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Abstract According to the recent studies, approximately 380 million tons of plas-
tic is being generated across the world per year and 90% of it is recycled, so that it
is converted into a pollutant. The majority of plastic waste has been sent to landfills;
therefore, the soil acts as a major sink for plastic wastes. During the process of plas-
tic breakdown in the soil, the plastic debris will be changed into micro-nanoplastics
(MNPs), which will have a negative impact on the flora and fauna in the ecosystem,
including the human health. Hence, appropriate degradation methods are needed to
overcome this issue. Microbial biodegradation is the best method and is considered
to be a more profitable and more effective and a highly accepted method. The micro-
organisms which are responsible for the biodegradation are differing from one
another and have their own optimal growth conditions in the soil. Many kinds of
microorganisms are involved in the biodegradation of MNPs. Among these biode-
grade microorganisms, the bacteria are easier to grow and degrade MNPs compared
to others. The objectives of this chapter are (1) to summarize the bacterial degrada-
tion of MNPs in soil and (2) to list out various kinds of bacteria and enzymes, which
are involved in the degradation of MINPs in the soil system.
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14.1 Introduction

Plastics are organic polymers containing molecules composed of long carbon chains
like back-bones formed during the polymerization (Koushal et al., 2014). They are
made of carbon and hydrogen, with nitrogen, sulfur, and other various organic and
inorganic materials derived from fossil fuels (Kumari & Murthy, 2013). Many of the
same units (or mers) are connected together to form a long chain or polymer or
macromolecules. Plastics are polymers that, when heated, become mobile and can
be molded into required shapes. Plastic-derived materials can be pushed into any
required shape because they are non-metallic compounds. Plastics are predomi-
nantly used in the packaging business, which includes industries such as food, phar-
maceuticals, and cosmetics. Polyethylene (LDPE, MDPE, HDPE, LLDPE),
polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polybutyrene tet-
raphthalate (PBT), and nylon are the most regularly used polymers in the industries.
Since the last six decades, when the commercial production of plastics began, we
are depending on plastic as an affordable, versatile, and durable material. The pro-
duction is accelerating so rapidly that it has created 8.3 billion tons of plastic, and
unfortunately over 90% of it is not being recycled. As of 2018, approximately 380
million tons of plastic is produced worldwide each year and to combat the problem
of plastic waste, the strategies of reuse, reduction, and recycling are now widely
adopted. However, this method is less effective, especially for plastics waste that
has been mixed with other types of waste (Drzyzga & Prieto, 2018). So that the
majority of plastic materials has been sent to landfills and yet we are still producing
and consuming more plastic. The decomposition process of plastic polymers takes
thousands of years, and the landfill plastics waste processing requires large space,
and incineration plastics waste processing can produce toxic gases into the environ-
ment (Kumar et al., 2017). As a result, people commonly burn plastic debris to
combat the accumulation of plastic waste in the environment; however, this activity
pollutes the air. It emits hazardous substances like CO2 and dioxins into the atmo-
sphere, which are causes of lung diseases and cancer (Kale et al., 2015). Plastic
waste is a contaminant that pollutes the land, air, and water ecosystems, harming the
biosphere including human beings (Soud, 2019; Sowmya et al., 2014). Micro and
nanoplastics (MNPs) are pieces of any plastic material having a size less than 5 mm
in length that form as a result of bigger plastic goods degrading in the environment
due to natural processes such as weathering. In recent years, the MNPs are abun-
dantly found in the sea, freshwater, terrestrial environment, and organisms. MNPs
contamination is becoming a major issue, and it is considered to be the second-most
important scientific topic in the study of environment and ecology. Microplastics
are seen as a serious threat to terrestrial ecosystems, including the soil, which poten-
tially holds more plastic than the seas (Hurley & Nizzetto, 2018). Microplastics
were abundantly found in floodplain soils (Scheurer & Bigalke, 2018), coastal
beach soils (Zhou et al., 2018), and farming soils (Liu et al., 2018). Microplastics
entered in soil will get stored, translocated, cause erosion, degradation and leach the
groundwater, and thus threaten organisms and further effect human health (Hurley
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& Nizzetto, 2018). Microplastics accumulation can be influenced by soil biota.
Microplastics can be consumed by soil fauna and transformed into smaller MNPs in
their gizzard. Digging mammals, such as gophers and moles, can incidentally con-
tribute to the further abrasion into nanoplastics and translocation of microplastics
(Rillig et al., 2017). Microplastics pollution can have negative impact on organisms
in soils. Plastics are manufactured with multiple types of chemical ingredients to
enhance their quality, including plasticizers, stabilizers, flame retardants, and mono-
mers (de Souza Machado et al., 2018). The chemical ingredients can be leached out
during the life cycle of the product, especially in the soil environment. On the other
hand, plastics can also absorb other toxicants such as metals, polychlorinated biphe-
nyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), and organochlorine pesti-
cides (e.g. DDT, HCH) due to their hydrophobic surface. The annual plastic release
into soil is approximately 4 to 23 times higher than that of the sea (Horton et al.,
2017). The study of plastic pollution in the oceans preceded that of soil contamina-
tion (da Costa et al., 2016). The terrestrial environment can’t cope with this amount
of plastic polluting MNPs; thus, a proper method of processing plastic waste is
necessary. The plastic degradation mainly comprises of the following three types:
photodegradation, oxy-photodegradation, and biodegradation (Shah et al., 2008).
Among the best methods until date is biodegradation, as it uses microbes to degrade
plastic, which is advantageous and efficient as well as widely accepted. In biodeg-
radation, several types of plastic are degraded by various microbes and decompos-
ers, such as actinomycetes, algae, bacteria, fungi, and others (Agrawal & Singh,
2016). They have the ability to create enzymes (both intracellular and extracellular)
that aid in the decomposition of polymeric polymers. Bacteria are easier than fungi
to grow and break down polymeric materials because fungi require more stable
conditions to develop and degrade (Amobonye et al., 2021). The aim of this chapter
is to discuss the state of soil pollution and highlight the major knowledge points on
the microplastics and nanoplastics (MNPs) degradation by using of bacteria in the
soil environment. This will help to improve our knowledge on the exposure, effect,
and risks of MNPs degradation in contaminated soil by bacteria.

14.2 Types of Most Commonly Used Plastics

There are different types of plastics, classified on the basis of their origin, chemical
structure, and physical properties (Fig. 14.1).

14.2.1 Classification Based on the Origin of the Plastics

Based on the origin, the plastics are divided into three types.
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14.1 Detailed classification of the most commonly used plastics

Natural plastics:

Natural plastics are material, which can be moulded in its natural form (Tar,
shellac, tortoiseshell, animal horn, cellulose, amber, and latex from tree sap).
Semi-synthetic plastics:

Semi-synthetic plastics are chemically altered natural materials. Celluloid and
vulcanized rubber were the first polymers, which are chemically modified from
natural polymers, such as cellulose and latex.

Synthetic plastics:

Synthetic polymers are synthesized entirely in the lab, usually by polymerizing
monomers sourced from oil or gas, and plastics are made from them by adding
different chemical ingredients. Bakelite is the first complete synthetic polymer.
The use of synthetic plastics is widespread in the packaging of products, such
as pharmaceuticals, food, cosmetics, chemicals, and detergents.

14.3 Classification Based on the Structure of the Atoms

Plastic polymers are classified into two groups based on their atomic structure
(Kumar et al., 2013).

