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Abstract: Since the last few decades, the promiscuous and uncontrolled use of plastics led to the ac-
cumulation of millions of tons of plastic waste in the terrestrial and marine environment. It elevated
the risk of environmental pollution and climate change. The concern arises more due to the reckless
and unscientific disposal of plastics containing high molecular weight polymers, viz., polystyrene,
polyamide, polyvinylchloride, polypropylene, polyurethane, and polyethylene, efc. which are very dif-
ficult to degrade. Thus, the focus is now paid to search for efficient, eco-friendly, low-cost waste man-
agement technology. Of them, degradation of non-degradable synthetic polymer using diverse micro-
bial agents, viz., bacteria, fungi, and other extremophiles become an emerging option. So far, very few
microbial agents and their secreted enzymes have been identified and characterized for plastic degra-
dation, but with low efficiency. It might be due to the predominance of uncultured microbial species,
which consequently remain unexplored from the respective plastic degrading milieu. To overcome this
problem, metagenomic analysis of microbial population engaged in the plastic biodegradation is ad-
visable to decipher the microbial community structure and to predict their biodegradation potential in
situ. Advancements in sequencing technologies and bioinformatics analysis allow the rapid meta-
genome screening that helps in the identification of total microbial community and also opens up the
scope for mining genes or enzymes (hydrolases, laccase, etc.) engaged in polymer degradation. Fur-
ther, the extraction of the core microbial population and their adaptation, fitness, and survivability can
also be deciphered through comparative metagenomic study. It will help to engineer the microbial
community and their metabolic activity to speed up the degradation process.

Keywords: Metagenomics, microbial community, plastic degrading microbes, microbiome engineering, prebiotics, probiotics,

genetic engineering.

1. INTRODUCTION

With the increase in the world’s population and changing
lifestyles, the demand for easily plastic products continues to
grow. Thus, whopping production of synthetic plastic covers
the major share of the global industry. Now, it tends to gen-
erate about 350 to 400 million tones of plastic waste annual-
ly on a global scale [1] and expected to be tripled by 2050
[2]. Of them, around 40% of global plastic waste was pro-
cessed and recycled, and the rest, 60% remains unprocessed
[3]. The significant parts of the unprocessed plastic become
naturally decomposed, but few fractions were left undecom-
posed for a longer period. Over the years, poor recycling and
low reuses leave millions of tons of plastic waste to accumu-
late in the terrestrial and marine ecosystem. Thus, it leads to
an elevated risk of environmental pollution and climate
change.
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Plastics are the synthetic or semi-synthetic polymeric
compound composed of carbon, oxygen, hydrogen, nitrogen,
silicon, chloride, efc. that can be used to design objects of
different shapes. More than 80% of the annual plastic gener-
ation is shared by high molecular weight polymers such as
polyamine (PA), polyethylene (PE), polyethylene tereph-
thalate (PET), polypropylene (PP), polystyrene (PS), polyu-
rethane (PU) and polyvinylchloride (PVC). It has become an
omnipresent part of our environment and it seems that their
biodegradation is extremely slow, often burns in the open
air, which leads to the release of CO,, and poisonous chemi-
cals as air pollutants. Further, leftover plastic allowed to de-
posit in the atmosphere, and fragmented into smaller parti-
cles, and finally reach into the aquatic environments, mainly
ocean through multiple outlets like rivers. These contami-
nants are termed as the ‘microplastics’ [4]. Unfortunately,
when macro and microplastics are mistakenly consumed by
many birds, fish, seal, whale, along with various land ani-
mals, it causes blockage of the intestine, ultimately resulting
in death due to starvation [5]. The macroplastic and micro-
plastic pollution also causes ecological damage to aquatic
milieu through the deliverance of toxic chemicals and gases,
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proliferation of pathogenic agents, lowering the oxygen lev-
els, resulting in entrapment of marine species, including cor-
als, fish, octopus, oysters, shrimp, efc. [6]. Thus, plastics are
extremely hazardous, particularly to higher organisms.

The plastic items are highly resistant to biodegradation
and persist in the environment for a long time. Currently, it
is very difficult to make even a rough estimation of the time
necessary for their biodegradation. They can take from 10 to
1,000 years to decompose in natural conditions [7]. There-
fore, the adoption of suitable plastic waste management is
prioritized in every country. Mainly four different approach-
es, viz., recycling, incineration, landfilling, and biodegrada-
tion, were adopted for plastic waste management. Among
them, recycling and incineration are followed for economic
value addition to plastic waste. But, only 9 percent of the
plastic is estimated to be recycled worldwide and the rest
91% remain in the unrecycled form [8, 9]. Some parts (12%)
can be reused through incineration, but always associated
with environment and health-hazardous due to the release of
toxic gases such as chlorofluorocarbon (CFC), vinyl mono-
mers and dioxins [10, 11]. In some countries, landfilling of
plastic waste (79% of total plastic) is practiced, but risks of
exposure to the environment always exist if poorly executed.
The concern arises more when the reckless and unscientific
management of plastic waste is followed and disposed into
rivers and ocean. For evidence, China, Indonesia, Philip-
pines, and Vietnam dumped most of the plastic waste into
the ocean [12, 13]. Thus, the focus is now shifted towards
the technological innovation in plastic waste management
that should be efficient, eco-friendly and cost-effective. In
this direction, besides the production of biodegradable plas-
tics, exploration and utilization of microbial resources for the
biodegradation of non-degradable synthetic plastic wastes
have gained momentum [14-16]. Thus, many scientists have
already started to explore the microbial diversity worldwide,
and are searching for the potential microbes that have spec-
tacular ability to degrade polythene and synthetic polymers,
and hunt the novel genes distributed within bacteria, fungi,
and other extremophilic groups. So far, very few microbial
agents have been identified and characterized for plastic deg-
radation [17, 18]; this might be due to the difficulty in isola-
tion and identification of major microbial species from the
respective site. Further, it is also important to decipher the
microbial community structure and its mechanism in the
degradation of synthetic polymers. Unfortunately, very lim-
ited information is available in this aspect. Accordingly, this
review focuses on the possible implication of metagenomics
in the exploration of plastic degrading microbial communi-
ties and mining of novel enzymes from diverse milieu; so
that they could be utilized for microbiome engineering to
induce expeditious biodegradation of plastics. This infor-
mation will offer promising insight for industrial applica-
tions to address the looming environmental threat posed by
plastic waste.

