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The pollution of plastic waste has become an increasingly serious environmental crisis. Recently, plastic
has been detected in various kinds of environments, even in human tissues, which is an increasing threat
to the ecosystems and humans. In the ocean, the plastic waste is eventually fragmentized into microplas-
tics (MPs) under the disruption of physical and chemical processes. MPs are colonized by microbial com-
munities such as fungi, diatoms, and bacteria, which form biofilms on the surface of the plastic called
‘‘plastisphere”. In this review, we summarize the studies related to microorganisms in the plastisphere
in recent years and describe the microbial species in the plastisphere, mainly including bacteria, fungi,
and autotrophs. Secondly, we explore the interactions between MPs and the plastisphere. The depth of
MPs in the ocean and the nutrients in the surrounding seawater can have a great impact on the commu-
nity structure of microorganisms in the plastisphere. Finally, we discuss the types of MP-degrading bac-
teria in the ocean, and use the ‘‘seed bank” theory to speculate on the potential sources of MP-degrading
microorganisms. Challenges and future research prospects are also discussed.
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1. Introduction

Plastics have been widely used in industry and daily life due to
their excellent durability, plasticity, corrosion resistance, and low
cost [1]. However, the corrosion resistance of plastics also makes
them difficult to degrade. In the past few years, global plastic waste
has reached about 6.3 billion tons [2,3]. Without intervention at
the current rate of plastic waste emissions, the ever-increasing
plastic pollution could double by 2030 [4]. Carbon-based polymers
such as polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyvinyl chloride (PVC), and polyethylene terephthalate (PET)
are the most common plastics found in the environment, account-
ing for approximately 80% of global plastic waste [2,5–7]. In addi-
tion to these compounds, plastic products made of polyurethane
(PU) and polyamides (PA) are also widely distributed [8]. Depend-
ing on the degree of degradation, plastics can be divided into
biodegradable and non-biodegradable plastics. Biodegradable plas-
tics are mainly made from biological sources, such as starch or cel-
lulose, which can be either bio-based or fossil-based [9]. A class of
biodegradable plastics, such as polylactic acid (PLA), polylcaprolac-
tone (PCL), polyhydroxybutyrate (PHB), and Polyurethanes (PU),
have been developed [10]. At present, landfill is the main treat-
ment of plastic waste, which inevitably results in secondary pollu-
tion to the environment [11–13]. 70% to 80% of the plastic debris is
transferred through rivers to the ocean [14], and distributed along
the coastline, at the surface and seafloor, and even in remote areas
such as open oceans far from land [15,16]. Currently, about 51 tril-
lion plastic particles weighing 236,000 tons were estimated in the
ocean [17]. The longer half-life and hydrophobic surface of plastic
promote the colonization of microbes and transportation of harm-
ful algal species and persistent organic pollutants [18].

Microplastics (MPs) are defined by Frias and Nash [19] as
‘‘Microplastics are any synthetic solid particle or polymeric matrix,
with regular or irregular shape and with size ranging from 1 lm to
5 mm, of either primary or secondary manufacturing origin, which
are insoluble in water”. Plastic particles that are produced to
microscopic dimensions are called primary MPs [20]. An estimated
1.5 million tons of primary MPs are released into the ocean each
year globally, accounting for approximately 15–31% of all MPs in
the ocean [21]. Smaller MP particles are more harmful in general,
and more difficult to remove than larger plastic fragments of the
same weight [22,23]. The MPs formed from fiber fragments
released from synthetic fibers during the washing process, the
degradation of agricultural mulch, and the weathering and decom-
position of plastic waste in the marine environment become sec-
ondary MPs, which are much more abundant in the ocean than
primary MPs [20,24]. Once plastic waste reaches the marine envi-
ronment, buoyancy will determine the distribution of the plastic.
Some plastics such as PE and PP that are less dense than seawater
will float. They will be transported over long distances by wind and
surface currents [25]. In contrast, MPs with greater density, such as
PVC, are more likely to sink in seawater [26]. Due to microbial
degradation and various physicochemical effects, plastics floating
on the sea may lose their surface hydrophobicity and increase in
density over weeks to months, eventually sinking to the sea floor
[27]. These plastics may last hundreds to thousands of years
because of their stability and durability.

