). Enhanced biodegradation of low and high-density polyethylene
by novel bacterial consortia formulated from plastic-contaminated cow dung
under thermophilic conditions. Environ. Sci. Pollut. Res. 24, 8443–8457. doi:
10.1007/S11356-017-8537-0/FIGURES/6

Skariyachan, S., Taskeen, N., Kishore, A. P., and Krishna, B. V. (2022). Recent
advances in plastic degradation – From microbial consortia-based methods to
data sciences and computational biology driven approaches. J. Hazard. Mater.
426:128086. doi: 10.1016/J.JHAZMAT.2021.128086

Skariyachan, S., Taskeen, N., Kishore, A. P., Krishna, B. V., and Naidu, G.
(2021). Novel consortia of Enterobacter and Pseudomonas formulated from cow
dung exhibited enhanced biodegradation of polyethylene and polypropylene.
J. Environ. Manag. 284:112030. doi: 10.1016/J.JENVMAN.2021.112030

Spina, F., Tummino, M. L., Poli, A., Prigione, V., Ilieva, V., Cocconcelli, P., et al.
(2021). Low density polyethylene degradation by filamentous fungi. Environ.
Pollut. 274:116548. doi: 10.1016/j.envpol.2021.116548

Suzuki, K., Noguchi, M. T., Shinozaki, Y., Koitabashi, M., Sameshima-Yamashita,
Y., Yoshida, S., et al. (2014). Purification, characterization, and cloning of the
gene for a biodegradable plastic-degrading enzyme from Paraphoma-related
fungal strain B47-9. Appl. Microbiol. Biotechnol. 98, 4457–4465. doi: 10.1007/
s00253-013-5454-0

Taghavi, N., Zhuang, W.-Q., and Baroutian, S. (2021). Effect of rhamnolipid
biosurfactant on biodegradation of untreated and UV-pretreated non-
degradable thermoplastics: part 2. J. Environ. Chem. Eng. 10:107033.

Talkad, M. S., Chethan, C., Kavya, S., Qudsiya, S. S., Maria, S., Raj, A., et al. (2014).
Microbial Degradation of Plastic (LDPE) and domestic waste by induced
mutations in Pseudomonas putida. Int. J. Ethics Eng. Manag. Educ. 1, 2348–4748.

Tang, Z.-L., Kuo, T.-A., and Liu, H.-H. (2017). The Study of the Microbes Degraded
Polystyrene. Adv. Technol. Innov. 2, 13–17.

Frontiers in Microbiology | www.frontiersin.org 15 March 2022 | Volume 13 | Article 821629