2. PLASTIC DEGRADING MICROBES

Microbes are well popularized as the potential garbage
cleaner. They have the tremendous ability to break down
advanced polymers and complex molecules like chitin, lig-
nin, pectin, keratin, and even polythene also. They can easily
acclimatize to any environment on the planet and perform as
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the ‘natural ecosystem engineer’ for habitat restoration [19,
20]. They are highly skilled to degrade very complex carbon-
based compounds into simpler forms with diverse catalytic
weapons. Being the grand recycler, they may immaculate the
environment through reclamation [21].

For the first time, microbial colonization on plastic was
recorded in the marine ecosystem during the 1970s [22, 23].
But the systematic research on plastic biodegradation was
started during the early 1980s. Thereafter, a large number of
microbes spanning from prokaryotes to eukaryotes were
identified and characterized. They are associated with the
degradation of diverse plastics and polymers, including pol-
yesters, nylon, polyethylene, etc. [24]. Around the plastic, a
community of microbes grows as a thin layer of biofilm. The
biofilm formation is the process of the congregation of sur-
face-associated microbes on any surface and produces extra-
cellular polymers that facilitate attachment and ma-
trix formation, resulting in an alteration of physicochemical
properties of the substrate. As a result, the life around the
plastic surface is changed to form a unique biosphere, called
‘plastisphere’ [25]. The “Plastisphere” represents the whole
life-sphere, including diverse metazoan and microbial com-
munities that develop on the surface of any piece of plastic
in aquatic or terrestrial environments. The microbial compo-
sition of the plastisphere considerably differs from the sur-
rounding environmental microbial communities [26]. In spite
of their taxonomic difference, they might be selected accord-
ing to their metabolic functional redundancy (i.e., digestibil-
ity of plastic) [27]. The microbial community of a plas-
tisphere is highly complex and is a congregation of the di-
verse multitude of microbes from autotrophs (e.g., cyanobac-
teria, algae) to heterotrophs (e.g., bacteria, fungi, protozoa)
[26]. Therefore, the expedition of these plastic degrading
microbes is very crucial to decipher their ecology, efficiency,
and mechanism of plastic degradation as they involved in the
different processes and metabolic pathways of plastic degra-
dation (Fig. 1). After dumping off, the plastic materials un-
dergo the initial deterioration due to some abiotic factors that
destroy the polymeric structure and facilitate the microbial
colonization and biofilm formation. The thickness and com-
position of the biofilm depend upon the chemical nature of
the plastic and polymers [28]. Further, the environmental
factors like moisture, pH also acts as the important determi-
nant [29]. The hydrophobicity of plastic and polymer surface
favours the growth of diverse microbial species to establish a
stable biofilm. The microbial biofilm induces extensive
physical and chemical degradation of plastics through the
secretion of extracellular enzymes, polysaccharides, and oth-
er toxic acidic substances [30]. The physical deterioration
and chemical degradation of plastic polymers lead to their
fragmentation into simpler oligomeric and monomeric
forms, viz., benzoic acid, benzyl alcohol, benzaldehyde, car-
boxylic acid, ethylene, ethylbenzene, propylene benzene,
phenol, Poly-B-hydroxybutyrate, ketones, styrene, and vinyl
chloride, etc. [31, 32]. The oligomers and monomers of plas-
tic are assimilated by various microbes inside their cell and
catabolized to produce the energy. The assimilation helps in
the conversion of monomeric plastic into various secondary
metabolites, which later on excreted into the environment
[33]. These metabolites are either utilized by other microbes
for further degradation or remain deposited in the environment
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Fig. (1). Mechanism of plastic biodegradation. The physical bio-deterioration by sunlight, UV-radiation predisposes plastic waste for mi-
crobial biodegradation that is carried out through enzymatic action. The conversion of complex polymer into monomers or oligomers facili-
tates their assimilation by cellular ATP binding cassette (ABC), Major facilitator superfamily (MFS) protein, and undergoes p-oxidation by
intracellular enzymes to produce Acetyl CoA, Propinoyl CoA, or Succinyl CoA which are used as the substrate for TCA cycle to produce
energy (ATP) in the form of Flavin adenine dinucleotide, (FADH,), Nicotinamide adenine dinucleotide (NADH). (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

with other non-assimilative compounds. Through consecu-
tive assimilation and degradation, these metabolites com-
pletely oxidized into minerals. For instance, the microbial
degradation of styrene leads its bioconversion into degrada-
tive metabolites like Phenylacetyl-CoA, Pyruvate, Acetalde-
hyde 2-phenylethanol and 2-vinylmuconate. Of them, Phe-
nylacetyl-CoA is utilized by P. putida via the tricarboxylic
acid (TCA) cycle for energy production [34]. Similarly, bio-
degradation of PHB was initiated by various microbes viz.,
Ilyobacter delafeldii, Streptomyces ascomycinicus via., ex-
pression of extracellular PHB depolymerase, to convert into
D-3-hydroxybutyrate monomer, which was further oxidized
by 3-hydroxybutyrate dehydrogenase and the oxidized prod-
uct was finally assimilated via TCA cycle [35].

It is now well established that microbes always function
in consortia, especially in different phases of biofilm for-
mation on the polymer surface. In this successive process,
the heterogeneous microbial population was engaged. Of
them, only a few microbial groups were identified and are
mostly limited to culturable nature [36]. Whereas, the poten-
tiality of huge numbers of unidentified and unculturable mi-
crobes remain underestimated [37]. To understand the signif-
icance of these unculturable microbial groups and their arse-

nals involved in the biodegradation process, and their inter-
action with well-characterized microbial groups, meta-
genomic analysis is advisable. The metagenomic analysis of
microbial population engaged in the biodegradation of plas-
tic will help to decipher the microbial community structure
and biodegradation potentiality in situ. Moreover, the micro-
bial mechanism that leads to the biochemical changes of
complex plastic materials can also be predicted.

3. METAGENOMIC ANALYSIS

OF PLASTIC DE-
GRADING MICROBES

So far, many plastic degrading microbial species have
been identified from numerous dumping sites, and the en-
zymes produced by them were characterized for polymers
degradation but with low efficiency and turn out. Environ-
mental microbiologists estimate that only 2% of total micro-
bial flora can be cultured in the laboratory leaving behind a
huge proportion of uncultured fungi, bacteria, and other ex-
tremophiles as unexplored [38]. The recent advancements in
next-generation sequencing technologies and bioinformatics
tools allowed examining a huge amount of environmental
samples through processing millions of DNA/RNA frag-
ments and their successive analysis simultaneously [39, 40].
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The metagenomic analysis of plastic degrading microbes is
also feasible and it can proceed through deciphering the mi-
crobial community structure in ‘plastisphere’ and mining
novel genes or enzymes responsible for degrading simple to
complex polymer [25, 41]. In this way, the unexplored mi-
crobial gene pool can be revealed for biotechnological impli-
cation and further valorization.