The most frequently collected MPs in the surface water sample
are in the form of fragments, fibers, films, foams, and pellets [28].
In the Yellow Sea of China, researchers found that the predominant
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type of MPs in the area was PE, while the most frequently shape
appeared to be fiber [29]. In addition to the variety of shapes, the
surface of MPs particles is rough and porous due to various physi-
cal effects such as wave friction. The larger surface area to volume
ratio of MPs makes it easier for the attachment of hydrophobic
organic substances in seawater [30,31]. Previous studies found that
the adsorption capacity of MPs for organic fouling in the ocean is
about two orders of magnitude and six orders of magnitude higher
than that of sediments and surrounding seawater, respectively
[32,33]. The organic compounds of the plastic coupled with the
various substances adsorbed make MPs a unique substrate for
microbial attachment in the ocean. Assuming one plastic particle
with a diameter of 1 mm per cubic meter of seawater, these MPs
could provide a surface area of 4.2 million square kilometers,
which would provide a large space for the adsorption of harmful
substances and microorganisms [34]. This amount, however, is
considerably lower than the current estimation of the total amount
of MPs in the ocean, which is around 12.7 million tons [35]. In
addition to providing ample organic matter, the rough surface of
the MPs also provides a stable habitat that helps microorganisms
to resist environmental pressure [36]. Thus, plastics might be an
ideal substrate for microorganisms in the environment [37–39].

The large amount of MPs in the ocean has an impact on the ecol-
ogy of the ocean and the food chain. In the ocean, MPs could affect
the photosynthesis and growth of phytoplankton [40], slow down
the swimming of zooplankton and thus reduce their reproductive
efficiency [41], and may also impact the ocean carbon stock [42].
In addition, floating MPs could become a transport vehicle for
microorganisms and even some pathogenic microorganisms, accel-
erating the spread of infectious diseases [43]. Drifting MPs, when
dispersed by currents and waves, move the microbiota they carry
to a new habitat and are able to spread even across oceans [43].
In the Arctic Ocean, which has been less affected by anthropogenic
activities, researchers have also found large amounts of MPs in the
sea surface and sediments [44,45]. MPs are likely to have been
enriched in the food chain and food web. They have been found
in fish, shellfish, Antarctic krill and coral in the ocean and are con-
taminating the food web to a much greater degree than we know
[46–49]. Most common MPs type is mainly blue-colored [50].
These colored MPs are particularly harmful in aquatic environ-
ments since they can be mistaken for food and ingested directly
by marine animals [50,51]. MPs that enter biological cells may
have a greater impact on living organisms, capable of causing
weight loss, local inflammation and interfering with energy redis-
tribution (Fig. 1) [52,53].

In addition to the hazards of the MPs own compounds, the
organic pollutants adsorbed on their surface can also cause a
lot of ecological damage, such as phenanthrene, diazinon, and
nonylphenol [54]. MPs tend to adsorb and accumulate pollutants
from surrounding water, such as dichloro-diphenyl-trichloroe
thane (DDTs), polychlorinated biphenyls (PCBs), polybrominated
diphenyl ethers (PBDEs), and alkylphenols and bisphenol A
(BPA) [55–57]. The adsorption capacity of MPs is related to their
own properties, and the adsorption capacity of MPs of different
materials varies for the same volume and surface area, with PE
reported to absorb more organic pollutants than other types of
MPs [58,59]. Antibiotics, which are heavily abused in mariculture,
are highly susceptible to adsorption by MPs, which will acceler-
ate the emergence of drug-resistant bacteria and the transfer of
drug-resistant genes [60]. As a result, MPs create a potential
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Fig. 1. The possible fate of MPs and plastisphere in the ocean ecosystem.
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stress on the environment, both biotic and abiotic, in the ocean
[61,62].

Microorganisms can also colonize the surface of MPs, forming
biofilms called plastisphere [18]. In this review, we provide a holis-
tic view of current knowledge about the composition and distribu-
tion of the plastisphere, with an emphasize on its role in plastic
biodegradation. As the treatment and recycling of plastic waste is
of great interest, future challenges and perspectives are also
highlighted.
2. Plastisphere biodiversity

