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Plastic pollution is becoming a significant concern and has created a litany of ecological
problems, many of which have adverse effects on human health. The nature of plastic materials
ensure that they remain in the environment, undegraded, for upwards of hundreds of years and
this is especially concerning given that much of the world’s plastic remains in landfills —
allowing for environmental degradation to release microplastics and other pollutants into the
natural environment. For this reason, it has become increasingly necessary that alternative
methods of eliminating or degrading plastic waste from the environment be elucidated. Microbial
degradation - the degradation of plastic by microscopic organisms — is showing particular
promise as an eco-friendly method of eliminating plastic waste. In particular, the degradation of
plastics by prokaryotes is a promising new avenue of bioremediation but current information and
insights into future applications currently remain underexplored and unknown. This is of special
concern given that the number of microbial species predicted to be capable of degrading plastic
is rapidly increasing. Thus, the goal of this project is to then synthesize much of the major
known biochemical, genetic, and taxonomical information regarding the degradation of plastics
by prokaryotes and explore some of the existing literature regarding bioremediation in order to

provide a comprehensive resource for future investigation and development.
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Introduction

Environmental Impact of Plastic Pollution

The use of plastic has been a ubiquitous aspect of human life since its inception in 1907
[1]. The synthesis and manufacturing of plastic is one of the most significant components of the
current global economy, and the millions of tons of plastic produced annually [2] are reflective
of its importance and prominence in the global sphere. While there are a wide variety of plastics
that are currently synthesized and utilized in modern manufacturing, single-use plastics — such as
those utilized in food wrapping, bottles, and containers, are the biggest contribution to global
plastic pollution by mass [3]. Much of this plastic is not recycled or incinerated, and thus ends up
diffusing into the natural environment from plastic landfills. Transient plastic can then be broken
down into its respective monomers by natural factors [4] and the resultant microplastics are then
transported through the air and water — resulting in microplastic sedimentation and pollution at

the highest [5] and lowest [6] points on earth.

Chemical Properties of Plastic

Plastics are synthetic or semi-synthetic polymers (a compound made up of many smaller
molecules known as monomers). The composition of a given plastic is dependent on its intended
functional use, but the general model for plastic composition describes a synthetic hydrocarbon
(organic) polymer. The polymeric nature of plastic and the nature of their chemical bonds
ensures that they are versatile, durable materials that are not quickly degraded [8], but this also
hinders our ability to effectively remove them from the natural environment. An extenuating
factor in the presence of plastics in the natural environment is the tendency of plastics to absorb

and retain persistent organic pollutants - like dichlorodiphenyltrichloroethane (also known as



DDT), a toxic insecticide with severely negative environmental impacts [9]. The accumulation of
these pollutants on plastic debris further perpetuates the impact that these organic pollutants are
able to exert on the environment, and plastics in the marine environment, specifically, are often
able to release these organic pollutants at a much higher magnitude [10].

Various additives - such as plasticizers, antioxidants, pigments, and heat stabilizers [11] -
can be added to plastics to confer different functional properties. Plastic additives are not usually
incorporated into the covalently bonded backbone of the polymer and are thus released into the
environment following degradation of the plastic [9]. This is a growing concern, as these
additives can accumulate in microplastics following degradation, and can be released into the
environment with negative consequences for the natural ecosystem. The most commonly
produced plastics, and therefore, the most likely to be present as environmental pollutants, are
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS),
polyurethane (PU), and polyethylene terephthalate (PET) [12].

In the context of degradation, it has become important to separate these plastics on the
basis of the nature of their carbon backbone, with PS, PP, PE, and PVC being categorized as
having a carbon-carbon backbone comprised solely of covalently bonded carbons, while PU and
PET contain heteroatoms (any atom that is not carbon or hydrogen, such as oxygen or nitrogen)
that facilitate the formation of hydrolysable amide and ester bonds — improving enzyme-substrate
interaction through improved functional group chemistry. All of these characteristics of
modernly synthesized plastics are fundamental to understanding their degradation — both

biotically and abiotically.



Biodegradation of Plastics by Prokaryotes

Biodegradation of plastic refers to the depolymerization of plastic substrates and
conversion of the produced intermediates into metabolites by living organisms. Prokaryotes
(single-celled organisms belonging to the domains Bacteria and Archaea) are of particular
importance in the process of biodegradation, due to the vast diversity of their metabolic
properties and the often-rapid nature of their reproduction. While eukaryotic organisms, such as
fungi, have been suggested to have potential as plastic degraders, bacteria currently serve as the
primary organism for biodegradation due to their abundance in the natural environment.

Currently, there are many prokaryotes known to be capable of degrading various
synthetic plastics. Further efforts are continuously being made to elucidate the potential of
microbial plastic degradation. There has been remarkable progress made on this front in the past
two decades, but there are many factors that limit our ability to fully understand this prokaryotic
trait such as: inconsistencies in the definition of plastic biodegradation, discrepancies in the
culturing and testing process to isolate these organisms, and the inability of many putative
plastic-degraders to be cultured. This has especially limited the capacity to use plastic-degrading
microbes for bioremediation (the biological removal of plastic waste from the natural
environment).

Results

Plastic and Plastic Degradation

Plastics are synthetic polymers (a large molecule comprised of many subunits bound
together to form a singular unit), and as a result of their ability to form long, cross-linked chains,
possess great durability, versatility, and practicality as materials. Annual global plastic

production has increased from two million tons in 1950 to 390.7 million tons in 2021 [19]. Much
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of this plastic (approximately 42% of global production) is used for packaging, and is comprised
primarily of PET, PP, or PE plastics [20]. Despite the recyclability (in the case of PS and PE) or
inherent capacity for natural degradation (in the case of PET) present in these synthetic
materials, the overwhelming quantity of single use plastic that ends up in landfills around the
globe has consequences for both local communities and the global ecosystem.

Despite the growing global dependence on plastic manufacturing, current methods of
waste management and pollution reduction have not yet been able to make an effective
contribution to mitigating the impact of plastic pollution on the environment. The release of
harmful particles — either in the form of microplastics or the release of broken-down plasticizers
- in the process of plastic manufacturing, use, storage, and recycling, as well as the accelerated
rate at which plastics continue to be produced have hindered existing efforts to remove plastic
waste from the environment, with approximately 58% of produced plastic entering the natural
environment as pollutants [21]. Furthermore, current methods of recycling are not without their
own ecological flaws, such as the release of volatile organic compounds and microplastics as a
result of plastic waste incineration [22], the loss of plastic particles to the environment in the
case of landfills [23], and the inefficient and uneconomic nature of reuse and recycling [19].
Additionally, the current and predicted rate at which plastic is produced far outcompetes the rate
at which plastic waste can currently be mitigated [19], thus ensuring that plastic pollution and

waste are going to continuously and unsustainably increase for the foreseeable future.

Biodegradation of Plastic
Given that plastic has and will likely continue to be a ubiquitous aspect of the natural
environment, the discovery of organisms capable of degrading and utilizing the carbon structure

of these polymers for growth and survival is increasing. The isolation of microorganisms,
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particularly bacteria, that are capable of degrading the plastic present in the environment has
opened the door for an alternative to current methods of plastic waste mitigation and reduction:
biodegradation.

Most accurately, the biodegradation of plastic refers to the breakdown and plastic as a
carbon source by microorganisms into organic matter — such as carbon dioxide (CO.), water, and
other products of metabolism [24]. It is important to note that biodegradation is distinct from the
process of biodeterioration, and a lack of consensus over the functional definitions of each has
contributed to inconsistency in how plastic degradation has been observed and defined [28].
Modification of plastic waste by various abiotic processes — such as thermo-oxidation, UV
irradiation, and mechanical erosion by the natural environment — is often a prerequisite step that
initiates biodegradation, as the oxidative modification of the plastic material improves physical
and chemical interactions of microorganisms with the substrate.

The first step in the process of biodegradation is the attachment of microorganisms to the
surface of the polymer. In the case of many commonly produced plastics — such as PP, PS, and
PE — the hydrophobicity of the linear carbon backbone hinders this colonization step, and it is for
this reason that the abiotic degradation mentioned previously is essential for the biodegradation
process. Upon binding to the surface of the polymeric material, the microorganism can then grow
using the polymer as a primary carbon source through the secretion of extracellular enzymes that
cleave the polymer chain and produce smaller carbon units that can be utilized as a carbon source
by the associated microbes. The continued breakdown of the plastic polymer and metabolism of
the produced carbon will eventually result in primary degradation of the polymer and will, over
the course of months and/or years, lead to the ultimate degradation of the plastic polymer into

microbial metabolites [24].
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Figure 1. Schematic representation of microbial plastic biodegradation

Experimental Observation and Analysis of Plastic Biodegradation

The experimental observation and analysis of biodegradation can currently be
accomplished through the use of several methods — all of which depend on chemical analysis of
the plastic substrate following culturing with any microorganisms of interest. As explored in
Kotova et al. in 2021, there are many ways to currently verify and determine plastic degradation
by microbial organisms in an experimental setting. These methods, such as FTIR spectroscopy
and radioactive carbon labeling, often depend on changes to the physical properties of the plastic,
such as weight, integrity of the plastic surface, and the production of metabolic intermediates.