Nowadays, metagenomic analysis of any local microbial
community is performed through two approaches: (1) struc-
tural approach, and (2) functional approach [42]. In a struc-
tural metagenomic approach, the main focus paid to unveil
the microbial community structure of any defined ecology
through the sequencing of environmental samples. Primarily,
it will provide the taxonomic identity of the microbial popu-
lation through a culture-independent manner (Table 1), and
further can be utilized to explore other properties, such as the
identification of novel genes, prediction of gene function
with their possible engagement in the complex metabolic
pathways (Fig. 2). This will also help to establish interaction
between community members and their ecological prefer-
ences. It also shades lights on the microbial population dy-
namics of the specified ecology in different spatiotemporal
scales and assigning minor or major geoecological roles of
individual members in the community structure develop-
ment. Differently, functional metagenomics help to hunt the
gene function from its sequence or structural information.
Starting with DNA extraction of environmental samples, it
involves the prediction of the putative desirable genes from
the metagenome library, followed by their heterologous ex-
pression for further activity-based screening and functional
validation [43, 44]. Thus, the functional metagenomics ap-
proach is used as complementary to sequence-based structur-
al metagenomics and helps in the annotation of genes from
the huge metagenomic database [44, 45]. Furthermore, the
comparative metagenomic study of different ‘plastisphere’ of
diverse ecology will help to identify the ‘core’ microbial
population, i.e., the certain microbial families that are com-
mon in ‘plastispheres’ across geographical locations [46-48]
and consistently persist over a long period of time to perform
a significant part of plastic degradation. In addition, their
mechanism of adaptation, fitness, and survivability with
plastic degrading potentiality in their respective ecological
niche (marine to terrestrial) can also be explored. Therefore,
engineering of the microbial community and their metabolic
activity in the plastisphere will be feasible to speed up the
degradation process.

3.1. Deciphering Microbial Community Structure Asso-
ciated with Plastic Degradation

The microbial community structure of the plastisphere
was depicted using a massive metagenome sequencing ap-
proach (Fig. 2). It is basically composed of Archaea, Bacte-
ria, Fungi and other eukaryotic microbial species and signifi-
cantly differs from the surrounding environmental microbial
population [45, 49, 50]. Its composition and species richness
are influenced by various spatiotemporal phenomenons like
habitats/geographical location, ecosystem, (Table 2) and
seasonal variation [51-53]. Further, the physiochemical na-
ture of plastics like polyethylene, polypropylene, polysty-
rene, efc. also regulates a lot [43]. The microbial community
composition associated with diverse plastics is significantly
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varying and it is also changing with the different phases of
plastic degradation process [25]. Reportedly, the ‘specific’
assemblage of diverse organisms always remains constant
with specific plastic types, and can also be distinguished
from other communities. The composition and specificity of
microbial assemblage associated with polyethylene (PE), and
polystyrene (PS) in the marine aquatic ecosystem (coastal
Baltic Sea) clearly indicates the abundance of Flavobacteri-
aceae (Flavobacterium), Rhodobacteraceae (Rhodobactor),
Methylophilaceae ~ (Methylotenera), = Plactomycetaceae
(Planctomyces, Pirellula), Hyphomonadaceae (Hyphomo-
nas), Planctomycetaceae (Blastopirellula), Erythrobacter-
aceae (Erythrobacter), Sphingomonadaceae (Sphingopyxis),
etc. as determined through 16S rRNAgene sequencing [54].
Within a defined community, there might have different mi-
crobial strata that are successively engaged in biofilm for-
mation [53] and utilizes different byproducts as the substrate
to channelize the total degradation of any specified plastic.
But, very limited documents exist on the structural composi-
tion of the microbial biofilm and their successive develop-
ment on the different plastic surface under the same envi-
ronment. It was observed that the abundance of Roseobacter
(class Alphaproteobacteria), and Alteromonas, Pseudoalter-
omonas, Vibrio, (class Gammaproteobacteria) is much more
during the early stage of biofilm formation on polyurethane,
and acrylic-based plastic surface [55, 56]; thus they are con-
sidered as the primary colonizers. For instance, the earliest
(0~9 h) colonization of y- Proteobacteria (Pseudomonas,
Acinetobacter, Alteromonas, and uncultured y-Proteobac-
teria), followed by the increasing abundance of a-
Proteobacteria (Loktanella, Methylobacterium, Pelagibac-
ter, and uncultured a-Proteobacteria) in the 24~36 h indi-
cates the successive development of microbial communities
in a biofilm on three different solid surface in marine ecosys-
tem (i.e., acryl, glass and steel), [56]. Accumulation of pri-
mary colonizers leads to the modification of the substratum,
rendering it suitable for subsequent colonization by diverse
secondary colonizers, viz., Acidobacteria, Actinobacteria
(Acidimicrobium, Propionibacterium) Bacteroidetes (Po-
laribacter, Tenacibaculum), Betaproteobacteria (Comamo-
nus), Cyanobacteria (Phormidium), Firmicutes (Streptococ-
cus), Planctomycetes (Pirellula) Verrucomicrobia, etc. after
24~36 h depending on the nature of the substrates and envi-
ronments [57, 58]. These microbes appear during the later
stage of biofilm formation and may perform separate func-
tions that signify these bacterial classes as secondary colo-
nizers. With the time duration, the microbial community
composition changes, and the relative abundance of second-
ary colonizers like Bacteroidetes, Betaproteobacteria, etc.
increases [58]. This dynamic shift in community structure
from primary to secondary colonizers in different time frame
depicts the progression of biofilm formation.