https://doi.org/10.1128/aem.58.2.731-733.1992
https://doi.org/10.1128/aem.63.4.1637-1640.1997
https://doi.org/10.1128/aem.63.4.1637-1640.1997
https://doi.org/10.1002/jctb.6675
https://doi.org/10.1016/J.ENVPOL.2019.113265
https://doi.org/10.1021/acssuschemeng.0c07514
https://doi.org/10.1021/acssuschemeng.0c07514
https://doi.org/10.17352/ojeb.000010
https://doi.org/10.3109/10242422.2012.644435
https://doi.org/10.3109/10242422.2012.644435
https://doi.org/10.1128/AEM.04111-14
https://doi.org/10.1002/btpr.610
https://doi.org/10.2174/1389201018666170523165742
https://doi.org/10.1093/molbev/msaa301
https://doi.org/10.1128/aem.00521-11
https://doi.org/10.1016/J.IJBIOMAC.2019.01.003
https://doi.org/10.1016/J.IJBIOMAC.2019.01.003
https://doi.org/10.1039/D1GC00931A
https://doi.org/10.1039/D1GC00931A
https://doi.org/10.1016/j.saa.2021.119841
https://doi.org/10.1016/j.saa.2021.119841
https://doi.org/10.1016/b978-0-12-821007-9.00004-8
https://doi.org/10.1016/b978-0-12-821007-9.00004-8
https://www.sapea.info/topics/microplastics/
https://www.sapea.info/topics/microplastics/
https://doi.org/10.1016/J.ENVRES.2021.112179
https://doi.org/10.3390/polym9020065
https://doi.org/10.1016/j.scitotenv.2019.134451
https://doi.org/10.1016/J.BBRC.2018.11.087
https://doi.org/10.1016/J.BBRC.2018.11.087
https://doi.org/10.1201/9781003201076-6
https://doi.org/10.1201/9781003201076-6
https://doi.org/10.1016/j.marpolbul.2019.01.004
https://doi.org/10.1039/d1gc01916c
https://doi.org/10.1039/d1gc01916c
https://doi.org/10.1016/J.JBIOSC.2012.08.010
https://doi.org/10.1016/J.JBIOSC.2012.08.010
https://doi.org/10.1016/j.scitotenv.2019.135681
https://doi.org/10.1007/S11356-016-7000-Y
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2018.01.018
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2018.01.018
https://doi.org/10.1007/S11356-017-8537-0/FIGURES/6
https://doi.org/10.1007/S11356-017-8537-0/FIGURES/6
https://doi.org/10.1016/J.JHAZMAT.2021.128086
https://doi.org/10.1016/J.JENVMAN.2021.112030
https://doi.org/10.1016/j.envpol.2021.116548
https://doi.org/10.1007/s00253-013-5454-0
https://doi.org/10.1007/s00253-013-5454-0
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-821629 March 23, 2022 Time: 11:42 # 16

Verschoor et al. Microbial Plastic Recycling and Upcycling

Thapa, C., Shakya, P., Shrestha, R., Pal, S., and Manandhar, P. (2018). Isolation
of Polyhydroxybutyrate (PHB) Producing Bacteria, Optimization of Culture
Conditions for PHB production, Extraction and Characterization of PHB.
Nepal J. Biotechnol. 6, 62–68. doi: 10.1016/j.colsurfb.2009.07.029

Tiso, T., Winter, B., Wei, R., Hee, J., de Witt, J., Wierckx, N., et al. (2021). The
metabolic potential of plastics as biotechnological carbon sources – Review and
targets for the future. Metab. Eng. doi: 10.1016/j.ymben.2021.12.006

Tiwari, N., Santhiya, D., and Sharma, J. G. (2020). Microbial remediation of
micro-nano plastics: current knowledge and future trends. Environ. Pollut.
265:115044. doi: 10.1016/j.envpol.2020.115044

Tournier, V., Topham, C. M., Gilles, A., David, B., Folgoas, C., Moya-Leclair, E.,
et al. (2020). An engineered PET depolymerase to break down and recycle
plastic bottles. Nature 580, 216–219. doi: 10.1038/s41586-020-2149-4

Usha, R., Sangeetha, T., and Palaniswamy, M. (2011). Screening of polyethylene
degrading microorganisms from garbage soil. Libyan Agric. Res. Cent. J. Int. 2,
200–204.

Valente, F., Allardyce, B. J., Hepburn, M. S., Wijesinghe, P., Redmond, S. L., Chen,
J., et al. (2020). Enhancing Resistance of Silk Fibroin Material to Enzymatic
Degradation by Cross-Linking Both Crystalline and Amorphous Domains. ACS
Biomater. Sci. Eng. 6, 2459–2468. doi: 10.1021/ACSBIOMATERIALS.9B00873/
SUPPL_FILE/AB9B00873_SI_001.PDF

Vázquez-Alcántara, L., Oliart-Ros, R. M., García-Bórquez, A., and Peña-Montes,
C. (2021). Expression of a Cutinase of Moniliophthora roreri with Polyester
and PET-Plastic Residues Degradation Activity. Microbiol. Spectr. 9:e0097621.
doi: 10.1128/spectrum.00976-21

Verma, S., Kumar, R., and Meghwanshi, G. K. (2019). Identification of new
members of alkaliphilic lipases in archaea and metagenome database using
reconstruction of ancestral sequences. 3 Biotech 9:165. doi: 10.1007/s13205-
019-1693-9