In either case, experimental determination of plastic biodegradation is difficult because
many techniques are only able to quantify or measure one step in the multi-step process of
biodegradation. That’s not to say, however, that the experimental determination of plastic
biodegradation is impossible. Rather, a combination of techniques and careful application of the

methodology employed are crucial to ensuring validity and accuracy of the obtained results. This
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is especially important when considering follow-up studies or further analysis of a given strain

based on a putative assessment of plastic degradation.
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Figure 2. Common methods of validating plastic biodegradation

Adapted from [109]

Biodegradation of Plastics by Prokaryotes

The isolation of microorganisms capable of the biodegradation of synthetic polymers has
been reported as early as the 1960s [29] with the isolation of a fungal species capable of
degrading polyurethane-based plastics. Research on biodegradation of plastic by microorganisms
has continued since then, and prokaryotic organisms capable of plastic degradation were
discovered in 1971 when bacteria were observed to be capable of reducing the mass of a PVC
sample, and the isolation of prokaryotic microorganisms capable of degrading similar plastics
continued soon after with the discovery of a Flavobacterium species capable of degrading nylon
isolated in 1975 [36]. Since then, more progress has been made in isolating and observing

plastic-degrading capabilities in several other prokaryotic microorganisms across several levels
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of taxonomy. Microorganism capable of degrading the most abundant types of plastic available
in the environment have been extensively isolated and described in the past 50 years, and the

degree to which these organisms are capable of breaking down these plastics have varied greatly.

Plastic Type Identified Organism(s) References

PE Rhodococcus ruber, Bacillus cereus, Pseudomonas sp. F4, [125], [126],
Pseudomonas putida IRN22, Pseudomonas putida LS46. [127]

PS Azotobacter beijerinckii HM121, Microbacterium sp. NA43, [128], [129],
Exiguobacterium sp. Y12 [130]

PVC Klebsiella sp. EMBL-1, Bacillus sp. AIIW2, Mycobacterium sp. [70], [131],
NK0301 [132]

Ideonella saikaiensis, Thermobifida fusca, Streptomyces sp. SM14, | [18], [76], [77],
PET ) . o

Humicola insolens, Saccharomospora viridis [133]

PUR Bacillus subtilis MZA-75, Pseudomonas aeruginosa MZA-85, [134], [135]

Comamonas acidovorans

Table 1. List of some organisms known to be involved in degrading plastics of different types

Plastic Degradation by Archaea

To date, no species belonging to the domain Archaea have been reported to completely
degrade plastic. However, many Archaea have been identified as belonging to microbial
communities that have colonized the surface of plastics in a range of environments [37]. While
no species have been identified to play a direct role in the degradation of plastic, an archaeal
PET-hydrolyzing enzyme was isolated in 2023, thus suggesting that Archaea may play some role
in plastic degradation [38]. It has been speculated that Archaea likely currently contribute to the
degradation of biodegradable plastics through the process of anaerobic digestion and utilization
of the produced carbon intermediates and degradation products of bacteria [37], but this has not
been confirmed experimentally and this role in the context of non-biodegradable plastics — which
constitute the majority of existing plastic produced and wasted — remains to be determined. Thus,

this review will be focused on the degradation of plastic by bacteria.
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Biodegradation of Plastic With A C-C Carbon Backbone

Plastics with a C-C backbone (PE, PS, PP, and PVC) — derived from petroleum and
petroleum-based sources - are highly recalcitrant (resistant to changes in integrity or
composition) to degradation (both mechanical and chemical) and recycling due to their high
hydrophobicity, crystalline structure, and high molecular weight. As a result, these plastics are
resistant to many traditional methods of waste management and recycling — such as the
breakdown of the plastic into monomers and resynthesis of a new plastic. Additionally, recycling
is often hindered due to their incompatibility with traditional catalysts [39]. Such plastics are
often only biodegradable following the addition of carbonyl groups to the carbon backbone as a
result of oxidative damage — either from sun exposure (UV irradiation), temperature, or chemical
oxidizing agents (i.e., free radicals) in the environment [40]. The crystalline structure and
presence of amorphous regions in the plastic significantly hinders the ability for microorganisms
to colonize the surface of the polymer and utilize it as a carbon source [41] while the tight
packing, high molecular weight, and hydrophobicity all prevent the assimilation of the plastic
material by microorganisms and hinder the chemical interactions that facilitate degradation [42].
Furthermore, many of the produced plastics contain plasticizers — such as antioxidants and
stabilizers — that protect the plastic from environmental degradation [43].

There are, however, several prokaryotic organisms that are capable of producing enzymes
that degrade plastics with a C-C backbone, albeit with less success than other recalcitrant plastics
(i.e., PET). Presently, several redox enzymes are thought to be involved in assisting the partial
degradation of various C-C backbone plastics, but organisms and enzymes capable of complete

enzymatic cleavage and fragmentation of a C-C backbone plastic have not yet been discovered
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Figure 3. Chemical structure of C-C backbone plastics

Prokaryotic Degradation of Polyethylene (PE)

Polyethylene (PE) is a polyolefin thermoplastic and has the chemical structure of a
straight chain alkane. PE is widely used in packaging for its highly recalcitrant properties — such
as high hydrophobicity and high molecular weight. This recalcitrance, while ideal for its
applications in the industrial and manufacturing context, has proven to be a contributing factor to
its inability to be effectively degraded — either by natural processes or biological organisms [44].

As of now, there have been several studies done to determine whether biodegradation of
PE by microorganisms is feasible. The introduction of hydrolysable functional groups through
UV irradiation, chemical oxidizers, and thermo-oxidative processes is critical for prokaryotic
biodegradation, and current models suggest that PE biodegradation by some prokaryotes is the
result of a synergistic process involving abiotic, chemical priming of the polymer substrate and
enzymatic breakdown [16,93]. It is important to note, however, that while abiotic deterioration is
important in facilitating the biodegradation of PE, some prokaryotic species — such as a strain of
Serratia marcescens, and two cyanobacterial strains (Phormidium lucidum and Oscillatoria
subbrevis) - were shown to significantly reduce the weight of untreated PE in biodegradation

studies [45, 46].
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Many of the microorganisms that have been found capable of degrading PE have been
eukaryotes (fungi), and this is predicted to be the result of fungi demonstrating increased affinity
for the hydrophobic surface, increased resistance to the harsh living conditions mandated by
biofilm formation on the plastic surface, and improved capacity to secrete the extracellular
enzymes necessary to degrade the carbon backbone for eventual utilization as a carbon and
energy source [48]. While these properties suggest that fungi are likely more efficient at
degrading PE than bacteria, there have been over 100 organisms — comprised of members of both
prokaryotic and eukaryotic taxa — isolated as being capable of PE degradation to date [49].

The first prokaryotic organism capable of PE degradation was discovered in 1991. As
determined through observation of plastic substrate weight loss, Streptomyces viridosporus (a
bacterial species already known for degradation of the plant polymer, lignin) was identified as an
effective degrader of PE plastic [50]. Since then, progress in the isolation and discovery of PE-
degrading prokaryotes has been made over the past twenty years.

In the context of PE biodegradation, it becomes necessary to make a distinction of which
form of PE is capable of being degraded. The density of PE can vary based on whether the
structure of the polymer forms a linear or branched (i.e. attachment of other hydrocarbon chains
to the carbon backbone) conformation [54]. Low-density polyethylene (LDPE) is much more
amenable to biodegradation, and many of the current studies on PE biodegradation have used
either LDPE or medium-density polyethylene (MDPE) as the degraded substrate. High-density
polyethylene (HDPE) is characterized by a linear alkane chain with minimal branching — thus
increasing the strength of intermolecular forces and facilitating a highly crystalline structure.
This makes HDPE significantly more resistant to biodegradation as it limits enzymatic

interaction and prevents biofilm formation.
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There have been several prokaryotic species isolated recently that were found to be
intestinal symbionts of select species of mealworms, with an initial study published in 2014
revealing Enterobacter asburiae Y1 and Bacillus sp. YP1 — isolated from the gut of plastic-
eating waxworms — were capable of forming a biofilm and reducing the hydrophobicity of a
LDPE film following culture [57]. In the studies that followed, bacteria from the guts of wax
moths (Galleria mellonella) [58] and yellow mealworms (7Tenebrio molitor) [59] have been
shown capable of degrading PE films/foams and LDPE films, respectively.