The identification and characterization of plastic ‘specif-
ic’ microbiome are relatively difficult. Their abundance rela-
tively differs and may persist for short-term or long term
scale; moreover, varying in different ecological contexts, i.e.,
from marine to terrestrial (Table 2). Therefore, time, location
and depth of sampling are the crucial parameters to unveil
the community structure of specific microbes associated with
the degradation of diverse plastics. In a marine ecosystem,
some bacterial genera, viz., Dokdonia, Erythrobacter,
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Table 1. Metagenomics approach adopted to decipher plastisphere microbiome.
Platic Types Metagenomics Abundant Microbes Ecosystem References
Approaches (Location)
PE Metataxononmics (V4-V6 Flavobacteriaceae (Flavobacterium), Rhodobacteraceae, North Atlantic [25,120]
16S rRNA sequencing) Methylophilaceae (Methylotenera), Planctomycetaceae (Planctomy- and North
ces,Pirellula), Hyphomonadaceae (Hyphomonas), Planctomyceta- Adriatic Sea
ceae (Blastopirellula), Erythrobacteraceae (Erythrobacter), Sphin- (Sea floor)
gomonadaceae (Sphingopyxis)
Metataxononmics (V4 18S Zalerion maritimum Marine [121]
rRNA sequencing)
Metataxononmics (16S Cyanobacteria (Phormidium, Rivularia) Sub-surface [26, 122]
rRNA sequencing) plastisphere
PS Metataxononmics (V4- Flavobacteriaceae (Flavobacterium), Rhodobacteraceae, North Atlantic [25,123]
Vé6and V9 16S rRNA Methylophilaceae (Methylotenera), Planctomycetaceae (Planctomy- and North
sequencing) ces, Pirellula), Hyphomonadaceae (Hyphomonas), Erythrobacter- Adriatic (Sea
aceae (Erythrobacter), Sphingopyxis (Sphingomonadacea), Verru- surface)
comicrobiaceae, Nocardiaceae (Rhodococcus), Pseudomonadaceae
(Pseudomonas sp.)
Metataxononmics (V4 16S Flavobacteriaceae (Flavobacterium), Rhodobacteraceae, Deep sea- [120, 124]
rRNA sequencing) Methylophilaceae (Methylotenera), Planctomycetaceae (Planctomy- water of Tot-
ces,), Hyphomonadaceae (Hyphomonas), Erythrobacteraceae tori Prefecture
(Erythrobacter), Sphingopyxis (Sphingomonadacea), Nocardiaceae
(Rhodococcus), Pseudomonadaceae (Pseudomonas sp.)
Metataxononmics (V4 16S Flavobacteriaceae (Flavobacterium), Rhodobacteraceae, Off-shore in [47, 80]
rRNA sequencing) Methylophilaceae (Methylotenera), Planctomycetaceae (Planctomy- Toyama bay
ces, Pirellula), Hyphomonadaceae (Hyphomonas), Erythrobacter-
aceae ( Erythrobacter),Sphingopyxis (Sphingomonadacea), Verru-
comicrobiaceae, Nocardiaceae (Rhodococcus), Pseudomonadaceae
(Pseudomonas sp.)
Metataxononmics (V4-V6 Flavobacteriaceae (Flavobacterium), Rhodobacteraceae, Deep-sea [47, 80]
16S rRNA sequencing) Methylophilaceae (Methylotenera), Planctomycetaceae (Planctomy- sediment
ces,), Hyphomonadaceae (Hyphomonas), Erythrobacteraceae (Kurile and
( Erythrobacter), Sphingopyxis (Sphingomonadacea), Nocardiaceae Japan trench-
(Rhodococcus), Pseudomonadaceae (Pseudomonas sp.) es)
HDPE Metagenomics sequencing Peregrinibacteria, Cellvibrionaceae, Flavobacteriaceae (Flavobac- Plastic marine [47, 64]
terium), Flammeovirgaceace, Hyphomonadaceae, Granulosicocca- debris (North
ceae, Nannocystaceae, Oceanospiralliceae, Parvularculaceae, Phy- Pacific Sub-
cisphaeraceae, Phyllobacteriaceae, Rhodobacteraceae, Rhodospiril- | tropical Gyre)
laceae (Thalassospira)
Metataxononmics (V3- Peregrinibacteria, Cellvibrionaceae, Flavobacteriaceae (Flavobac- Sea surface [47, 65]
V5168 rRNA sequencing) terium), Flammeovirgaceace, Hyphomonadaceae, Granulosicocca- (Mediterrane-
ceae, Nannocystaceae, Oceanospiralliceae, Parvularculaceae, Phy- an Sea)
cisphaeraceae, Phyllobacteriaceae, Rhodobacteraceae, Rhodospiril-
laceae (Thalassospira)
LDPE Metataxononmics (V4 16S Peregrinibacteria, Cellvibrionaceae, Flavobacteriaceae (Flavobac- Marine [77, 122, 124]
rRNA sequencing) terium), Vibrionaceae (Vibrio), Planctomycetes (Planctomyces, (benthic zone)
Pirellula), Alteromonadaceae (Marinobacter, Alteromonas),
Rhodobacteraceae, Rhodospirillaceae (Thalassospira), Enterobacte-
riaceae (Rahnella aquatilis), Alcanivoracaceae (Alcanivorax
borkumensis)

(Table 1) contd....
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Platic Types Metagenomics Abundant Microbes Ecosystem References
Approaches (Location)
PP Metataxononmics (V4 16S Peregrinibacteria, Bacteroidetes (Chlorobia), Flavobacteriaceae Coastal ma- [65, 119]
rRNA sequencing) (Flavobacterium), Idiomarinaceae, Flammeovirgaceace, Hypho- rine zone
monadaceae, Granulosicoccaceae, Oceanospiralliceae, Cellvibri-
onaceae, Pseudoalteromonadaceae, Parvularculaceae, Phyllobacte-
riaceae
Metataxononmics (16S Bacteroidetes (Chlorobia), Flavobacteriaceae (Flavobacterium), Open ocean [47, 64]
rRNA sequencing) Idiomarinaceae, Flammeovirgaceace, Hyphomonadaceae, Granulo-
sicoccaceae, Oceanospiralliceae, Cellvibrionaceae, Pseudoalter-
omonadaceae, Parvularculaceae, Phyllobacteriaceae
PET Metagenomics (shotgun Peregrinibacteria, Cellvibrionaceae, Alteromonadaceae (Marino- Coastal ma- [38, 47, 80]
sequencing) bacter), Hyphomonadaceae, Granulosicoccaceae, Parvularculaceae, rine zone
Phycisphaeraceae, Salinisphaeraceae, Sneathiellaceae (Sneathiella),
Planctomycetes, Acidimicrobiales, Rhodobacteraceae, Rhodospiril-
laceae, Flavobacteriaceae (Flavobacterium), Commonadaceae (Ide-
onella sakaiensis), Nocardiosporaceae (Thermobifida fusca)
PLA Metataxononmics (V416S Peregrinibacteria, Caulobacteraceae, Alphaprotobacteria, Epsi- Ocean [51, 122]
rRNA sequencing) lonproteobacteria ,Camphylobacteraceae, Cellvibrionaceae, Hy-
phomonadaceae, Flavobacteriaceae (Flavobacterium), Alteromona-
daceae(Marinobacter), Flammeovirgaceace, Phycisphaeraceae,
Planctomycetes, Pseudoalteromonadaceae, Rhizobiales, Spongiibac-
teraceae, Salinispharaceae
PVC Metataxononmics (16S Peregrinibacteria, Bacteroidetes, Alphigiphilaceae, Flammeovir- Cold marine [47, 124]
rRNA sequencing) gaceace, Hyphomonadaceae, Caulobacteraceae, Sneathiellaceae, habitat
Oceanospiralliceae, Phycisphaeraceae, Phyllobacteriaceae, Alpigi- (sea surface)
philaceae, Idiomarinaceae, Alcanivoraceae, Planctomycetes, Flavo-
bacteriaceae (Flavobacterium), Idiomarinaceae