(a)

C-C backbone polymers: C—C backbone polymers, including PE, PVC, PS, and
PP, represent 77% of the total market share. (A) Polypropylene or PP (e.g.,
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bottle caps, drinking straws, medicine bottles, car batteries, disposable
syringes). (B) Polyvinyl chloride or PVC (e.g., bottles of juice, cling films,
raincoats, visors, shoe soles, garden hoses, and electrical wiring pipes). (C)
Polystyrene or PS (e.g., disposable cups, plates, trays, and cutlery, as well as
packing materials and laboratory ware). (D) Polyethylene (PE): Polyethylene
((C,Hy),) is the most common plastic used for packaging. PE is usually a mix-
ture of similar polymers of ethylene, with various values of n. The commonly
used PEs are as follows: (1) High-density polyethylene or HDPE (e.g., water
bottles, trash, and retail bags). (2) Low-density polyethylene or LDPE (e.g.,
frozen food bags, squeezable bottles, flexible container lids). (3) Medium-
density polyethylene or MDPE (e.g., gas pipes and fittings, sacks, shrink film,
packaging film, carrier bags). (4) Linear low-density or LLDPE (e.g., cable
coverings, toys, lids, buckets, containers, and pipe).

C-0 backbone polymers or hetero atomic polymers: C—C backbone polymers,
including PET and PU, represent ~18% of the market share. (A) Polyethylene
terephthalate or PET (e.g., soft drink, water and dressing bottles, peanut butter,
and jam bars). (B) Polyurethane or PU (e.g., bedding, truck seating).

14.4 Classification on the Basis of Thermal Properties

Plastics can be classified into three kinds based on their thermal properties.

(a)

(b)

(c)

Thermosetting plastics: Thermosets are hard and have a very tight-meshed,
branched molecular structure. These plastics can withstand high temperatures
and once hardened these cannot be reformed or recycled even with the applica-
tion of heat. Thermosets are used, for example, to make light switches (e.g.,
bakelite, polyurethane, epoxy resin, vinyl ester resin, and vulcanized rubber).
Elastomers: Elastomers also have a cross-linked structure and a looser mesh
than thermosets, allowing for elasticity. Elastomers also cannot be reshaped
with heat once they have been shaped (e.g., automobile tires).

Thermoplastics: Thermoplastics usually have low melting points, which allow
them to be remolded or recycled easily. They have a linear or branched molecu-
lar structure that determines their strength and thermal behavior; they are flex-
ible at ordinary temperatures. At approx. 120—180 °C, thermoplastics become a
pasty/liquid mass. The service temperature range for thermoplastics is lower
than that of thermosets. Most plastics are thermoplastics, which are commonly
used in packaging (e.g., polyvinyl chloride, polyethylene Polystyrene, Teflon,
Acrylic, and Nylon are some of the thermoplastic materials).
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14.5 Classification on the Basis of Degradability

14.5.1 Non-biodegradable Plastics

Non-biodegradable plastics also known as synthetic plastics are derived from petro-
chemicals and are very high molecular weight polymers. They do not degrade natu-
rally and hence accumulate in environment.

14.5.2 Biodegradable Plastics

Biodegradable plastics are derived from natural substances such as components of
algae, plants, and animals, which provide cellulose, starch, and protein needed for
their production. They can easily be destroyed by UV radiation, water, enzymes, pH
changes, and other factors. They are further divided into four groups

(i) Bio-based bioplastics: Plastics whose entire carbon content is produced from
agricultural and forestry resources such as corn starch, soybean protein,
and so on.

(ii) Biodegradable bioplastics: A biodegradable bioplastic is commonly made of
renewable raw materials, microorganisms, petrochemicals, or a combination of
all three. These plastics degrade completely by microorganisms into biogases
and biomass (primarily carbon dioxide and water) without releasing harmful
compounds. The use of biodegradable plastics is common in disposable items
such as packaging, crockery, cutlery, medical devices, personal hygiene prod-
ucts, and foodservice containers. Several biodegradable bioplastics have been
developed over the past few years, including polyhydroxyalkanoates (PHAs),
polylactides, polycaprolactone, and polysaccharides. The polyhydroxyalkano-
ates (PHAs) were first observed in bacteria in 1888 by Martinus Beijerinck.
There are two main types of biodegradable plastics.

(a) Oxo-biodegradable bioplastics (OBP): OBP is produced by mixing ordi-
nary plastics with a little portion of fatty acid compounds obtained from
transition metals.

(b) Hydro-biodegradable bioplastics (HBP): HBP is made from bio-based
sources like corn, wheat, sugar cane, petroleum-based sources, or a com-
bination of both. Both types of degradation begin with a chemical break-
down (oxidation and hydrolysis, respectively), followed by abiodegradation
process. In both cases, degrading plastic emits CO2, but hydro-
biodegradable plastics can emit methane as well. Examples for biodegrad-
able plastics are polyglycolic acid (PGA), polyhydroxy butyrate (PHB),
polylactic acid (PLA), polycaprolactone (PCL), poly hydroxyl alkanoates
(PHA), polyhydroxyl valerate (PHV), polyvinyl alcohol (PVOH), and
polyvinyl acetate (PVAc)



14 Bacterial Remediation of Micro-Nanoplastics (MNPs): Contaminated Soil 309

(iii)) Compostable bioplastics: When composted, these bioplastics decompose at a
similar rate as other compostable materials without leaving behind any toxic
residues.

(iv) Photodegradable bioplastics: A photodegradable bioplastic is composed of
light-sensitive groups attached to its backbone; therefore, prolonged exposure
to UV light disintegrates their polymeric structure, making them prone to fur-
ther degradation by microbes.

14.6 Classification Based on the Fragment Size

Plastic fragments are categorized as micro nanoplastics (MNPs) and micro, macro,
and megaplastics based on their size in the environment. Micro and nano-sized plas-
tic particles are produced by the physico-chemical breakdown of plastic waste and
are referred to as micro-nanoplastics (MNPs). MNPs are split into two groups based
on their source of origin: primary MNPs and secondary MNPs.

(i) Primary MNPs:

Primary MNPs are derived from household items, cosmetics, and polymeric raw
materials from the plastics industry, such as polyethylene (PE), polystyrene
(PS), and polypropylene (PE).The primary microplastics contain micro-beads
in personal care products, tiny beads used for exfoliation, the abrasives in tooth-
pastes, the plastic pellets used for grinding and polishing in industrial produc-
tion, or the tiny debris originally produced in the manufacturing process (Wang
et al., 2020).

(i) Secondary MNPs:

Secondary MNPs are formed due to fragmentation of extensive plastic waste from
exposure to abiotic factors such as temperature, UV radiation, and microbial
degradation. Secondary MPs are mainly from the industrial and daily plastic
goods discarded in the environment (e.g., bottles, packaging bags, boxes, cloth-
ing, various instruments, and production wastes) (Ammala et al., 2011).