Voshol, G. P., Vijgenboom, E., and Punt, P. J. (2017). The discovery of novel
LPMO families with a new Hidden Markov model. BMC Res. Notes 10:105.
doi: 10.1186/S13104-017-2429-8

Wallace, N. E., Adams, M. C., Chafin, A. C., Jones, D. D., Tsui, C. L., and Gruber,
T. D. (2020). The highly crystalline PET found in plastic water bottles does not
support the growth of the PETase-producing bacterium Ideonella sakaiensis.
Environ. Microbiol. Rep. 12, 578–582. doi: 10.1111/1758-2229.12878

Wang, L., Wu, W. M., Bolan, N. S., Tsang, D. C. W., Li, Y., Qin, M., et al. (2021).
Environmental fate, toxicity and risk management strategies of nanoplastics
in the environment: current status and future perspectives. J. Hazard. Mater.
401:123415. doi: 10.1016/J.JHAZMAT.2020.123415

Wang, M.-L., Chang, R.-Y., and Hsu, C.-H. (2018). Moulding Simulation: Theory
and Practice. Material Properties of Plastics. Cincinnati: Hanser Publishers.19–
54. doi: 10.3139/9781569906200.002

Wang, W., Yuan, W., Xu, E. G., Li, L., Zhang, H., and Yang, Y. (2022). Uptake,
translocation, and biological impacts of micro(nano)plastics in terrestrial
plants: progress and prospects. Environ. Res. 203:111867. doi: 10.1016/j.envres.
2021.111867

Weinberger, S., Canadell, J., Quartinello, F., Yeniad, B., Arias, A., Pellis, A., et al.
(2017). Enzymatic Degradation of Poly(ethylene 2,5-furanoate) Powders and
Amorphous Films. Catalysts 7:318. doi: 10.3390/catal7110318

Wu, X., Li, J., Yao, L., and Xu, Z. (2020). Auto-sorting commonly recovered
plastics from waste household appliances and electronics using near-infrared

spectroscopy. J. Clean. Prod. 246:118732. doi: 10.1016/J.JCLEPRO.2019.11
8732

Xiong, K., Yan, Z. X., Liu, J. Y., Pei, P. G., Deng, L., Gao, L., et al. (2020). Inter
domain interactions influence the substrate affinity and hydrolysis product
specificity of xylanase from Streptomyces chartreusis L1105. Ann. Microbiol.
70:19. doi: 10.1186/S13213-020-01560-1

Yang, Y., Wang, J., and Xia, M. (2020). Biodegradation and mineralization of
polystyrene by plastic-eating super worms Zophobas atratus. Sci. Total Environ.
708:135233. doi: 10.1016/j.scitotenv.2019.135233

Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., et al.
(2016). A bacterium that degrades and assimilates poly(ethylene terephthalate).
Science 351, 1196–1199. doi: 10.1126/science.aad6359

Zhang, D., Ng, E. L., Hu, W., Wang, H., Galaviz, P., Yang, H., et al. (2020). Plastic
pollution in croplands threatens long-term food security. Glob. Chang. Biol. 26,
3356–3367. doi: 10.1111/GCB.15043

Zhang, Y., Li, Y., Su, F., Peng, L., and Liu, D. (2022). The life cycle of micro-
nano plastics in domestic sewage. Sci. Total Environ. 802:149658. doi: 10.1016/
j.scitotenv.2021.149658

Zhang, L., You, T., Zhou, T., Zhang, L., and Xu, F. (2016). Determining lignin
degradation in white-rot fungi-treated Sacrau poplar: lignin structural changes
and degradation compound analysis. BioResources 11, 3972–3986. doi: 10.
15376/biores.11.2.3972-3986

Zhong-Johnson, E. Z. L., Voigt, C. A., and Sinskey, A. J. (2021). An
absorbance method for analysis of enzymatic degradation kinetics of
poly(ethylene terephthalate) films. Sci. Rep. 11:928. doi: 10.1038/s41598-020-
79031-5