Flexithrix, Hirschia, Parvularcula, Phyllobactereacea, Ro-
seovarius, Ulvibacter have some specific association the
different types of plastics and play significant, but an unde-
fined role in decomposition [50, 51, 54]. This specific asso-
ciation of microbiome with different plastic types is also
reported by many other researchers. The members of the
family Alcanivocareacea (Alcanivorax), Cryomophaceaea,
Erythrobacter show higher abundance on the surface of Pol-
yethylene (PE), Polyethylene terephthalate (PET) [50, 53].
Similarly, members of the family Oleiphilaceae (Oleiphilus)
and Arenicellaceae are dominating on PE, and polypropyl-
ene (PP) [53, 59], whereas Bacteriodetes (Crocinitomix, Ow-
enweeksia, Fluviicola, Tenacibaculum), Gammaproteobacte-
ria (Acinetobacter), and Verrucomicrobia (Persicirhabdus)
are directly associated with PET and PP degradation [50,
60], The members of Hyphomonadaceae and Erythrobacter-
aceae form biofilm on PE and Polystyrene (PS) surfaces
[54], whereas, the members of Alteromonadaceae (Alter-
omonas), Cellvibrionaceae, Oceanospirillaceae are highly
specific for PVC [53].

Other than bacteria, many parasitic and saprophytic fun-
gi, and autotrophic algae are also significant components of
any biofilm. But their existence in the plastisphere and ut-
most importance on plastic degradation is overlooked [61].
Among the fungal assemblage, the members of Chytridiomy-
cota, Cryptomycota and Ascomycota are dominating. Of
them, Chytrids are most abundant on both PE and PS, espe-
cially in the aquatic ecosystem [50, 61]; however, in terres-
trial ecosystem many Ascomycetes genera, viz., Aspergillus,

Penicillium, Cladosporium, Fusarium, etc. efficient in de-
grading diverse types of plastics [62, 63]. Many photoauto-
trophic algal and cyanobacterial species can also digest plas-
tics in the marine ecosystem. Of them, few cyanobacterial
genera, viz., Phormidium and Rivularia are dominating in the
marine ecosystem [26, 64, 65]; nevertheless, green microalga
(Scenedesmus dimorphus), blue-green alga (Anabaena spi-
roides) and diatom (Navicula pupula) are common in moist
terrestrial habitats [66]. Diatoms are also among the first
colonizers of floating plastic in the sea surface [67]. These
diatoms are also closely associated with bacterial communi-
ties in the marine plastisphere, and sometimes support their
colonization, community development and biofilm formation
of various plastic degrading bacterial genera, namely Alter-
omonas, Roseobacter, and Pseudoaltromonas Polaribacter,
and Tenacibaculum [68-70]. Due to their versatile enzyme
producing ability, both algae and fungi can break down re-
calcitrant plastic structures and speed up the process of mi-
cro-plastic digestion.

Whatever the polymer composition, in general, a core
microbial population has a common existence in different
plastisphere irrespective of plastic types, and their preva-
lence is much more than other specifically associative mi-
crobes. Different ‘plastisphere’ (varying with the type of the
plastic polymers) shares a core microbiome that remains
constant with the types of plastic polymers, and the ecosys-
tem. As evidence, the core community of different plastic
degrading microbes in the marine ecosystem is composed of
Proteobacteria (Rhodobacter, Alcanivorax, Hyphomonas,



Metagenomic Exploration of Plastic Degrading Microbes

Pseudoalteromonas), and Bacteroidetes (Flavobacterium)
and cyanobacteria (Phormidium sp.) [25, 26, 58, 64, 65];
whereas Acinetobacter, Bacillus, Serratia form the core mi-
crobiome in the larval gut of plastic degrading insect Galler-
ia mellonella [71, 72]. Although the contribution of the core
microbial population is much higher to perform all vital eco-
logical functioning [73] starting from substrate selection to
biofilm formation [74], plastic degradation [75], and finally
multi-nutrient cycling [76, 77], the importance of specific
microbial species in plastic degradation cannot be overruled
[25]. In a core population, the relative abundance of fungi
and bacteria fluctuates significantly. Some reports hypothe-
sized that certain fungi (Aspergillus sp.) are better degraders
of low-density polyethylene type plastic than bacteria (Pseu-
domonas, Bacillus, Brevibacillus, Cellulosimicrobium,
Lysinibacillus) in the terrestrial ecosystem, [78], whereas,
others prioritized the role of bacteria, especially Alphaprote-
obacteria  (Rhodobacter) = Gammaproteobacteria  (Al-
canivorax, Marinobacter) and Bacteroidetes (Arenibacter,
Tenacibaculum) in the degradation of low-density polyeth-
ylene type plastic in the marine ecosystem [25, 77]. Overall,
the relative abundance of many species of genus Aspergillus
and Penicillium among fungi and that of Bacillus and Pseu-
domonas among bacteria is always higher in a core popula-
tion in terrestrial habitats, and the core microbiome of vari-
ous marine ecosystem share some common taxa like Bac-
teroidetes, Firmibacteria, Proteobacteria along with many
cyanobacteria, chytrids, and diatoms [26, 58, 64, 65]; will be
a potential target for further biotechnological implication.

Plastisphere Samples
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Fig. (2). Metagenomics approach to decipher the structure and
function of microbial community in plastisphere. The explora-
tion of taxonomic identity of microbial population and the discov-
ery of novel genes and their functional prediction in the complex
metabolic pathways could be possible in different spatiotemporal
scales.
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3.2. Mining Novel Genes or Enzymes in the Plastic Deg-
radation Pathway