Plastisphere, first termed by Zettler et al., describes a novel
microbial community attached to plastic and distinct from the sur-
roundings [18]. There are two main strategies to study plastisphere
on marine MPs, namely environmental sampling and laboratory
incubation. Reports of environmental sampling are limited due to
the difficulty and expense for sampling, especially for benthic
ocean. By using laboratory incubation, several studies have been
performed in which plastic fragments are incubated in collected
seawater or sediment under artificially created laboratory condi-
tions, which exclude the disturbance of variable natural environ-
ments [63]. Due to the more stable environment, this kind of
study is usually suitable to observe the plastic degradation ability
of marine microorganisms and the function of degradation
enzymes. Early studies of the plastisphere relied primarily on
microscopy or scanning electron microscopy (SEM) to morpholog-
ically identify different organisms [4]. High-throughput sequenc-
ing has been used to investigate plastisphere only recently [18].
In most studies of microorganisms on the surface of marine MPs,
the small ribosomal subunit 16S gene (16S rRNA) and the eukary-
otic 18S rRNA gene have been used for MetabarCoding with
second-generation sequencing technologies, mainly MiSeq Illu-
mina sequencing as well as 454 pyrosequencing (Roche) [64].
The internal transcribed spacer (ITS) technique is also used for
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the classification of fungi in plastisphere [65,66]. For prokaryotes,
the most commonly used genetic barcodes in metabarcoding stud-
ies are located at the high-variable 16S rRNA V4-V5 locus of bacte-
ria, and the V3 locus has also been used in some early studies
(Table 1). Due to the shorter barcode sequence length that limits
barcode resolution, the second-generation sequencing technology
can usually identify to the genus level. Long-read sequencing tech-
nologies, such as third-generation sequencing, should be used to
enable the sequencing of longer regions of the same barcode, lead-
ing to more accurate species classification [67]. 18 s rRNA is the
typical target for the identification of microbial eukaryotes. How-
ever, the 18S rRNA gene has limited taxonomic resolution for some
fungal groups, so fungal-specific primers, such as those targeting
the Internal Transcribed Space regions (ITS) of the rRNA operon,
are used for the detection of fungi to ensure the accuracy (Table 2).
Studies focused on eukaryotes in the marine plastisphere are rela-
tively few. However, as a natural part of the plastisphere, future
studies are needed for the detection of eukaryotic taxa.

Microscopic and molecular sequence data indicate that plasti-
sphere is composed of primary producers, heterotrophs, sym-
bionts, and predators. Interactions between phytoplankton and
bacteria play a key role in mediating the ecological cycles of the
Earth and the structure of food webs in the oceans. This association
between autotrophic organisms and other microorganisms is also
present in the plastisphere [68]. Studies have shown that diatoms
are almost ubiquitous on plastic debris and sometimes even dom-
inate the plastic surface [69–71]. These autotrophic organisms can
provide a source of organic matter to the plastisphere and regulate
the microbial community [68]. Diatoms have been widely found in
the plastisphere, including Mastogloia, Navicula, Nitzschia, Cyclo-
tella, Pleurosigma, Sellaphora, Amphora, and Nitzschia [18,72]. In
addition to them, cyanobacteria (such as Phormidium and Rivularia)
were also identified from the plastisphere [18,73]. It was found
that cyanobacteria colonizing the plastic surface used a completely
different light-harvesting mechanism compared to those in
the surrounding seawater, with an increased abundance of



Table 1
Bacteria in the marine plastisphere.

Species Type of
plastic

Studied area Incubation
time

Sample
type

Method Reference

Bryozoa, Cyanobacteria,
Alphaproteobacteria, and Bacteroidetes

– North Pacific subtropical
Gyre

– sea surface Metagenomic
sequencing

Bryant et al., 2016 [73]

Flavobacteriaceae, Cryomorphaceae,
Saprospiraceae

PET North Sea 1 month sea surface V4 16S rRNA
sequencing

Oberbeckmann et al., 2016
[110]

Alpha- and gammaproteobacteria PE Belgian part of the North
Sea

1–
44 months

seafloor V3–V4 16S
rRNA

De Tender et al., 2017 [66]

Rhodobacterales, Rhizobiales,
Streptomycetales and Cyanobacteria

– North Atlantic subtropical
gyre

– seafloor V4 16S rRNA
sequencing

Debroas et al., 2017 [167]

Alphaproteobacteria, Flavobacteria,
Cyanobacteria, and Actinobacteria

PE Mediterranean Sea 7–45 days sea surface V3-V5 16S
rRNA
sequencing

Dussud et al., 2018 [91]

Alphaproteobacteria, Cyanobacteria,
Flavobacteria
andGammaproteobacteria

– Mediterranean Sea – sea surface V3-V5 16S
rRNA
sequencing

Dussud et al., 2018 [144]

Proteobacteria, Nitrospira,
Planctomycetacia, Caldilineae and
Acidimicrobiia

PE, PP, PS,
PET, PLA

North Sea, Germany 15 months – V3-V4 16S
rRNA
sequencing

Kirstein et al., 2018 [168]