Given the recalcitrant nature of PE, the isolation of microbes capable of degrading
untreated or abiotically oxidized PE is likely to continue at a slow rate, but the current state of
identification and isolation of existing PE-degrading prokaryotes (and more importantly, their

associated enzymes) shows promise.

Prokaryotic Degradation of Polypropylene (PP)

Polypropylene (PP), like PE, is a polyolefin thermoplastic consisting of a straight-chain
alkane structure and a linear C-C carbon backbone. PP is structurally similar to PE, and its
chemical properties are incredibly similar as well [60]. Like PE, the degradation of PP by
microorganisms is greatly hindered by its chemical structure as its status as a highly
hydrophobic, crystalline, and oxidation-resistive material makes degradation unfavorable.
Despite this, some prokaryotes have been shown to have a limited capacity to biodegrade PP in
both abiotically-degraded and untreated states.

Initial studies conducted in the early 1990s looking at the biodegradation of PP by
microorganisms have yielded inconsistent results — with further analysis of the molecular
products of weight loss experiments revealing that microorganisms are likely degrading the

plasticizers (degraded as aromatic esters) added to PP during the polymerization process instead
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of the hydrocarbon structure of the plastic [61]. Later studies involving PP films incubated with
prokaryotes revealed a more complete degradation of the PP hydrocarbon structure, but the
studies remain unclear as to whether it was actually the long PP hydrocarbon chain was degraded
and utilized or if it was degradation of the low molecular weight components of the PP film [16].
A study involving a strain of Stenotrophomonas panacihumi demonstrated that only the low
molecular weight components of PP were effectively degraded [62] — providing further evidence
for the assumption that the PP hydrocarbon chain remains unsuccessfully degraded. Furthermore,
despite the potential for PP biodegradation demonstrated in the studies done thus far, there
remains little information regarding the mechanism of biodegradation and there are not currently
any enzymes known to be involved in this process. Thus, like PE and the other polyolefins, the

biodegradation of PP remains poorly understood.

Prokaryotic Degradation of Polystyrene (PS)

Polystyrene is a polyolefin thermoplastic consisting of a straight chain alkane with a
benzene ring substituted for one of the hydrogens in the carbon-carbon chain (figure 3). Similar
to other polyolefins, PS has not traditionally been demonstrated to be an effective substrate for
microbial degradation, but many prokaryotic species have been demonstrated to be capable of at
least partially, if not fully, degrading PS films and materials [16].

Biodegradation of PS has been observed as early as the 1970s, with initial experiments in
which PS with radioactively labelled carbon was incubated with soil and liquid enrichment
cultures revealing evolution of radioactive CO; with the primary species involved in such
degradation identified as being bacterial strains of the genera Bacillus, Pseudomonas,
Micrococcus, and Nocardia [63]. Many studies have emerged in the past twenty years that have

highlighted the capacity of prokaryotes to degrade PS. Similar to what has been observed in the
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case of PE degradation, analysis of the degradation of PE by insect and insect larvae has resulted
in the isolation of several intestinal symbionts of mealworm (7enebrio molitor) [64],

superworms (Zophabas morio) [65], and wax moths (Galleria mellonella) [66].

Prokaryotic Degradation of Polyvinylchloride (PVC)

Polyvinylchloride (PVC) is a thermoplastic consisting of a straight chain alkane in which
one of the hydrogens has been substituted for a chlorine atom (Figure 2). PVC is an incredibly
versatile material due to its highly durable, hydrophobic, and lightweight nature [60], but these
properties, as is the case with all C-C backbone plastics, make it recalcitrant to microbial
degradation.

Unlike the progress made in elucidating the biodegradation of similar C-C backbone
plastics such as PE, PS, and PP, very little is known about the microbial capacity for PVC
degradation. Some prokaryotic organisms have been reported to degrade PVC [67,68,69] but
current research remains unclear, and in particular, the characterization of the metabolic and
biochemical pathways to achieve such degradation is lacking. Recent studies, however, have
shown promise in isolating PS-degrading microbes and prokaryotes, with a 2022 study revealing
a bacterial symbiont of insect larvae to be fully capable of PVC degradation, and more
importantly, that such insect larvae are then fully capable of growth through the energy derived

from such degradation [70].

Degradation of Plastics with a Heteroatomic Carbon Backbone

Plastics that contain heteroatoms in their carbon backbone (PET and PUR) are markedly
different from those with a carbon-carbon polymer backbone — with the starkest difference being
the inclusion of hydrolysable amide and ester bonds in the structure of the polymer. As a result,

these plastics are more susceptible to biodegradation as hydrolytic enzymes [71] produced by
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microorganisms are able to interact directly with the polymer backbone and fragment it for
eventual assimilation and use as a carbon source. The ease of backbone cleavage, however, is
often hindered by the presence of side groups that reduce the mobility of the polymer chain and

modulate the crystalline nature of plastic to prevent microbial colonization and interaction [72].

ooyt Mo T

Polyurethane (PUR) Polyethylene terephthalate (PET)

Figure 4. Chemical structure of heteroatomic backbone plastics

Given the chemical structure of these plastics and the existing variety of hydrolytic
enzymes that exists within the microbial metabolic repertoire, it is not surprising that much of the
current work on biodegradation of plastic by prokaryotes is centered around the degradation of
PET and PUR. In the past twenty years, there have only been a few bacteria (and some fungi)
that have been shown to degrade PET and PUR into monomers or oligomers, but it is important
to note however, that the metabolic and genetic architecture of such degradation has been
characterized and elucidated to a greater degree than the degradation of C-C backbone plastics.
For example, one enzyme responsible for the degradation of PET, IsPETase, has been the focus
of several studies [78] and has even been adapted for uses in biotechnology and bioengineering
[18]. In this way, it can be seen that the biodegradation of PET and PUR has proven to be a vital
launching point for continued research into the interplay between this microbial trait and its

implications on bioremediation.
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Prokaryotic Degradation of Polyethylene Terephthalate (PET) *

Polyethylene terephthalate (PET) is a thermoplastic polymer consisting of a repeating
unit of a benzene ring with two ester bonds (terephthalate group) attached to a two-carbon
straight chain alkane (ethylene group). PET is a versatile material and is used in a wide variety of
contexts, but the most prominent usage of PET is in the manufacturing of single-use plastic
products [73]. As a result of its primary usage in single-use plastic production, PET plastic is
often ubiquitous in the environment as waste and pollution. While the presence of ester bonds in
the polymer backbone suggests that enzymatic degradation would be a favorable and efficient
process, the chemical structure of the resultant polymer and the process of its manufacturing both
impose serious limitations to effective degradation [71]. The aromatic terephthalate group
present in the polymer backbone limits the mobility of the polymer chain — hindering interactions
between microorganisms and the polymer substrate [74,75]. Furthermore, PET plastic is often
subjected to industrial processing conditions that induce a high degree of crystallinity that
inhibits interaction with colonizing microorganisms by shrinking the amorphous region - the
region of the polymer most susceptible to enzymatic degradation [74,75].

As of now, there have been many hydrolytic enzymes — such as IsPETase, TfH, and
Cutl90 [16,18, 76, 77] - that have been demonstrated to degrade the polymer backbone of PET.
The most prominent and studied prokaryotic species that has been proven to fully utilize PET
plastic as a carbon and energy source (proven through detection of CO; as the final oxidation
product of PET), is Ideonella sakaiensis [18]. Other species have been reported to be capable of
PET degradation and have had their PETase-similar enzymes studied, such as Thermobifida

fusca, Humicola insolens, and Saccharomonaspora viridis [16]. The identification of PET-
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degrading prokaryotes is especially vital given the growing amount of research looking at the

biotechnological modification of PET-degrading enzymes to aid in bioremediation efforts.

Prokaryotic Degradation of Polyurethane (PUR)

Polyurethane (PUR) is the name for a class of thermoplastic polymers — all of which
contain a urethane motif in their polymer backbone. The polyurethane motif that forms the
polymer backbone contains both an ester and an amide bond — both of which are known to be
susceptible to hydrolytic cleavage. PUR can be further classified into polyester PUR and
polyether PUR — with polyester PUR containing multiple ester functional groups in addition to
the urethane group and polyether PUR containing multiple ether functional groups. These
differences in chemical structure each present unique challenges to microbial degradation and
interaction with microbial enzymes and such challenges are thus reflected in the number of
microorganisms reported to be capable of degrading either class of PUR plastics [16].