Toxicological Effect of Micro-Nanoplastics (MNPs)

There are two types of pollutants transported together with MNPs that damage the
ecosystem: The first are chemicals applied to plastics to increase their performance;
the second is pollutants (chemical substances or pathogens) acquired and carried by
MNPs from their surroundings in the continual transfer process in the environment
(Yuan et al., 2020). When plastic ages in the ecosystem, it promotes the absorption
of contaminants (such as heavy metal ions, POPs, and microbes) (Mao et al., 2020).
Moreover, when soil MPs are becoming more abundant, the interaction between
MPs and microorganisms becomes more frequent (Sangeetha Devi et al., 2015).
MPs can be consumed or attached to organisms at various trophic levels in the soil,
and then transported to organisms at higher trophic levels in the food chain, result-
ing in MP flow in the food web (Kumar Sen & Raut, 2015). The movements of MPs
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in the food web can cause physical and chemical damages to organisms. Pollutants
or pathogens spread by plastic particles will enter the food web and travel up in the
food chain. Chlorinated plastic can release toxic soil, affecting the environment and
groundwater. MNPs have been detected for the first time in human blood (Leslie
et al., 2022), warning that the ubiquitous particles may be making their way into
organs. According to a Dutch study, half of the blood samples showed traces of PET
plastic, which is widely used to make drink bottles, and more than third contained
polystyrene, which is widely used in disposable food containers and other products.
According to the study, MNPs might have entered the body by a variety of means,
including air, water, and food, as well as toothpaste, lip glosses, and tattoo ink.
Methane gas, a major greenhouse gas generated during the decomposition process,
affects significantly to global warming (Hester & Harrison, 2011).

14.7 Degradation of Plastics

There are two ways to degrade plastic waste. (1) Abiotic methods, (2) Biotic methods

14.7.1 Abiotic Methods

The degradation process of plastics is influenced by abiotic factors, which involve
mechanical and chemical forces. The process will convert plastics into brittle mate-
rials, which leads to the formation of MNPs. The MW of the polymer is decreased
during chemical fragmentation, but not during mechanical fragmentation. It is con-
trolled by a number of factors, including polymer chain length, intramolecular
forces, mechanical stability, polymer crystallinity, and plastic weight. Polymer deg-
radation has been classified as follows based on the nature of the causing agents.

(i) Photo-oxidative degradation:

A photo-oxidation process, also known as ultraviolet degradation, degrades
polymeric materials by exposing them to terrestrial light energy in combination
with a chemical oxidizer, such as air. Certain plastics are naturally susceptible to
photo-oxidation due to their structure and functional groups. As a result of adequate
light energy input, these functional groups (chromospheres) cleave and produce free
radicals, which is very similar to thermal oxidation. In essence, light energy acceler-
ates the generation of free radicals, which initiate the degradation reaction. The
photo-oxidation reaction reduces the molecular weight of a polymer by incorporat-
ing oxygen into its backbone structure as carbonyl groups. Its rate of initiation is
very slow; once the plastic started to degrade, it propagates very fast. It is an envi-
ronmentally friendly method, but it is quite expensive.
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(i) Thermo-oxidative degradation:

Thermal oxidation is the process by which polymeric materials are degraded by
contacting a chemical oxidizer. Most polymers are susceptible to thermal oxidation,
and it is by far the most common degradation process for plastics.

In oxidation, oxygen is added into the molecular structure of a polymer, creating
a type of carbon—oxygen bond known as carbonyl functionality. The process of
oxidation produces a permanent change in a plastic by shortening its chains by
reducing its molecular weight. The oxidation is driven by the formation of free radi-
cals within the plastic. In plastic formulations, free radicals can be unintentional
byproducts of polymerization, as additives to formulations, or as contaminants.
These free radicals are reactive and attack the covalent bonds in the polymer back-
bone. Polymer chains are cleaved through thermal oxidation, and the resulting
shortened chains are terminated by oxygenated functional groups, such as carbox-
ylic acids, esters, ketones, and aldehydes. In this method, oxygen is needed as well
as heat (75-200 °C, a temperature higher than ambient). Various harmful gases are
emitted into the environment at high temperatures. This approach is very quick, but
that’s not widely accepted.

(iii) Hydrolytic degradation:

The destruction of a polymeric material by contact with water, specifically
hydrogen cations (H*) or hydroxyl anions, is known as hydrolysis (OH"). The deg-
radation of plastic materials can be caused by immersion in water, condensation
cycles, or exposure to steam. It can also be caused by interaction with acids (high
H* concentration) or bases (high OH~ concentration), both of which can speed up
the process significantly.

14.7.2 Biotic Methods

The microbial aspect of the synthetic plastic degradation is mostly due to the action
of diverse microbial populations that have been identified as potential xenobiotics
degraders based on their adaptability to and use these compounds as growth and
energy substrates. These organisms use their diverse enzyme systems to break down
polymers into intermediates that can then be absorbed and metabolized to meet their
energy requirements. In this regard, the ability to biodegrade certain plastic poly-
mers has recently been explored. Microbial degradation is a practical, clean, and
affordable way to remediate MNPs contaminants. In this process, the plastic gets
modified chemically, physically, and mechanically through surface degradation
caused by diverse microbes and decomposer organisms such as actinomycetes,
algae, bacteria, as well as fungi. As a result of microbial activity, various metabolic
reaction pathways are involved in the conversion of organic molecules (MNPs) into
biogas and residual biomass. The biodegradation of plastic waste is an efficient,
profitable, and economically viable method. These bacteria can produce a variety of
enzymes, both intracellular and extracellular, which can catalyze the degradation of
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plastic polymers into small and safe fragments (Agrawal & Singh, 2016). The use
of microbial cells to break down plastic C—C linkages is considered to be more suc-
cessful (Wei & Zimmermann, 2017). Microbial degradation is a specific enzymatic
reaction. Certain enzymes are responsible for the breakdown of specific substrates
(Adamcova & Vaverkova, 2014).

14.8 Mechanism of Plastic Biodegradation

Abiotic degradation occurs before biodegradation and is triggered by thermal,
hydrolytic, or UV light in the environment. Smaller polymer fragments are gener-
ated by abiotic breakdown can penetrate through the cell membrane and be biode-
graded by enzymatic action inside microbial cells; nevertheless, some
microorganisms secrete extracellular enzymes that can act on specific plastic poly-
mers. The entire process of microbial degradation can be summarized in four essen-
tial stages (Fig. 14.2):

(i) Biodeterioration or colonization (Adherence of microbes to the surface of
polymer superficially): The first step of biodegradation is the biodeterioration
that includes the combined action of microbial communities. Physico-chemical
reactions lead to the incorporation of aquaphilic groups, which make the poly-
mer more hydrophilic and reduce surface energy. It may allow the polymer’s
carbon to be used for microbial growth and development. Deterioration is a

Bio-Deterioration/Colonization
Adherence of microbes to the surface of Plastics
E (Bio film formation and release extracellular
= enzymes)
g
£
& Bio-Fragmentation
Break-down of polymers and formation of
Monomers, Dimers & Oligomers
_E Uptake of plastic fragments and formation
= metabolites
8
£
E
form €O,, H,0, CH,, H,S etc.,

Fig. 14.2 Detailed mechanism of plastics biodegradation
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type of surface degradation that affects a material’s mechanical, physical, and
chemical properties. This process will be accelerated by biofilms formed by
microorganisms on the plastic surface. Biofilm is a colony of living organisms.
Microbes attach to one another in a polymer matrix and colonize the surface of
the material to form biofilms with the help of polysaccharides and proteins
extracellular polymeric substances (EPS) are produced by themselves to break
down the plastic surface. The EPS contains polysaccharides, proteins, and
nucleic acids. The EPS penetrates into the surface pores of the plastic, causing
them to expand. Microbes and bacteria have been enhanced in their ability to
degrade plastic polymers, produce holes, and promote the physical deteriora-
tion of plastic polymers. Furthermore, the growth of biofilms on plastic sur-
faces supports the formation of different acid compounds (nitrous acid, nitric
acid, sulfuric acid, citric, fumaric, gluconic, glutaric, glyoxylic, oxalic, and
oxaloacetic acid) affecting the pH of plastic polymers and causing changes in
the microstructures of the polymer, called chemical plastic deterioration.