Pirellula, Planctomyces, Pseudomonas,
Synechococcus, and Ilumatobacter and
Blastopirellula

PE, PET Arabian Sea 30 days sea surface V4 16S rRNA
sequencing

Muthukrishnan et al., 2018
[72]

Erythrobacteraceae, Rhodobacteraceae and
Cyanobacteria

PE, PP, PS East China Sea – sea surface V3-V4 16S
rRNA
sequencing

Jiang et al., 2018 [169]

Actinobacteria, Cyanobacteria and
Proteobacteria

– East China Sea – deepwater V5–V6 16S
rRNA
sequencing

Wu et al., 2018 [170]

Alcanivorax, Marinobacter and
Arenibacter genera

– Mediterranean Sea – sea surface
and
sediment

V3-V4 16S
rRNA

Delacuvellerie et al., 2019
[171]

Alphaproteobacteria,
Gammaproteobacteria and Bacteroidia

PE Offshore of Yantai, China 30 days,
75 days, and
135 days

2 m, 6 m,
and 12 m

V4 16S rRNA
sequencing

Chen et a., 2020 [87]

Proteobacteria, Bacteroidetes and
Cyanobacteria

Herzliya marina 1 months sea surface full 16S rRNA
sequencing

Davidov et a., 2020 [65]

Bacteroidetes, Proteobacteria, Firmicutes
and Cyanobacteria

– Hikine Island, Japan – 7 m V4–V5 16S
rRNA
sequencing

Harvey et al., 2020 [172]

Flavobacteriia, Saprospirae, and
Cytophagia

PETE, HDPE,
PVC, LDPE,
PP, PS

Coast of Bocas del Toro 6 weeks sea surface V4–V5 16S
rRNA
sequencing

Dudek et al., 2020 [173]

Bacteriodes and Proteobacteria PE, PUF,
PVC, PLA

York River estuary 7 days,
16 days

– V4–V5 16S
rRNA
sequencing

Seeley et al., 2020 [63]

Flavobacteriales, Rhodobacterales,
Cytophagales, Rickettsiales,
Alteromonadales, Chitinophagales, and
Oceanospirillales

PE, PP, PE Mediterranean Sea – sea surface V4–V5 16S
rRNA
sequencing

Vaksmaa et al., 2021 [174]

Methylologellaceae, Colwelliaceae,
Pseudomonadaceae, Haliangiaceae,
Micrococcaceae, Halieceaea

PE North Atlantic 719 days 3300 m V4 16S rRNA
sequencing

Agostini et al., 2021 [175]

Idiomarina, Marinobacter,
Exiguobacterium, Halomonas and
Ochrobactrum

PET, PE Huiquan Bay (Qingdao,
China)

several
weeks to
months

sea surface V4-V5 16S
rRNA
sequencing

Gao et al., 2021 [176]

Bdellovibrio and Pseudomonas PS Artificial seawater 60 days – V4 16S rRNA
sequencing

Ye et al., 2021 [177]

Rhodobacteriaceae and Flavobacteriaceae PVC North-Western
Mediterranean Sea, Atlantic
Ocean and Indian Ocean

28 days,
75 days

seafloor V4-V5 16S
rRNA
sequencing

Catao et al., 2021 [178]

Alteromonadaceae, Thalassospiraceae and
Vibrionaceae

PET Porthcawl beach 6 weeks laboratory
incubations

V4-V5 16S
rRNA
sequencing

Wright et al., 2021 [179]

Actinobacteria, Gammaproteobacteria,
Alphaproteobacteria, Opitutae and
Sphingobacteriaf

PE, PP Baltic, Sargasso and
Mediterranean seas

– sea surface V3-V4 16S
rRNA
sequencing

Scales et al., 2021 [180]

Proteobacteria, Bacteroidetes,
Acidobacteria, Cyanobacteria and
Actinobacteria

PP, PET, PE South China Sea – sea surface V4-V5 16S
rRNA
sequencing

Chen et al., 2021 [181]
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Table 2
Fungi and autotrophs in the marine plastisphere.