Degradation of polyester PUR has been observed in a wide range of bacterial species in
the past twenty years - with many belonging to the genera Pseudomonas and Bacillus. With
respect to polyether PUR, there have been only a handful of bacterial species known to degrade
this class of PUR polymers. Bacterial degradation of polyether PUR was first observed in 1991,
with experiments demonstrating that a strain of Staphylococcus epidermidis (Staphylococcus
epidermidis KH11) from an infected catheter was capable of utilizing polyether PUR as a sole
carbon and energy source [80]. In 2017, three more bacterial strains — Pseudomonas
denitrificans, Pseudomonas fluorescens, and Bacillus subtilis - were all found capable of

reducing the weight of polyether PUR films [81].
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Phylogenetic Distribution of Plastic Degradation as a Prokaryotic Trait

The discovery of plastic-degrading prokaryotes is growing significantly — with
advancements in isolation capabilities and increased interest in this microbial trait fueling this
growing field of research. Given the growing interest and rate of progress in the isolation and
identification of plastic-degrading prokaryotes, it is important to understand any potential and
existing phylogenetic relationships and investigate whether the degradation of plastic is a
conserved trait and whether the prediction of plastic-degrading capabilities based on taxonomic
identity is possible. This is especially important given that microbial communities that form
biofilms of the surface of plastic pollutants (i.e., the first step in the process of degradation), are

incredibly taxonomically diverse [136, 137].
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Figure 5. Phylogenetic distribution of plastic-degrading microorganisms

Adapted from [83].

In 2020, Gambarini et. al analyzed 1,451 publications (published up to April 2020) that
reported microbial plastic degradation and performed an extensive analysis of the phylogenetic
distribution of this trait. As of April 2020, 436 microorganisms - 286 of which were bacteria
(65.6%) - were reported to degrade plastics [83]. These microorganisms demonstrate a striking
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amount of taxonomic diversity, with species reported for plastic degradation having been
isolated from the phyla Bacteroidetes, Proteobacteria, Cyanobacteria, Firmicutes, and
Actinobacteria [83]. At the level of genus, Pseudomonas spp. are the most frequently isolated
plastic degrading bacteria (6.7%) and have been reported to be capable of degrading 35 different
types of plastic [83].

The degradation of most plastics does not appear to be phylogenetically conserved. Only
the degradation of PET plastic appears to maintain some degree of phylogenetic conservatism,
with statistical analysis demonstrating a strong phylogenetic signal with clusters of both known
and putative PET-degrading isolates residing in the phyla Actinobacteria, but the number of
known isolates capable of fully degrading PET plastic is currently limited [83]. The most
phylogenetically conserved type of plastic degradation is the degradation of the biodegradable
polymer polylactic acid (PLA), but the biodegradable/biocompatible nature of this plastic is
more amenable to microbial degradation — especially given its structural similarity to existing
and long-degraded organic polymers like silk fibroin. Given the lack of phylogenetic
conservation for the degradation of non-biodegradable plastics, it is likely that the degradation of
synthetic plastics is a more recently acquired trait and an adaptation to the growing ubiquity of
plastic pollutants in the natural environment [83].

Genomic analysis has revealed the presence of putative genes involved in the degradation
of plastic in a wide breadth of microbial species, with 16,000 reported orthologs of plastic-
degrading genes detected in the genomes of 6,000 microbial species. However, many of these
species have not been reported and identified as plastic degraders. Furthermore, the presence of

these orthologs occur across 12 different microbial phyla, but only seven of these phyla contain
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known plastic-degrading microorganisms. In any case, further research is necessary to expand

upon and investigate the phylogenetic distribution of this trait [83].

Genetic Architecture of Prokaryotic Plastic Degradation

Advancements in sequencing technology have expanded the capability for identification
and analysis of the microbial communities that colonize the surface of plastic in the environment.
This, in combination with analysis of previously identified genes, has allowed for the estimation
of plastic degradation capability and the identification of potential plastic degraders from many
microbial communities on the surface of plastics based on identified, putative plastic-degrading
genes [83]. These putative genes have been detected in the genomes of thousands of
microorganisms [83], but whether these genes are actually translated into proteins that confer the
ability to degrade plastic remains to be seen.

As of now, there have been no genes predicted to be involved in the degradation of
several common types of plastic, such as PS, PP, and PVC, but there have been several genes
that have been characterized as being partially involved in the degradation of PE, PET, and PUR
as they encode known enzymes — such as cutinases, PETases, and alkane hydroxylases. The
genes involved in the degradation of PE, for example, have been studied in the Alcanivorax spp.
24 and characterized as alkB1 and alkB2 (alkane hydroxylases), almA (alkane monooxygenases),
and cytochrome P450 genes [84]. The PETase enzyme produced by Ideonella sakaiensis is
encoded by the gene cut/[84], and the lipases produced by Moritella spp. JTO1 for the
degradation of PE is encoded by the gene H39 [84]. Lastly, many of the esterases believed to be
involved in the degradation of polyurethane (PUR) were found to be encoded by pudA [16], pulA
[16], pueA [16], and pueB [16]. It is important to note, however, that the currently isolated genes

are all related to novel enzymes involved in depolymerization, and this is likely due to the fact
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that the degradation of plastic often produces intermediates that can feed into known metabolic
pathways (such as the catabolism of aromatic hydrocarbons in the case of PS) with already
categorized and studied genes.

The continued investigation of genes involved in plastic degradation is vital because gene
identification allows for the identification of putative plastic-degrading species based on
sequence similarity, as seen in Gambarini et al. in 2021. Furthermore, the creation of a database
in which the proteins, genes, and organisms known to degrade plastic can be uploaded — such as
PlasticsDB [124] — could further expand the potential to putatively identify plastic-degrading
enzymes and increase the existing body of knowledge regarding this prokaryotic trait. While the
complete identification and elucidation of the genes involved in plastic degradation — especially
degradation of plastics that are more recalcitrant to microbial attack - is likely not feasible
within the near future, current advancements in sequencing technology have made it possible to

make rational predictions.

Metabolic and Biochemical Architecture of Prokaryotic Plastic Degradation

The depolymerization of a plastic substrate is accomplished through combined chemical
modification and cleavage facilitated by both abiotic (UV, thermal, and chemical oxidation of
the polymer backbone) and biotic (the release of extracellular microbial enzymes that facilitate
degradation and cleavage of the polymer backbone) methods. The release of monomers and
oligomers following this depolymerization results in the assimilation of these compounds by the
microbes that have colonized the surface of the plastic, and these assimilated degradation
products are then utilized by the microbes and transformed for use in standard metabolic

pathways — such as the TCA cycle and beta-oxidation.
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Figure 6. Schematic representation of the process of assimilation and mineralization

Adapted from [91]

The assimilation and subsequent digestion of the released degradation intermediates
(organic matter) can occur aerobically (using molecular oxygen as the terminal electron
acceptor) or anaerobically (using alternative electron acceptors such as nitrate), and in either
case, the catabolism of these degradation intermediates results in mineralization [84]. This final
step in the biodegradation process, known as mineralization, describes the release of metabolic
byproducts in the form of mineral salts, CO2, H>O, and hydrogen sulfide/methane (in the case of
anaerobic digestion).

The complete biodegradation process has been observed for all of the most commonly
produced plastics, but the degree to which the enzymatic and metabolic architecture of such
biodegradation is understood varies greatly. For many classes of plastics, classes of enzymes
thought to be involved in the degradation of plastic, or at the very least, the depolymerization off

plastic, have been studied and identified.

Metabolism of PE
The degradation and metabolism of PE, a C-C backbone plastic as mentioned previously,

has been studied extensively in recent years, and the metabolic pathway for the degradation of
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this plastic is better understood than its related C-C backbone counterparts. The biodegradation
of PE, while still limited due to chemical and biological factors and incompatibilities, is heavily
dependent on the alkane degradation pathway and the assimilation, transformation, and
mineralization of polymer fragments created through abiotic oxidation [85].