(ii) Biofragmentation or depolymerization (Exploitation of polymer as a food/car-
bon source to the microbes): Cleavage of the primary carbon chain takes place
by catalytic agents (depolymerase enzymes), which are secreted by microor-
ganisms and result in the formation of low molecular weight fragments such as
oligomers, dimers, and monomers. Microbe-secreted extracellular and intra-
cellular depolymerase enzymes play a significant role in the breakdown of
plastic waste degradation. The released enzymes will break down complex
polymers into smaller and simpler chains during the breakdown process. These
decomposed small molecules will be easily dissolved in water and then
absorbed by microorganisms through their semi-permeable cell membranes
and utilized as carbon and energy sources.

(iii) Assimilation: Assimilation is the process of integrating molecules transported
in the cytoplasm into the microbial metabolism to generate energy, biomass,
vesicles, and numerous primary and secondary metabolites. Bacteria thus
secrete some enzymes which played a significant part in the degradation pro-
cess. The main end products of biodegradation of plastic in an aerobic environ-
ment are CO2, H20, and biomass, whereas in anaerobic conditions, the main
products are CO2, H20, biomass, and CH4, while the main products of bio-
degradation of plastic in a sulfidogenic environment are H2S, CO2, and water.

(iv) Mineralization: Mineralization refers to the excretion of simple and different
salts, and also complex metabolites that reach the extracellular surroundings.
In this process, hazardous compounds are transformed into more environmen-
tally friendly compounds. In mineralization, biodegradable materials or bio-
mass are converted into gases, water, salt, minerals, and other residues. These
gases include carbon dioxide, methane, and nitrogen. Mineralization will be
completed when all biodegradable compounds have been consumed by micro-
organisms and all carbon has been converted to carbon dioxide.

Biodegradation is influenced by various factors, including polymer characteris-
tics, organism type, and pretreatment method. The polymer characteristics such as
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its mobility, tactility, crystallinity, molecular weight, the type of functional groups
and substituents present in its structure, and plasticizers or additives added to the
polymer all play an important role in its degradation. Environmental conditions
mediate the interaction between microbes and the degradative pathway during deg-
radation. At commercial level, additives, antioxidants, and stabilizers get attached to
the surface of polymers which may be proven harmful and susceptible to organisms
in the environment and may also lead to slowing down of the speed of biodegrada-
tion process. The majority of plastics deteriorate at first on the surface, which is
exposed and vulnerable to chemical or enzymatic attack. Therefore, degradation of
microplastics proceeds faster than meso- and microplastics, as microplastics has a
higher surface-to-volume ratio.

14.9 Plastics Biodegradation Bacteria

First Report of Plastic Degradation by Bacteria: For the first time, comparative deg-
radation assay of lignin and paraffin’s was studied due to action of bacteria (Fuhs,
1961) by growing bacteria on different kinds of alkenes as the only source of car-
bon. They further reported that bacteria can deteriorate only polymers with molecu-
lar weight up to 4800. Later, reports on plastic degradation by microbes started
increasing significantly in the literature from various regions. Similarly, bacterial
strains can degrade plastic polymeric substances in contaminated water or soil.
Several studies have reported that plastics biodegradation by specialized bacteria
can be a promising bioremediation strategy for contaminated ecosystems (Yoshida
et al., 2016). Bacterial strains such as Pseudomonas spp., Bacillus spp., and
Streptomyces spp. have exhibited high degradation efficiency against various plas-
tic polymers (Li et al., 2020; Matjasi¢ et al., 2021). In many cases, the plastics
degradation rates by fungi exceed those achieved by bacterial strains (Muhonja
et al., 2018). According to Amobonye et al. (2021), bacteria are easier to grow and
degrade polymeric materials than fungi that need more stable conditions.

14.9.1 Plastic-Degrading Bacteria

Bacteria are considered to be the engine of the earth’s nutrients, as they are respon-
sible for the conversion and cycling of nutrients in the environment. Bacteria use the
contaminants for their growth, nutrition, and reproduction. This is the main reason
behind bacterial transformation of different contaminants which are organic in
nature. Microorganisms get carbon (C) from Organic Carbon (OC). Carbon (C) is
essential for bacteria and other microorganisms as it acts as a building block for new
cell. Carbon (C) is also a source of energy utilized by the organisms (Mondal &
Palit, 2019). Most of the identified bacteria belong to the phyla proteobacteria
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(48%), firmicutes (37.4%) and actinobacteria (9.8%). Research has reported a wide
range of plastic-degrading bacteria, summarized below.

(a) C-C backbone plastic polymer degradation bacteria in soil:

PE, PP, PVC, and PS are the four main types of synthetic plastics in the C—C
backbone group. The polymer’s structure renders it resistant to biodegradation.
Furthermore, their short tenure in natural ecosystems (a few decades) is inadequate
for nature to evolve new enzymatic systems that can degrade these synthetic poly-
mers (Mueller, 2006).

(i) PE, HDPE, and LDPE Biodegradation Bacteria:

Polyethylene is a thermoplastic polymer made from ethylene gas and serves as a
basis for multiple plastic products. Polyethylene is the most produced plastic in the
world, which contains high hydrophobic level and high-molecular weight. The
most commonly used PEs is LDPE and HDPE. Low-Density Polyethylene (LDPE)
is the most extensively used packaging material, due to its outstanding mechanical
qualities, water barrier capabilities, low cost, lightweight, and high energy effec-
tiveness. HDPE is a denser version of polyethylene which is used to make water and
drain pipes because of its rigidity and crystalline structure. In its natural form, it
cannot be degraded easily by microorganisms. As early as the 1970s, Albertsson
carried out experiments on microbial degradation of *C-labeled PE by using three
different soil microbiotas as inocula (Albertsson, 1978). After that, Kawai et al.
claimed that the upper limit of molecular weight for PE degradation by microorgan-
isms was about 2000 Da based on the results of a numerical simulation (Kawai
et al., 2004). Actinobacter sp. can partially break down lower molecular weight PE
oligomers (MW = 600-800), whereas high molecular weight PE cannot be degraded.
(Ghosh et al., 2013). In order to make it biodegradable, the crystallinity molecular
weight and mechanical properties of the PE have to be modified. PE is activated by
UV light at the beginning of the degradation process, which acts as an activator. As
part of a similar study, PE was exposed to UV light as well as treated with nitric acid
(Hasan et al., 2007). The pretreated polymer was applied to a microbial treatment.
More than 20 bacterial genera have been shown to degrade different types of PE,
those include various Gram-negative and Gram-positives species belonging to the
genera Pseudomonas, Ralstonia, tenotrophomonas, Klebsiella, and Acinetobactor
and Rhodococcus, Staphylococcus, Streptococcus, Streptomyces, and Bacillus
(Danso et al., 2019). Majority of these bacterial strains can degrade the surface of
PE and/or form a biofilm over it. In the process of biodegradation, the PE or paraffin
molecules containing carbonyl group first get converted into an alcohol (containing
—OH group) (Fig. 14.3) by a mono-oxygenase enzyme. The alcohol is then oxi-
dized to an aldehydes (containing -CHO group) by alcohol dehydrogenase enzyme.
An aldehydes dehydrogenase converts aldehydes to a fatty acid (containing -COOH
group). This fatty acid then undergoes f-oxidation pathway inside cells (Hasan
etal., 2007). Pseudomonas species has the unique ability to degrade and metabolize
polymers with extracellular oxidative and/or hydrolytic enzymes, which facilitate
uptake and degradation of polymer fragments and control the interaction between
biofilms and polymer surfaces (Wilkes & Aristilde, 2017). Brevibacillus
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Fig. 14.3 Microbial biodegradation pathways of synthetic plastic material. (Adapted from Ru
et al. (2020))