So far, the metagenomic exploration of the plastisphere
remains restricted within the structural analysis of the micro-
bial community. It helps to identify some new microbial spe-
cies, quantify their richness in the local microbial niche, and
make it easier to categorize them into ‘core’ to ‘specific’ and
‘rare’ species based on their abundance and specificity. But,
their functional significance in plastic degradation is yet to
define [25]. Apart from the core population, these ‘specific’
and ‘rare’ species could play a crucial role in biochemical
interactions with various plastic types; many of them may
harbor the novel genes or enzymes that can dissolve plastic
polymers into minerals. One such gene is PETase genes,
which encode hydrolases to degrade PET into oligomers and
monomers. Various PET hydrolases, e.g., cutinases, lipases,
possess a typical o/p hydrolase fold with serine, histidine,
and aspartate catalytic triad [18, 24]. Some bacterial species
such as Ideonella sakaiensis, Thermobifida fusca, etc. can
produce PETase. However, none of them are adapted for the
marine environment. Thus it will not be suitable to exploit
these bacteria for the reclamation of marine plastic pollution.
To resolve this issue, a functional metagenomic approach is
followed, nowadays, to mine PET hydrolase homologs from
various microbial resources [79, 80]. Based on the conserved
amino acids, it was predicted that PET hydrolases were
globally distributed in marine and terrestrial metagenomes,
but interestingly Bacteroidetes and Actinobacteria are the
main PET hydrolase producer in the marine and terrestrial
ecosystem, respectively [80]. Similarly, identification of
other novel enzymes, viz., alkane hydroxylase, carboxylase,
esterases [81], lipase, tannase [82], efc. is also carried on
from metagenomic libraries of diverse ecology like cold ma-
rine to hot spring, antarctic desert to contaminated terrestrial
and oil spill, even from the gut microbes of invertebrates, etc
[83-85]. Further, heterologous expression of such codon-
optimized ‘synthetic’ genes enhances the prospects of new
gene identification through functional metagenomics.

4. BIOTECHNOLOGICAL IMPLICATION OF MET-
AGENOMIC INFORMATION

Metagenomics leads the way to mine the microbial treas-
ure from any environmental samples. It can not only help to
identify the microbial species and their community structure
in a defined ecological niche but also enlighten about their
functional significance. Further, the functional meta-
genomics approach speeds up the process of gene discovery
and identification of diverse biocatalysts that have tremen-
dous prospects in the field of agriculture, medicine, industry,
and environment [42]. The biotechnological reconfiguration
and refinement of these biocatalysts can also be possible to
refabricate their function and optimization for a specific op-
eration in the diverse metabolic pathways in the ecosystem
[39]. Thus, various biotechnological approaches should be
adopted to favour their biocatalytic transformation and sub-
sequent practical implication.

So far, significant advances are made in the biotechnolo-
gy application of metagenomic information for various mi-
crobial ecology, including human gut to plant rhizosphere
[40, 86], and many microbes derived products are available
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Table 2.  Diversity of microbes associated with plastic degradation in different ecological niche.
Plastic Type Enzyme Produced Microbes in Different Ecology References
Terrestrial Marine -
Polyethylene (PE) Unknown Aspergillus niger Aspergillus sp. [124-127]
Unknown Bacillus cereus - [128]
Unknown Brevibacillus borstelensis - [85, 129]
Lipase Penicillium simplicissimum - [130]
Manganese Phanerochaete - [24, 131, 132]
peroxidase chrysosporium
Laccase - Rhodococcus ruber [133, 134]
Unknown - Phormidium sp., Zalerion mariti- [50, 121]
mum
Polyethylene terephthalate Cutinase, Lipase Thermobifida fusca - [135]
(PET) (Thermomonospora fusca)
MHETase, PETase Ideonella sakaiensis - [38]
Lipase - Pseudomonas sp. [39, 47, 85]
Unknown - Flavobacteriaceae, Cryomor- [47, 50]
phaceae, Saprospiraceae, Phor-
midium sp.
Cutinase Fusarium sp., - [39, 136]
Cutinase Humicola sp. - [39, 137]
Unknown - Diatoms (e.g. Coscinodiscophyt- [50]
ina, Bacillariophytina).
Polypropylene (PP) - - Pseudophormidium sp. [124]
- Alcaligenes, Pseudomonas, Vibrio - [138]
- Bacillus subtilis, B. flexus, Pseudo- - [139]
monas stutzeri
Polystyrene (PS) Alkane hydroxylase - Pseudomonas putida AJ, P. [140, 141]
putida CA-3
Styrene monooxygen- - Mixed microbial communities [39, 47]
ase, Styrene oxide (Bacillus, Micrococcus, Nocordia,
isomerase, Phenyla- Pseudomonas,
cetaldehyde dehydro- Rhodococcus )
genase
Polyurethane/Polyester Serine hydrolase Pestalotiopsis microspora - [142]
(PUR) .
Esterase Pseudomonas aeruginosa - [143]
Polyurethanase Pseudomonas chlororaphis - [144]
Protease Pseudomonas fluorescen - [145]
Lipase Pseudomonas chlororaphis, - [39, 146]
P. protegens BC212
Aryl acylamidase Rhodococcus equi - [147]
Unknown Actinetobacter gerneri P7 - [148]
Unknown Actinetobacter calcoaceticus - [149]

(Table 2) contd....
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Plastic Type Enzyme Produced Microbes in Different Ecology References
Terrestrial Marine
PolyVinyl Chloride (PVC) Unknown Poliporus versicolor, Pleurotus sajor - [147, 150]
Thermomonospora fusca
Unknown Alteromonadaceae(Alteromonas), [39, 47]
Cellvibrionaceae
Oceanospirillaceae
Aestuariicela
Others Nylon hydrolase Agromyces sp. - [151]
(Nylon,Polycaprolactone Laccase Tremetes versicolor - [152]
(PCL),
Polyhudroxybutyrate/acetate
(PHB/PHA)) Manganese peroxidase White-rot fungus 1ZU-154, Amy- - [153, 154]
colaptosis sp.
Polycaprolactone Alcaligenes faecalis - [47]
depolymerase
Lipase Alcanivorax sp., [155, 156]
Pseudomonas sp.,
Rhizopus delemar, R. arrhizus,
Achromobactr sp., Candida cylin-
dracea
Unknown Bacillus cereus, Bacillus sphaeri- [157]
cus, Vibrio furnissii, Bre-
vundimonas vesicularis
Lipase Rhodococcus arrizus - [47]
Serine hydrolase Acremonium sp., Cephalosporium sp., - [158-160]
Pseudomonas stutzeri

for in situ microbiome engineering [87, 88]. But very little
efforts have been paid for manipulating any ‘plastisphere’.
Although a wealth of information is available on the micro-
bial community composition, their useful and strategic engi-
neering is still lagging behind. Further, the plenty of
knowledge gained from the metagenomic analysis of the
plastisphere also provides valuable information about enzy-
mology and biosynthetic pathways; it opens up the scope of
biocatalytic engineering for specific processes. Thus it is
necessary to address the technological gaps that exist in the-
se steps. The paramount importance is the complexity and
spatiotemporal dynamics of the microbial community of the
plastisphere in which individual groups have assigned sepa-
rate functions [80]. They perform enzymatic biodegradation
of plastics through an array of metabolic pathways [80, 81].
This biodegradative process is largely influenced by some
biotic and abiotic factors. Both of these factors can be target-
ed to operate the microbiome composition and their function
in a desirable manner. Therefore, manipulation of microbial
community composition and engineering microbial genetic
constitution are the two possible strategies that could be
adopted for the microbiome engineering of ‘plastisphere’
(Table 3).