The first step in the biodegradation of PE is the initial oxidation of the polymer to
introduce functional groups on the hydrocarbon branches of the carbon backbone that are more
amicable to attack by microbial enzymes. This initial oxidation step occurs either as a result of
abiotic degradation and damage — such as UV irradiation — or as the result of biodeterioration (a
process in which enzymes released by microbes colonizing the surface of the plastic are capable
of directly oxidizing the plastic substrate) [86,87]. Following abiotic degradation, the now-
oxidized polymer can undergo the process of bio-fragmentation and depolymerization as
extracellular enzymes can now act upon the now-favorable substrate. Laccases and peroxidases
(especially manganese peroxidases) are crucial to the production of alkane intermediates that can
be enzymatically transformed and assimilated into the cell. Thermostable laccases isolated from
PE-degrading strains of Rhodococcus ruber were shown to degrade PE in both the presence and
absence of bacterial cells [88], and strains of PE-degrading Bacillus cereus have also been shown
to release higher concentrations of extracellular laccases and MnP [89]. These enzymes have also
been isolated from several fungal species capable of PE degradation [90], further highlighting
their importance in the depolymerization of PE.

Alkane hydroxylases are another important class of enzyme known to be involved in the
degradation of PE, due to their facilitation of the assimilation of the alkane degradation
intermediates produced initially by laccases and peroxidases [91]. Alkane hydroxylases are

enzymes that are capable of catalyzing the oxidation of linear alkanes and introducing a
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functional group (often a carbonyl) that facilitates assimilation in the cell [92]. Several PE-
degrading prokaryotes have been found to produce alkane hydroxylases, and further analysis of
enzymatic activity has demonstrated that such enzymes are capable of degrading PE — as evident
by weight loss following culturing of PE substrate with isolated strains that secrete alkane
hydroxylases [93]. Experiments in which the genes encoding these alkane hydroxylases (A/kB,
AlkB1, and AlkB2) were recombinantly expressed in other bacterial strains have further
confirmed their role in the degradation of PE [93,94].

The PE degradation intermediates produced by this depolymerization will undergo
enzymatic hydroxylation of the alkane intermediate by alkane hydroxylases (monooxygenases)
[91], and these modified oligomers can then be taken up by the cell through the use of dedicated
alkane transporters. A recent transcriptomic study revealed that there are currently 19 putative
proteins involved in such transport [85]. This step in the process of assimilation is also a
metabolic bottleneck, however, as such transporters are likely limited in both their capacity to
assimilate large PE fragments and their capacity to accommodate all the possible oxidation states
of the alkane intermediates [85].

Following assimilation into the cell, many of the now fragmented components of the
original polymer are converted by a series of enzymatic reactions into fatty acids which will be
assimilated into the TCA cycle following beta-oxidation [92]. Alcohol dehydrogenases (Adh)
usually act first to convert the alcohol functional group created by the alkane monooxygenases
from their bond cleavage into a carboxylic acid [96]. The carboxylic acid group is then able to be
acted upon by several enzymes — such as lipases and esterases — to produce of a molecule of
acetic acid, a fatty acid intermediate, an alkane chain with a terminal carboxylic acid group, or a

chemically similar intermediate. Any of these potential products can then be utilized in the
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process of beta-oxidation and further fed into the TCA cycle to provide energy to the cell — thus
completing the transformation of a complex carbon polymer to microbial metabolites.
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Figure 7. Metabolic pathways for the degradation of polyethylene (PE) plastics

Adapted from [91].

Metabolism of PS

Unlike PE, the enzymatic and metabolic pathways through PS poorly understood.
Especially difficult in elucidating the biodegradation of PS is the presence of an aromatic
benzene ring as a substituent of the carbon backbone — thus facilitating the need for the
metabolic capacity to degrade aromatic hydrocarbons in addition to the need to initially cleave

the polymer backbone to release these aromatic intermediates. While some of the key enzymes
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involved in the degradation of PS have been identified, the full degradation pathway is currently
unknown [91].

The initial step of depolymerization and the enzymes that facilitate the cleavage of the C-
C backbone is significantly hindered as the bulky aromatic substituents present on the carbon
chain inhibit favorable active-site/substrate interaction [92]. Some enzymes have been identified
in the cleavage of the C-C backbone, however, with studies suggesting that this main-chain
cleavage is facilitated by cytochrome P450 monooxygenases and alkane hydroxylases — similar
to what has been observed in the degradation of PE. In the case of side-chain cleavage, initial
studies have identified ring-hydroxylating dioxygenases as playing a potential role [95].

The mechanism for the further depolymerization and eventual mineralization of PS is
dependent on the type of cleavage. Main-chain cleavage of PS results in the production of
styrene and other aromatic hydrocarbons. The metabolism of styrene is well-documented and is
thought to consist of a series of enzymatic reactions facilitated by a series of dioxygenases,
hydrolases, and styrene oxide isomerases [96] that ultimately transform the initial styrene
monomer to succinyl-CoA (which can then enter into beta-oxidation and the TCA cycle). In the
case of side-chain cleavage, which produces PS oligomers instead of styrene monomers (or
similar aromatic hydrocarbon monomers), it is believed that another series of enzymatic
reactions convert the benzene substituent into various aromatic intermediates with the final result

being the production of succinyl-CoA from benzyl-CoA.
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Adapted from [91].

Metabolism of PP

The mechanism through which PP remains metabolized remains to be fully understood.
While there have been many organisms reported to be capable of degrading PP upon substrate
incubation, there have not currently been any enzymes reported to be involved or capable of
efficiently and effectively degrading PP plastics, and the overall mechanism through which these
enzymes could assist in the degradation of this plastic is poorly understood [97,98]. PP is
structurally similar to PE, and like PE, is often degraded much more efficiently following abiotic
pretreatment (i.e., UV irradiation, thermal heating, etc.) and this is suggestive that the
mechanism of PP degradation is likely enzymatically and metabolically similar to the
degradation of PE. Further research is needed, however, to completely delineate and elucidate

the metabolic and biochemical foundations of PP degradation.

Metabolism of PVC
Similar to the degradation of other C-C backbone carbons, the mechanism for the

degradation of PVC remains poorly understood due to the enzymatic challenges posed by the
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hydrocarbon chain. The general mechanism for the metabolism of PVC begins with the general
oxidation or fragmentation of the polymer chain, and the resultant polymers can be further
depolymerized through catalase-peroxidases [99]. During the process of oxidation, some of the
chlorine substituents are converted to hydroxyl groups (OH) and the remaining chlorine
substituents can then be removed by dehalogenases — resulting in the formation of HCI and other
chlorine compounds as waste [100], which poses a potential limitation to its effectiveness as a
bioremediatory tool. Following the enzymatic action of the dehalogenases, the chemical
transformation and eventual assimilation of the oligomers is similar to the PE biodegradation
pathway — in which esterases, laccases, alkane hydroxylases, alcohol dehydrogenases, and
monooxygenases break the compounds into intermediates of beta-oxidation and the TCA cycle.
The subsequent assimilation of the PVC degradation intermediates is believed to be
accomplished through the expression of several transporters, but further research is necessary to
move beyond estimation [70]. Thus, more work needs to be done to investigate the properties of
known strains and to further categorize the metabolic underpinnings of the biodegradation of

PVC.

Metabolism of PET

Unlike the previously discussed plastics, polyethylene terephthalate (PET) is markedly
different in its chemical composition due to the fact that its polymeric structure (the result of
condensing ethylene glycol and terephthalic acid) consists of both an aromatic benzene ring and
that its polymeric backbone consists of hydrolysable ester bonds. Several studies elucidating the
microbial degradation and metabolism of PET as a carbon source have provided crucial insight

into its mechanism of degradation. Although there are species-specific differences in the
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processing of PET intermediates (particularly ethylene glycol), the general outline and outcomes
of the metabolic process remain the same across prokaryotic species capable of degrading PET.
The first step in the biodegradation of PET plastics is the hydrolytic cleavage of the ester
backbone and this reaction is catalyzed by either by cutinases [78], which are naturally-produced
ester-cleaving enzymes involved in the degradation of the natural polymer cutin (an aliphatic
polyester) at the plant cuticle, or by cutinase-like enzymes such as PETase or TfH (isolated from
Thermobifida fusca) [16,101]. PETases have been isolated from several prokaryotic species, and
recombinant expression of the genes that encode these enzymes (zfcut2 [101]) in other non-
degrading microbes have further confirmed the PET-degrading capability of these enzymes [102,
103] This depolymerization results in the production of ethylene glycol, which can be directly
metabolized through a series of enzymatic reactions into a molecule of acetyl-CoA and can thus
enter the TCA cycle as a metabolic intermediate [91, 104]. Depolymerization also results in the
production of terephthalate intermediates such as MHET and BHET. BHET is converted to
MHET by the same PETase that initially cleaved the polymeric backbone, and MHET can be
cleaved by a different enzyme, MHETase, into TPA and ethylene glycol [91, 105]. The ethylene
glycol can then be metabolized as described above, and the TPA can be degraded into succinyl-
CoA and acetyl-CoA by a series of enzymatic reactions following assimilation into the cell
through use of a specific TPA transporter protein and passage through a TPA transporter [106].
The imported TPA can then be integrated into the TCA cycle following a series of enzymatic

reactions — allowing for the production of cellular energy and mineralization of the plastic.
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Figure 9. Degradation pathway for polyethylene terephthalate (PET).