borstelensis, a thermophilic soil bacterium, utilizes BLDPE as the sole carbon and
energy source, thus causing a reduction of 30% in the molecular weight of PE film
after 30 days of incubation (Hadad et al., 2005). After thermal treatment, Klebsiella
pneumoniae degraded the HDPE. This strain was able to adhere strongly to HDPE
surfaces, leading to an increase in biofilm thickness while simultaneously decreas-
ing the weight and tensile strength of the HDPE film by 18.4% and 60%, respec-
tively, after 60 days (Awasthi et al., 2017). In the soil mixed with municipal waste,
the decreasing order of degradation susceptibility of polymers was
PE>>>LDPE>HDPE as determined by analyzing the weight loss of samples,
changes in tensile strength, changes in FTIR, and bacterial activity in the soil (Orhan
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et al., 2004). Table 14.1 shows that the soil-isolated microbial strains can degrade
PE, HDPE, and LDPE.

(ii) Polypropylene (PP) biodegradation bacteria:

PP is a thermoplastic polymer resin with a semi-crystalline structure, which is
the second most commonly used plastic in the world. Most commercial PP is isotac-
tic and has an intermediate level of crystallinity between that of LDPE and HDPE
due to its durability and outstanding characteristics, it is used in a variety of applica-
tions to include packaging for consumer products, plastic moldings, plastic tubs,
stationary folders, packaging materials non-absorbable sutures, diapers, automotive
industry, and textiles. It can be degraded when exposed to ultraviolet UV light from
the sun, and it can also be oxidized at high temperatures. Even though PP is a poly-
olefin, it has the same oxidative degradation susceptibility as PE. However, its sub-
stitution of methyl for hydrogen in the B position allows it to be more resistant to
microbial degradation. Microbial degradation of PP was firstly assessed by Cacciari
et al. (1993) by cultures enriched from sandy soils containing PE wastes. These
isolated bacterial communities from soil samples mixed with starch have been
shown to be capable of degrading PP. Biodegradation of isotactic PP without any
treatment is reported with one of the community designated as 3S among the four
microbial communities (designated as 1S, 25, 3S, and 6S) adapted to grow on starch
containing PE obtained from enrichment culture. Pseudomonas chlororaphis,
Pseudomonasstuzeri, and Vibrio species were identified in the community 3S. It is
reported that UV-treated PP sample is more susceptible to degradation (Sameh
etal., 2006). Pseudomonas and Bacillus bacterial species were isolated from the soil
of a plastic-dumping site, could utilize PP as their carbon source for growth and
degrade 0.05-5% of PP after incubation for 12 months (Arkatkar et al., 2010). A
mixed consortium of four bacterial isolates from waste management landfills and
sewage treatment plants could degrade the PP strips and pellets, lost 44.2-56.3% of
their weight after 140 days (Skariyachan et al., 2018). Bacillus Rhodococcus,
Bacillus gottheilii were isolated from mangrove sediments and also able to grow in
aqueous synthetic media containing PP microplastics and resulting in a weight loss
of 4.0-6.4% after 40 days (Auta et al., 2018). Helen AS et al. reported in 2017 that
B. cereus had a PP degradation capacity of 0.003 grams per day and S.globispora
had a PP degradation capacity of 0.002 g per day. Table 14.1 shows that the soil-
isolated microbial strains can degrade the Polypropylene (PP)

(iii)) PVC biodegradation bacteria:

PVC is a strong plastic that resists abrasion and chemicals. It also has low mois-
ture absorption properties. There are a lot of studies about the thermal and photo-
degradation of PVC, but only a few studies on the biodegradation of this material.
PVC is the primary synthetic plastic type with the highest percentage of plasticizers
(up to 50%). Plasticized PVC is susceptible to microbial attack because plasticizers
can be utilized as a carbon source by bacteria. Microorganisms degrading plasti-
cized PVC just break down components of the plasticizer [e.g., bis (2-Ethylhexyl)
phthalate, DEHP] rather than the backbone of PVC. The degradation of both PVC
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Table 14.1 List of bacteria used in the degradation of various plastics
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Type of plastic Bacteria References

PE Bacillus amylolyticus Patil (2018)
Bacillus gottheilii Auta et al. (2018);

Yoshida et al. (2016)

Ideonella sakaiensis Palm et al. (2019)
Bacillus subtilis Patil (2018)
Desulfotomaculum nigrifans Begum et al. (2015)
Lysinibacillus fusiformis Shahnawaz et al. (2016)
Bacillus cereus
Pseudomonas alcaligenes Begum et al. (2015)
Pseudomonas fluorescens Patil (2018)
Pseudomonas putida Patil (2018)
Pseudomonas putida MTCC 2475 Saminathan et al. (2014)
Streptomyces SSP2 Soud (2019)
Streptomyces SSP4 Soud (2019)
Sterptomyces SSP14 Soud (2019)
Actinobacter ursingii Hussein et al. (2015)
Brevibacillus borstelensis Mohanrasu et al. (2018)
Pseudomonas spp. Skariyachan et al. (2015)
Acidobacteria, Bacteriodietes,
Actinobacteria; Diminish: Ren et al. (2020)
Acidobacteria

HDPE Ochrobacterum anthropi Riandi et al. (2017)

Arthrobacter sp. GMB5 and Pseudomonas

sp. GMB7

Bacillus cereus
Brevibacillus borstelensis

Muhonja et al. (2018)

(continued)
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Table 14.1 (continued)

Type of plastic Bacteria References
LDPE Lysinibacillus macrolides Muhonja et al. (2018)
Pseudomonas putida
Cellulosimicrobium funkei
Pantoea sp. Skariyachan et al. (2016)
Enterobacter sp.
Actinobacter ursingii Hussein et al. (2015)
Alcanivorax borkumensis Delacuvellerie et al.
(2019)
Streptomyces spp. Deepika and Jaya (2015)
Pseudomonas spp.
Pseudomonas sp. Tribedi and Sil (2013)
Bacillus carbonipphilus Shresta et al. (2019)
Bacillus coagulans Shresta et al. (2019)
Bacillus licheniformis KC2-MRL Jamil et al. (2017)
Bacillus megaterium Shresta et al. (2019)
Bacillus nedei Shresta et al. (2019)
Bacillus smithii Shresta et al. (2019)
Bacillus sp. KC3-MRL Jamil et al. (2017)
Bacillus sporothermo-durans Shresta et al. (2019)
Bacillus weihenstephanensis Mukherjee and Chatterjee
(2014)
Burkholderia cepacia Mukherjee and Chatterjee
(2014)
Escherichia coli Mukherjee and Chatterjee
(2014)
Pseudomonas aeruginosa Riandi et al. (2017)
Pseudomonas fluorescens Patil (2018)
Serratia sp. KCI-MRL Jamil et al. (2017)
Stenotropphomonas sp. KC4-MRL Jamil et al. (2017)
Streptomyces coelicoflavus NBRC 15399" Duddu et al. (2015)
Streptomyces SSP2 Soud (2019)
Streptomyces SSP4 Soud (2019)
Sterptomyces SSP14 Soud (2019)
Sphingobacterium moltivorum Montazer et al. (2018)
PP Bacillus cereus Helen et al. (2017)
Sporosacrina globispora Helen et al. (2017)
Bacillus Rhodococcus Auta et al. (2018)
Bacillus gottheilii Auta et al. (2018)
PVC Chryseomicrobium imtechense; Latorre et al. (2012)

Lysinibacillus fusiformis; Acinetobacter
calcoaceticus; Stenotrophomonas pavanii

Acanthopleurobacter pedis; Bacillus cereus;
Pseudomonas otitidis; Bacillus aerius

Anwar et al. (2016)

Pseudomonas citronellolis

Giacomucci et al. (2019)

(continued)
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Type of plastic

Bacteria

References

PS

Bacillus subtilis

Asmita et al. (2015)

Pseudomonas auroginosa

Asmita et al. (2015)

Staphylococcus aureus

Asmita et al. (2015)

Staphylococcus pyogenes

Asmita et al. (2015)

Polyester PU coating
(including Impranil®)

Alicycliphilus sp.