Zhou, Y., Kumar, M., Sarsaiya, S., Sirohi, R., Awasthi, S. K., Sindhu, R., et al.
(2022). Challenges and opportunities in bioremediation of micro-nano plastics:
a review. Sci. Total Environ. 802:149823. doi: 10.1016/J.SCITOTENV.2021.
149823

Zitare, U. A., Habib, M. H., Rozeboom, H., Mascotti, M. L., Todorovic, S., and
Fraaije, M. W. (2021). Mutational and structural analysis of an ancestral
fungal dye-decolorizing peroxidase. FEBS J. 288, 3602–3618. doi: 10.1111/FEBS.
15687

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Verschoor, Kusumawardhani, Ram and de Winde. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 16 March 2022 | Volume 13 | Article 821629

https://doi.org/10.1016/j.colsurfb.2009.07.029
https://doi.org/10.1016/j.ymben.2021.12.006
https://doi.org/10.1016/j.envpol.2020.115044
https://doi.org/10.1038/s41586-020-2149-4
https://doi.org/10.1021/ACSBIOMATERIALS.9B00873/SUPPL_FILE/AB9B00873_SI_001.PDF
https://doi.org/10.1021/ACSBIOMATERIALS.9B00873/SUPPL_FILE/AB9B00873_SI_001.PDF
https://doi.org/10.1128/spectrum.00976-21
https://doi.org/10.1007/s13205-019-1693-9
https://doi.org/10.1007/s13205-019-1693-9
https://doi.org/10.1186/S13104-017-2429-8
https://doi.org/10.1111/1758-2229.12878
https://doi.org/10.1016/J.JHAZMAT.2020.123415
https://doi.org/10.3139/9781569906200.002
https://doi.org/10.1016/j.envres.2021.111867
https://doi.org/10.1016/j.envres.2021.111867
https://doi.org/10.3390/catal7110318
https://doi.org/10.1016/J.JCLEPRO.2019.118732
https://doi.org/10.1016/J.JCLEPRO.2019.118732
https://doi.org/10.1186/S13213-020-01560-1
https://doi.org/10.1016/j.scitotenv.2019.135233
https://doi.org/10.1126/science.aad6359
https://doi.org/10.1111/GCB.15043
https://doi.org/10.1016/j.scitotenv.2021.149658
https://doi.org/10.1016/j.scitotenv.2021.149658
https://doi.org/10.15376/biores.11.2.3972-3986
https://doi.org/10.15376/biores.11.2.3972-3986
https://doi.org/10.1038/s41598-020-79031-5
https://doi.org/10.1038/s41598-020-79031-5
https://doi.org/10.1016/J.SCITOTENV.2021.149823
https://doi.org/10.1016/J.SCITOTENV.2021.149823
https://doi.org/10.1111/FEBS.15687
https://doi.org/10.1111/FEBS.15687
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Toward Microbial Recycling and Upcycling of Plastics: Prospects and Challenges
	Introduction—The World of Plastics
	Diversity of Synthetic Polymers
	Ester Bonds
	Urethane Bonds
	Ether Bonds
	Carbon-Carbon Bonds
	Other Structural Determinants

	The Search for New Plastics Degrading Microbes and Enzymes
	Experimental Approaches—Environmental Screening for Plastic Degrading Enzymes
	Computational Approaches
	Data Mining and in silico Screening for Plastic Degrading Enzymes
	De novo Enzymes Design


	Enzyme and Strain Optimization for Plastic Degradation
	Random Mutagenesis
	Site-Specific Mutagenesis Based on Enzyme Modeling
	Adaptive Laboratory Evolution to Improve the Activity of Plastic Degrading Strains

	The Challenges of Experimental Design and Set-Up
	Toward a Comprehensive Workflow for Plastic Degrading Enzyme Identification
	The Future of Plastic Depolymerization—Biorecycling and Bio-Upcycling
	Concluding Remarks
	Author Contributions
	References