4.1. Strategy-1: Manipulating Microbial Community
Composition

It is the most conventional and contemporary strategy
and being well-practiced to manipulate the microbial com-
munity composition of different human, animal, plant and
soil-based environments. It includes different chemical, cel-
lular, and molecular methods for large scale manipulation
with greater magnitude and specificity [88]. Similarly, for
any plastisphere, prebiotic (chemical) and probiotic (cellular)
approaches can suitably be applied. The prebiotic approach
helps to modulate the environment for better acclimatization
of microbes (Fig. 3). For that, different chemicals like oligo-
saccharides and polysaccharides can affect the microbiome
composition and selectively favour the growth of plastic de-
graders. Chemical substrates like chitin, cellulose, starch,
glycolipids, lipopeptides, efc. act as the biosurfactant on the
plastic surface [89] and assist the biofilm formation [90]. But
with the maturation of biofilm, the nutrient level gradually
deprives, as the degradation of hydrocarbons increases the
concentration of carbon over nitrogen. Thus external sup-
plement of fresh nutrients like nitrogen and phosphorus in-
duces the rate of microbial degradation [7]. Sometimes, cer-
tain chemical stimulants may be necessary to stimulate the
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Table 3.  Strategies commonly used for microbial degradation of plastic.
Strategy Approach Components Constitution Mode of Action References
I Prebiotic Prooxidant Salt of iron, manganese, Accelerate oxidation of polymer [161-163]
cobalt, titanium
Biosurfactants Starch, cellulose, Glyco- Reduce surface tension of plastic [89, 164]
proteins, lipopeptides, and substances and helps in the adhesion
other polymeric biosurfac- of microorganisms
tants, bacterial exopoly-
saccharide
Stimulants Organic compounds e.g. Stimulate the growth of anaerobic and [146, 165]
amino acids, cofactors, methanogenic bacteria
Citrate, succinate, etc.
Nutrients Nitrogen, Potasium, Phos- To avoid deficiency of certain essen- [7,166]
phorus, Sulphur tial elements, also acts as the biostimu-
lent
Protectants KMnO, Reduces the toxicity of triclosan, [91]
leachates from degraded plastics on
diatoms and other microbes
Probiotic Bioauguments of Actinobacteria, Bac- Helps in the colonization and complex [167]
microbial consor- teroidetes, Proteobacteria, polymer degradation
tia Ascomycetous fungi
Microbiota trans- Core and specific microbi- Replacement of indigenous popula- [168, 169]
plantation al population tion, and establishment of new popula-
tion
II Ex situ mi- Gene insertion PETase To genetically engineer microbes for [101]
crobial ge- complex polymer degradation
nome engi- ] . ]
neering Gene/Protein PETase To increase the bioefficacy and ther- [103]
engineering mal stability
In situ meta- Horizontal gene Plasmid, transposable To disseminate the genes (enzymes) [170]
genome transfer element among indigenous microbial popula-
engineering tion

growth of microbes and to protect the microbial community
from no harmful effects of toxic pollutants released from the
degrading polymer surface [90, 91]. During the biodegrada-
tion process, the drastic change in pH value and abnormal
high oxygen demand exerts a negative impact on the micro-
bial activity [92, 93]. To avoid these environmental stresses,
certain chemical stimulants with good buffering capacity can
also be applied to regulate the pH, temperature and oxygen
level in a suitable range for potential function of microbes.

Other than prebiotics, probiotics administration of micro-
organisms would be a plausible solution. The probiotics are
living microbial cultures that are artificial and selectively
grown in media and applied for better performance. The sim-
ilar microbial probiotic culture of predominant microbial
species associated with plastic degradation can also be pre-
pared and would be useful for the bioaugmentation. Applica-
tion of pre-grown microbial cultures enhances the beneficial
microbial population in situ and accelerates the biological
degradation or transformation of plastic polymers, thus pre-
ferred as one of the best methods for environmental cleanup
in lesser time and cost. The success of bio-augmentation

depends upon various biotic and abiotic factors, most im-
portantly, the microbial strain [94] that should have extra-
ordinary plastic biodegradation potential. Moreover, various
edaphic factors like temperature, moisture, pH, osmotic pres-
sure, nutrient availability in the environment, have a magnif-
icent impact on the survival, fitness, and activity of microbes
[21]. That’s way, microbial communities with wider envi-
ronmental adaptability and higher affinity for diverse poly-
mers and hydrocarbons are most commonly preferred [95].
For bioaugmentation, the core microbial population includ-
ing Actinomycetes (Streptomyces, Thermoactinomyces),
Bacteria (Psuedomonas, Streptococcus, Micrococcus, and
Moraxella), and Fungi (A4spergillus, Penicillium) are fa-
voured over the native and specific microbes due to the cul-
tural dependence [32, 96]. But the significance of specific
microbes in the complete degradation of specified plastic
cannot be overlooked. For that, complete microbiome trans-
plantation from one plastisphere to another having similar
ecological preferences would be unique to eliminate the
problem. The microbiota composed of the core as well as
specific community represent the indigenous microbial
population, thus easily be acclimatized to the new habitat.
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Distressfully, probiotic bioaugmentation and microbiome
transplantation both generally remain unsuccessful initiative
for mass application due to the slow growth, and limited
distribution of microbial population along with low cellular
viability and functionality. To overcome these issues, in-
creasing the efficiency of the microbial population through
genetic modification, and subsequent bioaugmentation is
advisable.