Oceguera-Cervantes et al.
(2007)

Polyester PU foam

Arthrobacter calcoaceticus

El-Sayed et al. (1996)

Acinetobacter garnei

Howard et al. (2012)

Arthrobacter globiformis

El-Sayed et al. (1996)

Bacillus subtilis

Rowe and Howard
(2002); Nakkabi et al.
(2015)

Bacillus pumilus

Nair and Kumar (2007)

Commamonas acidovorans

Allen et al. (1999)

Pseudomonas aeruginosa

El-Sayed et al. (1996)

Pseudomonas cepacian

El-Sayed et al. (1996)

Pseudomonas chlororaphis

Howard et al. (2001a)

Pseudomonas fluorescens

Ruiz et al. (1999)

Pseudomonas putida

El-Sayed et al. (1996);
Peng et al. (2014)

Alycycliphilus sp.

Pérez-Lara et al. (2016)

Thermoplastic
polyester PU

Pseudomonas aeruginosa

Kay et al. (1991)

Pseudomonas chlororaphis

Gautam et al. (2007)

Arthrobacter sp.
Bacillus sp.

Shah et al. (2008)

Thermoplastic

Comamonas acidovorans

Akutsu et al. (1998);

polyether PU Nakajima-Kambe et al.
(1997, 1995)
Corynebacterium Kay et al. (1991)
Micrococcus sp. Shah et al. (2008)
Pseudomonas sp. Shah et al. (2008)
Pseudomonas aeruginosa Shah et al. (2008, 2013,
2016); Fernandes et al.
(2016)
Staphylococcus epidermidis Jansen et al. (1991)
PET Bacillus subtilis Asmita et al. (2015)

Staphylococcus pyogenes

Asmita et al. (2015)

Staphylococcus aureus

Asmita et al. (2015)

and plasticizers by microorganisms has not been observed so far. Therefore, we do
not know what enzymes are responsible for the microbial degradation of
PVC. Nevertheless, a number of bacterial varieties have been reported to be able to
degrade the plasticized PVC, including those isolated from garden soil (Nakamiya
et al., 2005; Giacomucci et al., 2019), landfill leachate, waste disposal sites (Latorre
et al., 2012; Anwar et al., 2016), and marine environments (Kumari et al., 2019).
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Table 14.1 shows a list of soil-isolated bacteria used in the degradation of Polyvinyl
chloride (PVC).

(iv) PS biodegradation bacteria:

The PS polymer (CgHg), is an aromatic polymer with a high molecular weight,
which is made of monomer styrene. PS can be solid or foamed, while styrene mono-
mer is liquid. The general purpose polystyrene (GPPS) is clear, rigid, and brittle. In
many aspects of human life and industry, polystyrene is widely used due to its prop-
erties such as low cost, lightweight, ease of manufacture and versatility, thermal
efficiency, durability, and water resistance. PS is used in the manufacture of dispos-
able cups, packaging materials, and laboratory ware, as well as in certain electronic
products. It is used for its lightweight, stiffness, and excellent thermal insulation.
Polystyrene is extremely stable and difficult to degrade in the environment due to its
hydrophobic nature, making it resistant to hydrolysis (Albertsson & Karlsson,
1993). Styrene, benzene, toluene, and acrolein are released when it is decomposed
by thermal or chemical processes. There are limited publications on PS biodegrada-
tion, however, a few researchers have reported on the microbial decomposition of its
monomer, styrene. There are several ways of styrene catabolism; however, a pre-
dominant pathway involves the oxidation of styrene to phenyl acetate, which is then
converted via the TCA cycle. This pathway is shown in Fig. 14.2. According to
Kaplan et al., PS breakdown is less than 1% after 90 days in farmed soils with a
wide range of fungi, bacteria, and invertebrates, with no notable rise in degradation
rate after this one time (Kaplan et al., 1979). Otake et al., on the other hand, observed
that a PS sheet buried in soil for 32 years showed no signs of degradation (Otake
et al., 1995). The Rhodococcus ruber has been demonstrated to create biofilms on
PS and partially break ot down (Mor & Sivan, 2008). A biofilter made up of
Brevibacillus sp. has been found to remove 3 kg of styrene in a day (Baggi et al.,
1983). Oikawa et al. was isolated and identified Pseudomonas sp. and Bacillus sp.
for styrene degradation, and also Xanthomonas sp. and Sphingobacterium sp. for PS
decomposition by 16 S ribosomal DNA analyses from soil (Oikawa et al., 2003).
Four microbial strains have been isolated from garden soil after 8 months of buried
samples of PS and EPS solution (2%) in chloroform. They were identified as
Microbacterium sp. NA23, Paenibacillus urinalis NA26, Bacillus sp. NB6, and
Pseudomonas aeruginosa NB26. They were able to extract some carbon from the
complex molecules of PS, but the process was very slow and did not cause any sig-
nificant chemical changes on the surface (Atiq et al., 2010). The biodegradation of
PS involved Gram-positive coccobacillus, Gram-negative cocci, Gram-negative
rod-shaped bacillus, Gram-positive cocci (in clusters) in Garden soil, and Gram-
negative cocci (in singles) in garbage soil with weight loss up to 30% (Asmita et al,
2015). Krueger et al. (2015) found a reduction in molecular mass of polystyrene
sulfonate (PSS) by 50% within 20 days as a result of the activity of Gloeophyllum
trabeum DSM 1398. Citrobacter sedlakii, Enterobacter sp., Alcaligenes sp., and
Brevundimonas diminuta were isolated and identified by Sekhar et al. (2016), and
the highest PS degradation rate was estimated to be 12.4% within 30 days of
Enterobacter. Pseudomonas spp. and Bacillus spp. were reported to be able to
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breakdown high-impact PS (HIPS) film by Mohan et al. (2016). Bacillus spp., in
particular, succeeded a reduction of plastic weight loss by 23% after 30 days.
Table 14.1 shows list of soil-isolated bacteria used in the degradation of Poly sty-
rene (PS)

(b) C-0 backbone plastic polymer degradation bacteria in soil:

Two synthetic plastic polymers lie under the C—O backbone category, namely PU
and PET. However, this type of plastic material can be hydrolyzed due to the pres-
ence of ester bonds

(i) PU biodegradation bacteria:

Polyurethanes (PUs) are an important branch of synthetic plastics belonging to
the thermosetting group, which can be re-used for production. PUs can be broadly
categorized as follows: flexible, semi-rigid, rigid, microcellular, viscoelastic, or
thermoplastic urethanes. The polyurethanes industries were laid in the late 1930s
with the discovery by German scientist Otto Bayer (Szycher, 1999). Since that time,
scientists have been finding its use in an ever-increasing number of applications, and
polyurethanes are now all around us, playing a vital role in many industries—from
furniture to footwear, construction to cars, i.e., furniture coatings, adhesives, con-
struction materials, flame retardants, fibers, paints, elastomeric parts, and synthetic
skins are just a few examples. Polyurethanes have also been employed in a variety
of biomedical applications, including vascular prostheses, prosthetic skin, pericar-
dial patches, soft-tissue adhesive, drug delivery devices, and tissue engineering
scaffolds (Young & Lovell, 1994). Now Polyurethanes (PU) represent almost 8% of
produced plastics which place them as the sixth most used polymer in the world
(Kemona & Piotrowska, 2020). PU is the condensation product of polyisocyanate
and polyol having intramolecular urethane bonds (carbonate ester bond -NHCOO-)
(Sauders & Frisch, 1964). There are two types of PU when it comes to biodegrada-
tion: polyester polyurethane (PSPU) and polyether polyurethane (PEPU) which
have several applications in the industrial field. Microbial degradation (fungal) of
PU was firstly reported by Darby and Kaplan in 1968 (Darby & Kaplan, 1968). In
comparison to PEPU, PSPU was easier to biodegrade. Following that, numerous
microorganisms were shown to be capable of degrading polyester PU. The potential
of Staphylococcus epidermidis KH11 to break down polyether PU was examined by
Jansen et al. (1991). As well as three esterases purified from Pseudomonas chloro-
raphis (Ruiz et al., 1999), the protease purified from Pseudomonas fluorescens
(Vega et al., 1999), and a lipase purified from B. subtilis (Rowe & Howard, 2002)
have the ability to degrade PSPU. In addition, they also cloned a gene named pulA
from Pseudomonas fluorescens (Ruiz & Howard, 1999) and two genes, pue A and
pue B, from Pseudomonas chlororaphis (Stern & Howard, 2000; Howard et al.,
2001b). These genes encoded three different esterases involved in the microbial
degradation of emulsified polyester PU by Pseudomonas fluorescens and
Pseudomonas chlororaphis. The list of bacterial strains were degrading different
kinds of polyurethane (Kemona & Piotrowska, 2020). Table 14.1 shows the list of
soil-isolated bacteria used in the degradation of various polyurethanes (PUs).
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(ii) Polyethylene terephthalate (PET) biodegradation bacteria:

PET, a synthetic polymer generated from crude oil, is today one of the most
widely used plastics (Liu et al., 2019), contributing to more than 10% of the plastic
market share (Carr et al., 2020). This polymer is made up of terephthalic acid (TPA)
and ethylene glycol repeating units (EG) (Fig. 14.1). PET is convenient both in
terms of manufacture and utility, as it is utilized in containers, films, and fibers, in
addition to bottles, due to its lightweight, durability, and mold ability. It is resistant
to biodegradation due to the polymer’s backbone’s high stability, as well as its crys-
tallinity and surface hydrophobicity, which are some of the underlying elements that
limit the natural breakdown of this plastic. B.subtilis, S.aureus, and S.pyogenes are
considered as important PET and PS degrading bacteria (Asmita et al., 2015).
Ideonella sakaiensis was also reported to degrade PET polymer (Yoshida et al.,
2016; Oberbeckmann & Labrenz, 2020).Table 14.1 shows the list of soil-isolated
bacteria used in the degradation of Polyethylene terephthalate (PET).

14.9.2 Plastic-Degrading Actinomycetes

Actinomycetes are a phylum of gram positive bacteria. They are prokaryotic organ-
isms with a primitive unicellular organization. Actinomycetes are anaerobic micro-
organisms. On solid substrates, they have filamentous and branching growth patterns
that resemble fungal mycelia. Their colonies, like myceliums, are large. Many gen-
era of actinomycetes have aerial hyphae. Some actinomycetes have flagella and are
motile. Actinomycetes can be found in both soil and water. Actinomycetes include
the Streptomyces groups, Rhodococcus ruber, Actinomadura spp., and the thermo-
philic Thermo actinomycetes species have been isolated from different ecological
zones and demonstrated to possess significant plastic biodegradative potentials
(Auta et al., 2018; Jabloune et al., 2020). Their ability to produce a wide range of
hydrolytic enzymes as well as other bioactive metabolites has previously been
emphasized. These hydrolytic enzymes are one of the most important components
in their ability to grow on a variety of plastic polymers and degrade the large molec-
ular weight molecules into simpler ones. They can produce extracellular polymers
such as dextrin, glycogen, levan, and N-acetyl glucosamine-rich slime polysaccha-
rides which probably facilitate their attachment to plastic surfaces for subsequent
microbial action. Biofilm formation has been found to be an important factor in the
actinomycetal colonization of plastics, similar to the bacteria PET and other poly-
mers including p-nitro phenyl esters, cutin, and suberin were found to be degraded
by Streptomyces scabies, isolated from potatoes (Jabloune et al., 2020). Nocardiopsis
sp., an endophytic actinomycetes isolated from the hibiscus, was similarly found to
break down PE and fuel. The effectiveness of actinomycetal plastic degradation has
also been highlighted in a microbial consortium with a substantial fraction of acti-
nomyecetal species degrading polyurethane and different chemical additives.

The plastics of poly (f-hydroxybutyrate) (PHB)-and poly (e-caprolactone) (PCL)
were degraded by aerobic microorganisms that persist in the natural environment.
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Plastic depolymerizing microbes can be found over many kinds of material, includ-
ing landfill leachate, compost, sewage sludge, forest soil, farm soil, paddy soil,
weed field soil, roadside sand, and pond sediment (Nisida & Tokiwa, 1993).
Actinomycetes strains Streptomyces genus and Micromonospora genus were iso-
lated and screened for the capability to degrade poly (ethylene succinate) (PES),
poly (e-caprolactone) (PCL), and poly (p-hydroxybutyrate) (PHB) from the
upstream and downstream regions of the Touchien River in Taiwan (Hoang et al.,
2007). Streptoverticillium kashmirense AF1 can degrade a natural polymer; poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was isolated from municipal
sewage sludge by soil burial technique. Extracellular enzymes PHBV depolymerase
secreted by Streptoverticillium kashmirense AF1 was purified and degrade PHBV
film (Shah et al., 2007) Actinomadura, Microbispora, Streptomyces, Thermo actino-
myces, and Saccharomonospora were thermophilic actinomycetes strains able to
degrade poly (ethylene succinate) (PES), poly (e-caprolactone) (PCL), and poly
(B-hydroxybutyrate) (PHB). Thermophilic actinomycetes Microbispora rosea,
Excellospora japonica, and E. viridilutea were able to degrade aliphatic polyester,
poly (tetramethylene succinate) (100 mg PTMS film) (Jarerat & Tokiwa, 2001)
Rhodococcusruber (C208) Rhodococcus sp. strain RHAT1, strong polychlorinated
biphenyl (PCB) degrader has diverse biphenyl/PCB degradative genes and harbors
huge linear plasmids, including pRHL1 (1100 kb), pRHL2 (450 kb), and pRHL3
(330 kb). Linear plasmids of Rhodococcus sp. strain RHA1 having degradative
genes such as bphB2, etbD2, etbC, bphDEF, bphC2, and bphC4 (Shimizu et al.,
2001) Amycolatopsis strains, poly(L-lactide) degrader stain has the ability to absorb
breakdown products such as poly lactic acids (Pranamuda et al., 1999). Polylactide
(PLA)-degrading microorganisms are sparsely distributed in soil environments.
Totally 34 different kinds of marine Actinomycetes isolates were discovered in
marine soil. Five of the most common Actinomycetes cultures were tested for plas-
tic degradation such as Streptomyces sp., Pseudonocardia sp., Actinoplanes sp.,
Sporichthya sp. Among them, Streptomyces sp. has shown significant reduction
(20%) when compared to other tested organisms (Sathya et al., 2012). Table 14.2
summarizes Actinomycetes strains associated with various plastics biodegradation
in the soil.