Adapted from [91],

Polyurethane (PUR), like PET, contains a heteroatomic backbone with hydrolysable ester

bonds and is therefore at increased susceptibility to microbial attack and degradation. Unlike

PET, however, PUR is not found in abundance in the natural environment as a pollutant, and as a

result, few strains (either prokaryotic or eukaryotic) have been isolated and identified as being

capable of efficiently degrading PUR materials [16]. PUR is also unique due to the fact that it

can be synthesized from a wide range of starting materials, and the variable “R” group can

therefore affect the metabolic pathway needed for its degradation (Figure 10). Currently,

polyester PUR has been shown to be efficiently degraded by microorganisms at a greater rate

than polyether PUR, and as such, the degradation mechanism for PUR is largely based on the

properties of polyester PUR.
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The degradation of PUR begins with the depolymerization through the cleavage of ester
and urea bonds in the PUR chain, resulting in the production of usable oligomer intermediates.
This initial bond cleavage is accomplished by PUR poly-esterases, urethanases, and peroxidases
[91]. Additionally, proteases, ureases, and esterases are thought to be vital to the initial step of
depolymerization as they are capable of attacking the urethane, amide, and urea linkages present
within the polymer chain to produce various nitrogen and oxygen-containing intermediates that
can be further utilized and transformed for the generation of cellular energy [107].

In the case of PUR esterases and polyesterases, enzymatic transformation of generated
polyols can result in the production of a fatty acid, which can then undergo beta-oxidation before
being fed into the TCA cycle as acetyl-CoA. In some cases, these acetyl-CoA molecules can be
converted into the natural polyester polyhydroxyalkanoate (PHA) following biochemical

transformation and enzymatic attack by PHA synthase [108].
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Intermediates containing the “R” group are also produced, and the metabolism of these
degradation intermediates depends on the chemical structure of the R group. In the case of alkane
R groups, the generated alkane can be oxidized to form a polyol intermediate that can then be
metabolized, as previously mentioned. In the case of aromatic R groups, often present in PCL-
based PU, the R group can be cleaved and transformed through a series of enzymatic reactions
into an intermediate of the TCA cycle (acetyl-CoA) to generate cellular energy [16, 91, 108].
Given the diversity in the materials used to synthesis various forms of PU plastics, however, the
potential for alternatives to the mechanisms described above are vast. For example, some species
have been shown to utilize a mechanism of degradation involving the production of ethylene
glycol as an intermediate (which is metabolized similarly to its role in the degradation of PET)

[91], and other species have been shown to produce adipates as degradation intermediates from

PCL-based PUR plastics [16].

P%;s;;c Enzymes Gene Isolated From References
GenBankIDs: AII08809, AIl11185, and Rhodococcus
[88]
Al1221 opacus R7
Laccases Rhodococcus
Unnamed Sequence ruber C208 [148]
Alkane GenBankID: AY090679.1 Paenibacillus [155]
monooxygenases sp.
PE Cytochrome
P450 GenBankID: AI108421 Rhodococcus [139]
opacus R7
monooxygenase
Alcanivorax
Alkane AlmA gene spp. 24 [154]
hydroxylase alkB, alkB1, and alkb2 genes Pseudomonas [94], [93]
sp. E4
Para- . e
nitrobenzylestera GenBankID: ADH43200.1 BaczZ;;:vIuIb tilis [150]
se
Cut2 gene Iateor.zellq [18]
saikaiensis
PET Hydrolase Oleispira
PET GenBank ID: CCK74972.1 antarctica [152]
PET Lipase GenBankID: AOAOK8P6T7 [deonella [153]
saikaiensis
GenBankID: BAO42836.1 Saccharomospo [77]
. ra viridis
Cutinase Thermobifida
GenBankID: ADV92525.1 alba [152]

39



GenBankID: ADV92527.1, ADV92526.1 Thermobifida [151]
cellulosilytica
GenBankID: CBY05530.1, ADV92528.1 T he;fl’l’s‘;’;’ﬁda [151], [152]
GenBankID: 40YY Humicola [150]
insolens
GenBankID: ASA57064.1 Vibrio [139], [76], [77],
gazogenes [133]
Comomonas
pudA acidovorans [140]
Pseudomonas
PUR PUR Esterases pueB, pued chloroaphis [143],[141], [142]
A Pseudomonas [148]
P fluorescens
Polyester GenBankID: WP_088276085.1, Pseudomonas [149]
hydroylase WP 088276085.1 aestusnigri

Table 2. List of known genes and enzymes involved in the degradation of major plastic types

Isolation of Plastic-Degrading Prokaryotes from the Natural Environment

While plastic-degrading microorganisms have been shown to exist across many different
natural environments, plastic-degrading prokaryotes are most frequently isolated from sites that
are likely to be in significant contact with plastic pollutants — such as landfills, soil (especially
the soil surrounding plastic dumping sites and landfills), and the marine environment.

The most frequently encountered source of isolation is soil [16], and this is likely due to
the high accumulation of plastic waste and the facilitation of microbe-plastic interaction as a
result of plastic pollutants — especially small, fragmented components of plastic and
microplastics — that can permeate the soil and facilitate greater interaction with the microbial
consortia within it. Such interactions are facilitated to a larger extent in soil regions that contain
high amounts of plastic waste such as landfills and plastic waste dumping sites. For example,
Ideonella sakaiensis, a PETase producing bacterial species, was isolated from a PET recycling
facility [18].

The marine environment is another abundant source of plastic-degrading prokaryotes,
and several plastic-degrading organisms have been isolated from bodies of water that have been

polluted with plastics [145]. Microorganisms in the marine environment are capable of forming
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compositionally diverse biofilms on the surface of floating plastics near the surface of the water
and degrade the plastic through many of the pathways discussed previously [144]. Additionally,
studies have found that the composition of the biofilms formed on plastic particles in the ocean
are diverse, and that they are often enriched with hydrocarbon-degrading bacteria [146] — hinting

at the potential for eventual plastic degradation.
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Figure 11. Eukaryotic organisms shown to be capable of consuming and degrading

synthetic plastics
Adapted from [108].

Many plastic-degrading prokaryotes have recently been isolated from the guts of several
invertebrates and their larvae. Waxworms (larvae) and wax moths, superworms (Zophobas
morio), mealworms and adult yellow mealworm beetles(7enebrio molitor) have all been found to
contain bacteria within their gut that are capable of degrading synthetic plastics [58, 59, 61].
More importantly, the presence of these plastic-degrading microbes in the gut confers the ability
to directly consume plastic to the organisms — thus greatly expanding the potential for biological
plastic degradation and offering insight into the mechanisms through which other forms of
plastic waste (i.e., microplastics) can be degraded within other organisms. This is reflected in the
fact that current studies looking at the impact of microplastics have revealed that their growing
environmental presence has resulted in potential degradation capabilities in the gut microbiota of

several other organisms - including humans [109]. Thus, the gut microbiome is a promising
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source of potential plastic-degraders and future research into its plastic-degrading capability has
significant implications for health, medicine, and more broadly, the bioremediation of plastic
pollutants.

Extremophilic environments — environments defined by extreme, harsh conditions that
prohibit the survival of most organisms (i.e., highly acidic, highly basic, high/low temperatures,
and high levels of salinity) — are another potential source of plastic-degrading prokaryotes and
these environments have remained poorly investigated within the context of plastic degradation.
The isolation of extremophilic plastic-degraders is especially important given that the extreme
growth conditions can often result in advantageous modifications to the chemical structure of
plastic that increase its degradability. For example, thermophilic (heat-loving) bacteria would
possess a significant advantage in the degradation of certain plastics, such as PET and PE, that
undergo physical changes upon heating, such as increased mobility of the amorphous
(enzymatically favorable) regions, that favor plastic degradation. Several thermophilic bacteria
have been isolated and proven to be capable of degrading PET and polyethylene at temperatures
ranging from 50°C to 60°C [110], and thermostable variants of the enzymes produced by these
organisms have proven to be markedly efficient at degrading plastic. In particular, psychrophilic
bacteria are another class of extremophiles with great potential for plastic degradation, especially
given that psychrophiles comprise a significant proportion of marine microorganisms. As
mentioned previously, the marine environment is a source of massive interest in the context of
plastic degradation, and further examination of the microorganisms that inhabit it is essential.
Outside of the marine environment, psychrophilic bacteria from alpine and arctic soils have been

found capable of degrading PUR — highlighting the potential for bacteria from diverse
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environments to degrade plastic and underlining the widespread impact of plastic pollution in the
global environment [110].