4.2. Strategy-2: Engineering Microbial Genetic Constitu-
tion

With the advancement in microbial genetics and molecu-
lar biology, the development of genetically tailored microbes
becomes practically feasible to degrade complex polymers in
the environment. In the era of system biology, easy construc-
tion of biosynthetic units or genetic circuits makes it plausi-
ble to design programmable biological devices, i.e., synthetic

cells or synthetic life with precise and novel functionalities
[97]. These ‘synthetic’ microbial cells can be created through
genetic engineering, protein/enzyme engineering, and ge-
nome editing tools, and further deployed for microbiome
engineering in the plastisphere. The genetic manipulation of
the microbiome can be achieved either through ex sifu de-
signing of tailored microbes or via in situ metagenome modi-
fication. The biodegradation of complex polymeric plastic
waste proceeds through an array of oxidation steps to con-
vert into monomers and finally enters into the TCA cycle via
assimilation [47]. All these different stages of biodegradation
could not be possible to carry out by any single species [98].
To resolve it, the genetic engineering tools can be imple-
mented for the complementation of multiple genes of whole
plastic metabolic pathways or complete gene circuit into
different microbial species. The genetically engineered mi-
crobes could be designed for multiple enzyme production,
regulating of quorum sensing mechanism for biofilm for-
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mation, etc. For evidence, genetic engineering makes it doa-
ble to express PETase, a key enzyme for PET degradation in
several bacterial cell-system like Bacillus subtilis and Esche-
richia coli [99, 100], other than its natural host Ideonella
sakaiensis [33]. The 3.8-fold expression of ‘active’ PETase
enzyme was achieved in Bacillus subtilis via the Tat-
independent secretory pathway using native signal peptide
[99], where in Escherichia coli, PETase enzyme was ex-
pressed extracellularly via secretary (Sec) pathway-
dependent manner [100]. The functionality of these hetero-
geneously expressed proteins was checked through PET film
degradation assay [99, 100].

However, these bacterial systems are not able to function
in the marine ecosystem, where the accumulation of plastic
waste is more. Thus, efforts are made for the heterologous
expression of PETase into photosynthetic microal-
ga (Phaeodactylum tricornutum) for the salted marine envi-
ronment [101]. But unfortunately, the majority of plastic
degrading enzymes are highly temperature-sensitive and
their functionality is environment-dependent (pH, pressure,
oxygen, etc). For instance, some PET hydrolases, e.g., cu-
tinases isolated from thermophilic microbes (like Thermo-
bifida cellulosilytica, T. fusca, Saccharomonospora viridis)
require higher operational temperature (~70-80°C) [102],
whereas, a novel PETase isolated from Ideonella sakaiensis
are functional at ambient temperature (37°C), but with less
durability [103]. Thus, these candidate enzymes need to be
further optimized according to their environmental prefer-
ence, and their biocatalytic activities should be refabricated
through protein engineering. The modification of enzymatic
activity involves deciphering the crystal structure of protein
followed by their rational designing through molecular dock-
ing and simulation dynamics for enhanced thermal stability
and improved catalytic activity [104]. Previously, it was ap-
plied for improving the PET degrading activity of the cu-
tinase enzyme from Thermobifida cellulosilytica [105] and
T. fusca by mutagenesis [106, 107]. Now the target is shifted
for rational designing of thermo-stable PETase from /. sa-
kaiensis [103, 104, 108]. To resolve the inherent instability
problem of the PETase from /deonalla sakaiensis at ambient
temperature, its computational redesigning, and subsequent
protein engineering is done to improve the enzymatic/ cata-
lytic activity (400 fold), and durability (10 days) with higher
crystallinity at 40°C [109]. In spite of much progress, some
technical barriers still hinder their direct physical application
on a wider scale. Primarily, the colonization of genetically
modified microbial species or strain is always difficult in the
ecologically competitive environment of any plastisphere,
additionally functioning of individual microbial species or
strain alone to degrade complex polymers is questionable.
Thus, the practical implication may lead to some unwanted
consequences.

In lieu of targeting individual species/strains, modifying
the entire metagenome is approachable. Mostly the core mi-
crobial metagenome of any community is almost constant
[42, 43], thus would be reasonable to manipulate rather than
an individual one. Direct in situ metagenome modification of
native microbial population is being possible through hori-
zontal transfer of plasmid construct that is directly delivered
via plasmid/genetic augmentation. Uniform distribution of
plastic degrading genes (enzymes) among the indigenous
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microbial population would be accomplished easily via
plasmid delivery. This can be exemplified as the bioaugmen-
tation of conjugative plasmid pRO103 harboring the tfdA
gene (encoding 2,4-dichlorophenoxyacetic acid/2-oxogluta-
rate dioxygenase) through inoculation of E. coli HB101
(vector) leads to the horizontal transfer of into the indige-
nous microbial population in the soil for better phenol deg-
radation [110]. Further, the receptor microbial cells harbor-
ing such genes could act as the donor cells for other mi-
crobes via horizontal gene transfer process [111]. Thus, bio-
augmentation leads the increase in the numbers of indige-
nous PU-degrading fungal populations with the change in
their microbial community composition of and enhanced
biodegradation rate of polyurethane (PU) in soil [112]. In
addition, virus-vector mediated gene delivery into the exist-
ing population is another option. The use of viruses or bacte-
riophages as the gene delivery vehicles is an emerging
choice, has already been successfully applied in many clini-
cal trials [113]. For direct gene or enzyme delivery, this can
also be tested for plastic degradation. In these ways, the
functional potential of the native microbial community can
be engineered via direct delivery at the site.

CONCLUSION, CHALLENGES AND FUTURE PRO-
SPECTS

Nowadays, the genetic engineering of individual species
or the entire metagenome based gene insertion, protein engi-
neering, or plasmid/ virus augmentation remains restricted to
laboratory scale due to their lack efficiency, and increasing
environmental safety concern. The conventional genetic en-
gineering tools were out spaced with recent advancements in
genome editing and synthetic biology. Various genome edit-
ing tools like the CRISPR, TALEN, and ZFN enable the
programmable modification of microbial genomes [114].
Other than deletion or gene insertion, these tools can be uti-
lized for the overexpression or repression of certain genes
[115]. The gene regulation by deactivated Cas (dCas) also
improves environmental tolerance in the microbial species
[116]. Genome editing also helps to customize microbes for
the biosynthesis of novel enzymes and secondary metabo-
lites [117]; thus, engineered microbes become the superior
target as probiotics. The new approaches are heading for the
biological designing or modeling of microbes in the whole
genome-scale to obtain desirable phenotype. Accordingly,
the introgression of synthetic regulatory gene circuits in liv-
ing cells is required for broad-spectrum applications [118].
The combination of system biology and genome editing,
along with sophisticated bioinformatics tools, may open up
new avenues to solve the plastic problem.

Moreover, the application of cell-free methods for pro-
tein-expression is another convenient way to produce en-
zyme and their broad-spectrum application [119]. The ex-
pansion of metagenomic techniques not only helps to identi-
fy novel genes and their functional analysis through heterol-
ogous expression but also reach up to the development of
proteins with improved characteristic with the aim of tailor-
made solutions for specific problems. In these ways, meta-
genomics offers the extraction of more valuable information
about the microbial world, and their biotechnological em-
ployment to resolve various social and environmental prob-
lems would be prioritized in the frontier of research.
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