Table 14.2 List of Actinomycetes used in the degradation of various plastics

Types of plastic Actinomycetes Reference

Polyurethane Acinetobacter calcoaceticus, A. gerneri Howard et al. (2012)

Polyethylene Streptomyces sp., Sporichthya sp., Sathya et al. (2012)
Actinoplanes sp.

Disposable plastic | Streptomyces sp. El-Shafei et al. (1998)

films

LDPE powder Streptomyces KUS, Streptomyces KU1, Usha et al. (2011); Abraham
Streptomyces KU6 et al. (2017)

HDPE Streptomyces sp. Farzi et al. (2017)

PET Streptomyces scabies Jabloune et al. (2020); Farzi
Streptomyces sp. etal. (2019)
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14.10 Plastic-Degrading Bacterial Enzymes

Plastic-degrading bacteria and other microorganisms are involved in plastic biodeg-
radation by producing a variety of essential enzymes. This polymer biodegradation
process involves two reactions: Hydrolysis, and Oxidation. Hydrolysis is the break-
down of polymers catalyzed by hydrolases enzymes, which are one of the most
important aspects in their ability to grow on various polymers and degrade high
molecular weight to simpler ones. Hydrolase enzymes catalyze the hydrolysis of
esters, carbonates, amides, and glycosidic linkages to create monomers from vari-
ous hydrolyzed polymers. Oxidation is a biodegradation process that is conducted
by oxidoreductase enzymes. Meanwhile, oxidoreductase enzymes catalyze ethyl-
ene, carbonate, amide, urethane, and other oxidizing and reducing processes
(Ganesh et al., 2017). Some polymer compounds cannot be degraded by certain
enzymes, the other appropriate enzymes will work together to break down those
compounds. This phenomenon is known as oxidation. Plastic biodegradation
enzymes are classified into two broad categories, viz., extracellular and intracellular
enzymes (Gu, 2003).

Extracellular Enzymes

These types of enzymes are involved in heterogonous reactions, as these act on the
macromolecules at the surface of the solid plastic while it is in a liquid state
(Chinaglia et al., 2018). Additionally, other groups of enzymes are involved in the
surface functionalization of hydrophobic plastic surfaces, the degradation of the
plastic metabolic intermediates into monomeric units, and the mineralization of the
final monomeric intermediates.

Intracellular Enzymes
These enzymes convert intermediates into compounds that can be assimilated by
microbes via aerobic and anaerobic processes (Pathak, 2017).

Enzyme technology has recently been investigated for the production, isolation,
purification, and providing the enzymes for the degradation of plastics. These
enzymes are non-toxic and biodegradable. In the last decade, a few polymer plastics
chains (PE, PP, PS, and PVC) are subjected to degrade by a distinct group of
enzymes as shown in Table 14.3. Many enzymes like esterases, protease, cutinase,
and laccase have shown significant results in the breakdown of MNPs. A bacterium
named Ideonella sakaiensisis can utilize PET as its primary carbon and energy
source (Yoshida et al., 2016). By the presence of two active enzymes (PETase and
MHET ase), this bacterium converts PET into its monomers terephthalic acid and
ethylene glycol (Palm et al., 2019). Recent research on the enzymatic degradation
of plastics has generated a lot of interest in protein/enzyme engineering to improve
enzyme activity.

An engineered PETase mutant from Ideonella sakaiensis exhibits an increase in
the three mutants (R61A, L88F, and 1179F) by 1.4-fold, 2.1-fold, and 2.5-fold, in
comparison to the wild type strain. It has been demonstrated that enzyme activity
can be significantly improved by rational protein engineering and by modifying key
hydrophobic grooves of substrate binding sites (Ma et al., 2018). Surprisingly, a
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Table 14.3 List of plastic-degrading bacterial enzymes
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Type of plastic

polymer Bacteria Enzyme Reference

PE Pseudomonas sp. E4 Recombinant Alkane Yoon et al. (2012)
expressed, in hydroxylases (AH)
Escherichia coli BL21
Pseudomonas Alkane monooxygenase, | Jeon and Kim (2015)
aeruginosa E7 Rubredoxin and

Rubredoxin reductase

Rhodococcus ruber Laccase Sowmya et al. (2014)
C208, Bacillus cereus
Bacillus cereus Manganese peroxidase | Sowmya et al. (2014)

Polyester PUR | Comamonas Polyurethane esterase Akutsu et al. (1998)
acidovorans
Pestalotiopsis Serine hydrolases Russell et al. (2011)
microspore
Pseudomonas Putative Russell et al. (2011)
chlororaphis Polyurethanases
Delftiaacidovorans Esterase Nakajima-Kambe et al.
Comamonas (1997); Shah et al. (2013);
acidovorans Wei and Zimmermann
Bacillus subtilis (2017)

PET Thermobifidafusca Cutinases Auta et al. (2018); Palm
Ideonella sakaiensis Glycoside et al. (2019); Ronkvist

Bacillus gottheilii

Hydrolases, PETase and
MHETase

et al. (2009); Yoshida
et al. (2016)

Bacillus licheniformis Carboxylesterases Wei and Zimmermann
Bacillus subtilis (2017)
Thermobifidafusca

Low molecular | Brevibacillus sp. Protease Bhardwaj et al. (2012)

weight poly Bacillus sp.

lactic acid

(PLA)

recent study found that protein-engineered enzymes were effective in degrading
MNPs (Islam et al., 2019). According to the study, the degradation of the MNPs of
PU has increased by about 6.7 times. These remarkable results indicate that protein/
enzyme modification could be one of the approaches for more effectively removing
MNPs. Immobilized enzyme techniques have recently been used to degrade MNPs
in the environment (Shakerian et al., 2020). Bis phenol A (BPA), a monomer of
polycarbonate plastics, is one of the most produced chemicals on the planet
(Haciosmanoglu et al., 2019). Laccase enzyme was reported to be the most com-
monly used enzyme in immobilized systems to break down the BPA (Piao et al.,
2019). When compared to free enzymes, immobilization of oxidative enzymes (lac-
case and horseradish peroxide) has shown high stability, durability, reusability, and
cost-effectiveness (Shakerian et al., 2020). Hence, the combination of membranes
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and enzymes/microbial technology is expected to have a promising future in the
degradation of MNPs from the soil and other eco systems.

14.11 Conclusions

The biodegradation of MNPs by using plastic-degrading bacteria is a viable and
cost-effective plastic waste degradation technique that can be easily implemented in
real-time to maintain the environmental quality of the soil caused by MNPs. This
process has minimal or no side effects on the environment. The degradation of
MNPs involves some intra and extracellular enzymes (Hydrolase and Oxidase),
which are produced by bacteria. This enzymatic process breaks down the recalci-
trant plastic polymers into microbial biomass and other environmentally safe com-
pounds through several steps, including biodeterioration, depolymerization,
assimilation, and mineralization. Optimizing the right environmental factors is the
main factor to enhance the ability of bacteria to degrade plastics waste. Many
advanced techniques like enzyme/protein engineering and enzymatic immobiliza-
tion techniques have been developed to facilitate the biodegradation of MNPs.
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