Given the growing rate at which plastic pollutants are entering and will continue to enter
the natural environment, the prevalence of plastic substrates in the environment and the resultant
amount of contact with prokaryotic organisms will, over time, result in the continued
proliferation and discovery of microorganisms who have adapted to use plastic as a carbon and
energy source. Currently, improvements in sampling capabilities and increased, extensive
screening or observation of potential isolates are needed to further elucidate the extent to which
this microbial trait has been observed and distributed and to greater understand the ecology and
composition of the plastisphere (the global community of microbes that have colonized the

surface of plastics).

Plastic-Degrading Prokaryotes and Their Potential Role in Bioremediation

Bioremediation

Given the growing impacts of plastic pollution on the natural environment and its
organisms, there is an increasing need for more effective and sustainable methods of waste
removal and management. An alternative to traditional methods of plastic waste management is
bioremediation: the use of biological organisms to degrade or detoxify environmental pollutants.
Bioremediation has been proven to be an effective option for the removal and mitigation of
environmental pollutants in the past — with hydrocarbon-degrading prokaryotes proving to be
especially useful in reducing the environmental impact of oil spills [15, 111,112]. The
development of bioremediation technologies utilizing plastic-degrading microbes is essential for

clean and effective methods of waste management methods — especially given that some
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prokaryotes are capable of degrading the toxic additives and contaminants present in many types

of plastic [113].

Potential Bioremediation Applications of Plastic-Degrading Prokaryotes

The isolation of plastic-degrading microorganisms has opened the door for the
bioremediation of plastic pollutants, and much of the research surrounding plastic-degrading
microorganisms has been through the lens of their potential applications to remediating the
impact of plastic waste on the environment. The simplest form of bioremediation would likely
consist of large-scale culturing and replication of prokaryotic species that possess the enzymatic
machinery — either naturally or through recombinant expression - capable of metabolizing a
given type of plastic. These organisms can then be released into the natural environment at a
location dense in plastic pollutants, with the goal for these organisms to degrade pollutants
completely into metabolic byproducts like CO>. While under ideal conditions, this model would
ensure that prokaryotes act effectively as bioremediation tools, there are significant limitations
and metabolic bottlenecks present in the application of this model to natural environments.

The current state of our understanding and the present capabilities of these organisms are
not fully compatible with large scale efforts of bioremediation. To date, no large-scale efforts to
utilize prokaryotes for bioremediation have been conducted. The conflicting interaction of
various factors related to the strength and recalcitrance of the polymer and factors related to the
abiotic and biotic degradation of the polymer [114] has thus far prevented the direct use of
plastic-degrading microbes and has confined their bioremediation possibilities to the realm of
speculation and theory. Furthermore, in its current state, the degradation of plastic — even with

the use of engineered enzymes — is too slow and inefficient to effectively serve as a
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bioremediation tool, and manipulation of the environmental conditions to facilitate degradation
are equally ineffective and potentially harmful [91, 107, 114].

Further research is needed to completely understand the metabolic and enzymatic
processes that accompany the observed microbial degradation of plastic and to optimize their
application to bioremediation. Some current models and preliminary studies have outlined the
potential for alternative methods of bioremediation, such as ex situ bioremediation (the use of
isolated sites in which plastic waste and microbes are combined) [115] and the biochemical
engineering of existing enzymes [78, 84, 103, 105], but the future of bioremediation remains
dependent on the rate at which advancements in our understanding of the full molecular

mechanisms of degradation can be made.

Biotechnology and Prokaryotic Plastic Degradation

Biotechnological Approaches to Prokaryotic Plastic Degradation

Currently, the rate at which plastic-degrading enzymes and microbes are identified is
incompatible with any practical applications or goals. For this reason, a biotechnological
approach is predicted to hold significant promise in serving as a bridge for the transition of
natural enzymes to effective waste management tools.

Genetic engineering of known enzymes — especially the well-characterized hydrolytic
enzyme PETase — have demonstrated that the efficiency and efficacy of plastic-degrading
enzymes can be augmented. Further studies have also demonstrated that such augmented
enzymatic machinery can be functionally expressed in other microorganisms — opening the door
for the specific, efficient microbial plastic degradation and the targeted modification of microbial
consortia composition to better fit the ecological needs of the natural environment [116]. Several

studies utilizing biotechnology have demonstrated successful engineering of plastic-degrading
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enzymes, with thermostable PETases [117] expanding the environmental range of potential
degradation, and genetically engineered polyester hydrolases demonstrating a four-fold increase
in the efficiency of plastic degradation [118]. Protein engineering has yielded similar results,
with mutant PETase variants demonstrating improved kinetics and degradation efficiency
compared to the normal enzyme [119]. Additionally, the development of genome editing
technologies, such as CRISPR-Cas9, Zinc finger proteins, and TALENSs, ensure that the genetic
architecture required for plastic degradation can be conferred to non-degrading microbes —
expanding the microbial potential for plastic degradation through increasing the availability of
capable microorganisms [114].

It is important to note, however, that genetic engineering of plastic-degrading prokaryotes
can result in negative secondary effects in the form of dilution of the gene pool [114] and the
transfer of modified genetic material within adjacent microbial communities and within the
plastisphere. The use of genetically engineered microorganisms would thus likely require
additional modification to gene expression — perhaps through editing by CRISPR-Cas9 and the
development of auto destructive or self-regulating genetic circuits — to prevent gene pool dilution
and horizontal gene transfer. More broadly, the use of biotechnology rooted in genetic
engineering of plastic-degrading enzymes and the production of genetically engineered strains,
while a vital step in biologically degrading plastic waste, should be highly regulated and

monitored to before widespread application.

Biotechnological Applications of Prokaryotic Plastic Degradation
There are currently several other promising biotechnological applications of prokaryotic
plastic-degraders, that will likely emerge among bioremediation as potent tools following future

research. For example, the production of bio-surfactants/bio-emulsifiers by microbes able to
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colonize hydrophobic substrates (such as synthetic plastics) can be manipulated with
biotechnology to facilitate increased solubility of plastic pollutants and improve the interaction
of microbes with the plastic substrate [120].

One example of a potential biotechnological application of plastic-degrading prokaryotes
is the use of microbial enzymes — such as PETase — to aid in the recycling of traditional plastics.
While similar to the process of bioremediation, the microbial enzymes in this case would not be
facilitating the complete degradation and elimination of the plastic from the environment and
would instead be focused on removing the secondary effects of traditional methods of recycling
— such as harsh chemical processing and unwanted degradation products [19, 20, 121]. The use
of depolymerizing enzymes to aid in the recycling and upcycling process would significantly
mitigate the impact of these traditional methods and would serve as a biotechnological
steppingstone to sustainable modifications to unsustainable practices as well as large-scale
bioremediation efforts.

Biotechnology has the potential to dramatically transform the landscape of prokaryotic
plastic degradation, and it can do so as both a catalyst for needed improvements in biochemical
capacity and as a mediator for the introduction of sustainability to traditionally unsustainable
methods. As the molecular mechanisms involved in plastic degradation continue to be unraveled,
so too will the biotechnological potential of this vital prokaryotic trait. Further research is needed
to truly harness the capabilities of plastic-degrading prokaryotes to develop effective waste
management strategies and develop additional promising solutions to the impact of plastic

pollution and its environmental unsustainability.
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Discussion

Limitations to Existing Applications and Knowledge

The Isolation of Plastic-Degrading Prokaryotes

The ability to isolate and identify plastic-degrading prokaryotes is a significant limitation
to our capacity to fully understand this microbial trait, and more broadly, to discover novel
enzymes and use these enzymes in the context of bioremediation. It is estimated that less than
2% of bacteria on the planet are culturable in a laboratory setting, and less than 1% of the
isolated species capable of plastic-degradation are capable of being cultured and studied using
conventional methods [122]. Advancements in metagenomic sequencing, however, have allowed
for the identification of putative plastic-degrading capabilities of large microbial communities,
but further classification and categorization of microbial plastic degradation mechanisms

requires isolation and culturing — processes that are currently not suited for such an investigation.

Mechanistic and Metabolic Understanding of Plastic Degradation

Currently, much of the research surrounding plastic-degrading prokaryotes is centered
around the isolation and identification of species proven to be capable of degradation, rather than
the identification and characterization of the metabolic and chemical pathways through which
such degradation is accomplished. Much of the work surrounding the metabolic and enzymatic
pathways involved in degradation are based on estimates and reconstructions based on
information from the transcriptome and genome, with some information being provided from
proteomic analysis. It is also important to note that some degradation pathways are hypothesized

based on the degradation of chemically similar intermediates — such as the proposed degradation
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pathway for the styrene produced from PS — but the potential for novel pathways of degradation
that have not yet been discovered is high.

Additionally, there is a lack of standardization of how plastic degradation is quantified
and determined experimentally. As mentioned previously, the degradation of plastic is
determined through a variety of ways — such as weight loss, FTIR, and detection of degradation
products — but each method is characterized by its own set of limitations and the results of each
are only capable of proving certain aspects of the degradation process. The use of a combination
of methods has been suggested [26,28] to alleviate the ambiguity present in how plastic
degradation is defined experimentally, but in any case, a standardized approach to
experimentally determining the degradation of plastic is needed to further our understanding and,
more importantly, to aid in the development of practical applications of plastic-degrading

species.

Observation and Understanding of In Vivo Biodegradation

The formation of a biofilm with other microbes is an important first step in the
colonization of the plastic substrate and the subsequent degradation of the plastic as it is used as
carbon source. This poses a significant limitation to our understanding of plastic degradation,
however, as the isolation of specific organisms capable of degradation eliminates the potential to
observe the often-synergistic effects occurring within the biofilm that facilitate degradation.
While some studies have demonstrated plastic degradation through co-incubation of plastic with
a sampled microbial consortium, the discovery of novel enzymes and specific pathways remains
hindered due to the strain isolation required.

Furthermore, plastic-degrading prokaryotes that are able to be cultured are often studied

under conditions that are markedly different from the environment from which they were
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sampled. For example, initial studies demonstrating the capacity for prokaryotes to degrade PET
plastics revealed that such degradation occurred most efficiently and prominently at temperatures
near the glass transition point of the plastic, which is approximately 20°C — a temperature
significantly high for the environments from which these organisms are often isolated (soil and
bodies of water). Additionally, the plastic substrates often used to experimentally determine
plastic degradation are often pre-treated using UV irradiation, thermal heating, photo-oxidation,
or a combination of these factors, and while this is often meant to replicate the abiotic
degradation often present and required for natural degradation, it also limits the ability to
extrapolate the observed results to the real-world environment. This is especially critical given
that the degree to which the plastic can be effectively pre-treated in an experimental setting is
often greater than what is observed in nature, and this discrepancy can lead to the overestimation

of plastic-degrading capability [28].

Efficiency of Prokaryotic Plastic Degradation

Aside from the present limitations in our understanding of microbial plastic degradation,
there exist several limitations to the use of already-discovered plastic-degrading microorganisms
and their enzymes for the purpose of bioremediation and other practical applications — a
prominent objective given the growing problem of plastic pollution. For one, the degradation of
plastic by microorganisms can often result in the production of microplastics — especially given
the inefficiency observed in the degradation process — and this can further exacerbate the
consequences of plastic pollution as microplastics are significantly harder to remove from the
environment and can have lasting negative impacts on many organisms and ecosystems
including humans. Microplastics can often serve as carriers for potentially harmful chemical
compounds that are released from plastics, and the degradation of plastic by microbes is a
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potential method of releasing these chemicals. While some early research examining the role of
bacteria in colonizing and degrading microplastics in the marine environment [37, 55, 120] has
revealed the potential for a biological remediation of this effect, it would likely not be capable of

offsetting the production of microplastics, especially by other bacteria.
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Figure 12. Visual of the major gaps in knowledge and limitations that exist within the context of

prokaryotic plastic degradation

Limitations of This Review

In addition to the acknowledged limitations of the information presented in this review,
there are also limitations in the scope of this review itself. The primary limitation of this
literature review is that the degradation of the majority of the major plastic types is covered in
detail, but the degradation, synthesis, and impact of each plastic type contains many complexities
and additional information that could not have been reasonably included in this thesis. Similarly,
the combined number of plastic-degrading prokaryotes across all plastic types is upwards of 100,
and the number of putative degraders likely approaches 1000. For this reason, providing detailed

information on all identified — both experimentally and putatively — plastic degraders is outside
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of the scope of this review, but effort was made to provide pertinent information about well-

categorized and relevant isolates for each plastic type discussed.

Future Directions

Despite these limitations, the field of research regarding prokaryotic plastic degradation
is emerging and promising. The resolution and investigation of key unanswered questions —
many of which stem from the aforementioned limitations — is vital to the advancement of this
field. These unanswered questions lay the foundation for the future of research into this
prokaryotic trait, and it’s important to consider these questions as research and isolation of these

organisms continues in the near future.

What Role Might Genome Editing Tools Like CRISPR Play in This Process?

With recent advancements in genome editing technologies, such as CRISPR, the question
of whether such technology can be used to edit the gene sequences of plastic-degrading enzymes
to improve efficiency or confer the ability to degrade plastic to other organisms becomes
increasingly important. However, given the limited amount of information available with regards
to the genes involved in plastic degradation and the fact that this process is often the result of
many enzymes (some of which are responsible for the degradation of other unrelated
intermediates), the role that genome editing may play in altering the efficiency and capabilities
of plastic-degrading prokaryotes remains unanswered. While further research into the practical
benefits of genome editing would be vital to eventually bridging the gap to a bioremediatory
future, it is important to note that the effect of introducing modified plastic-degrading genes also
remains underexplored. Further investigation into the downstream effects of such genomic
editing needs to be conducted first, so that answering this question is done so effectively and

appropriately.
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What Role do Prokaryotes Play in the Degradation and Production of Microplastics?
Microplastics are less than Smm fragments of plastic and are an environmental pollutant
that pose potential health risks to humans and other animals [147]. Microplastics are of
increasing environmental concern given the scale at which they pollute the environment, and the
inability for modern methods of waste mitigation to contain or remove them from the
environment. The question of whether prokaryotes produce microplastics during the process of
degrading plastic is vital to our understanding of the effectiveness and efficiency of their role. If
microplastics are produced in significant quantities as a result of microbial degradation, then this
could pose a significant problem as it would further contribute to growing concerns regarding
current state of microplastic pollution. Inversely, if it was discovered that other prokaryotes are
capable of colonizing and degrading these microplastics, it would open the door to further

combatting the problem of plastic pollution at a scale that is not currently feasible.

How Do We Translate Experimental Results to What Occurs in the Natural Environment?

As discussed previously, there are currently several limitations to the ability to use what
has been observed experimentally as an indication or reflection of what is occurring naturally
(i.e., on the surface of plastic objects in landfills, the ocean, etc.). This discrepancy between
experimental conditions and what may be occurring in the natural environment can prevent the
eventual development of successful bioremediation technology and any larger conclusions about
the impact of these prokaryotes on existing plastic pollution in the environment.

Improvements to existing capabilities of how plastic degradation can be observed
experimentally in combination with advancements in how microbial communities can be studied

at a larger scale (with regards to large, untreated plastic substrate) are essential for the eventual
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resolution of this unanswered question. Bridging this gap is necessary for further study of the

large-scale implications of this microbial trait.

Conclusion

While much progress has been made in our understanding of plastic degradation by
prokaryotes, there remains a significant amount of knowledge to be discovered. The gaps in
knowledge in this field have remained a significant obstacle to the utilization of plastic degraders
as effective and sustainable tools, and inconsistency in the quantification and identification of
microbial plastic degraders has only further contributed to the negative effects of this gap in
knowledge. In particular, the environmental conditions that influence the degradation of plastic
in vivo, and the molecular mechanisms through which this degradation occurs naturally — both by
individual strains and synergistically by microbial consortia — are of great importance, especially
given that understanding both of these factors are a necessary step in fully realizing the potential
for these organisms to operate in the process of bioremediation and effectively mitigate the
impact of plastic pollution on the natural environment.

Future research should prioritize the identification and elucidation of molecular
mechanisms for plastic degradation to ensure the advancement of biotechnological and
bioremediatory approaches to plastic-degrading microbes and their enzymes. Such advancement
can hopefully lead to the full-scale implementation of bioremediation practices and
biotechnology-led sustainability improvements to traditional methods of plastic waste
management. However, given the novelty of our understanding of this microbial trait and the

current state of molecular analysis, such implementation is likely a distant future.
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While full-scale implementation of these enzymes — either for the purpose of mitigating
plastic waste directly or improving existing waste management — has not and likely will not be
accomplished given the current state of knowledge and technology, prokaryotic plastic
degradation is a critical area of research and the continuation of current research/the
development of future research is vital for environmental sustainability and the procurement of a

future free from the burden of the millions of tons of plastic waste that currently pollute the

Earth.
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