Species Type of plastic Studied area Incubation
time

Sample
type

Method Reference

Fungus
Chytridiomycota, Cryptomycota and

Ascomycota
PE,PS Baltic Sea 15 days sea

surface
V4 18S rRNA
sequencing

Kettner et al., 2017 [34]

Paramoeba permaquidensis,
Paramoeba aestuarina,
Pleurobrachia pileus, Sugiura
chengshanense, Sagartia elegans,
and Rhizostoma pulmo

PE Belgian part of the North Sea 1–
44 months

seafloor ITS2 De Tender et al., 2017
[66]

Chytridiomycetes PE, PP, PS, PET, PLA North Sea, Germany 15 months V4 18S rRNA
sequencing

Kirstein et al., 2018
[168]

Chytridium, Rhizidiomyces and
Pythium

PE, PS Baltic Sea 15 days sea
surface

V4 18S rRNA
sequencing

Kettner et al., 2019 [69]

Aspergillus, Cladosporium and
Wallemia

PE, PA, PU, PP, PS western South Atlantic and
Antarctic Peninsula

– sea
surface

V9, V4 18S rRNA
and ITS2

Lacerda et al., 2020 [84]

Pleosporales PE Herzliya marina 1 months sea
surface

ITS Davidov et a., 2020 [65]

Autotroph
Coscinodiscophytina, Bacillariophytina PET North Sea 1 month sea

surface
V9 18S rRNA
sequencing

Sonja et al., 2016 [110]

Cryptophyceae, Haptophyta and
Chloroplastida

PE, PS Baltic Sea 15 days sea
surface

V4 18S rRNA
sequencing

Kettner et al., 2019 [69]

Archaeplastida – East China Sea – deepwater V4 18S rRNA
sequencing

Wu et al., 2018 [170]

Navicula, Achnanathes, Amphora,
Nitzschia, Rhaphoneis,
Cylindrotheca, Aneumastus and
Ochrophyta

PE Herzliya marina 1 months sea
surface

18S rRNA and
tufA

Davidov et a., 2020 [65]

diatoms, dinoflagellates, red, green,
and brown algae

PETE, HDPE, PVC,
LDPE, PP, PS

Coast of Bocas del Toro 6 weeks sea
surface

V4 18S rRNA
sequencing

Dudek et al., 2020 [173]

Plastisphere

Phototrophs

Diatoms 

Heterotrophs

Mastogloia
Navicula
Nitzschia
Cyclotella
Pleurosigma
Sellaphora
Amphora
Nitzschia
. . . . . . . . .

Cyanobacteria 
Prochlorotrichaceae:
 Phormidium 
Rivulariaceae:
 Rivularia
. . . . . . . . .

Photoheterotrophic bacteria
Erythrobacteraceae:
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Fig. 2. The microbial community of plastisphere.

Y. Du, X. Liu, X. Dong et al. Computational and Structural Biotechnology Journal 20 (2022) 975–988
phycobilisome antenna encoding genes in the former and a higher
expression of genes encoding Chlorophyll a/b-binding light-
harvesting protein in the latter [73]. This suggests that cyanobacte-
rial photosynthesis in seawater takes place mainly in the
Chlorophyll-binding complexes, whereas cyanobacteria on plastic
surfaces are photosynthesized through the phycobilisome com-
plexes. In terms of the number of amino acids required to bind
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the chromophore, Chlorophyll a/b proteins require less than that
of phycobilisome, and therefore less nitrogen is required to synthe-
size Chl a/b proteins [74]. The high expression of phycobilisome
gene seems to be very detrimental to the survival of cyanobacteria
on plastic surfaces that are already inadequate of nitrogen sources.
The advantage of phycobilisome proteins is that they are easily
broken down in the absence of nitrogen, and can quickly reorga-
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nize once a suitable nitrogen source is available [75]. In addition to
acting as a light-harvesting complex, phycobilisome serves as a
reservoir for nitrogen, increasing the viability of cyanobacteria
and providing significant advantages in MP surface nitrogen-
limited environments. Besides, high expression of nitrogen fixing
enzymes (nifH, nifD and nifK) was also found in microbial commu-
nities on the surface of MPs [73]. With the help of producers like
cyanobacteria, the nutrient limitation in the MPs community is
not as severe as we think.

In addition to photoautotrophs, photoheterotrophic bacteria,
such as the Erythrobacter and Roseobacter, are present in the plas-
tisphere (Fig. 2) [76]. In addition to heterotrophic energy acquisi-
tion by oxidation of organic substrates, some of these
heterotrophic bacteria possess aerobic anoxygenic phototrophic
(AAP) apparatus for light harvesting and carbon cycling [76].
Except for photoheterotrophic bacteria, classic heterotrophic bac-
teria have also been identified on plastic debris. Previous culturing
studies with plastics as a sole carbon source exhibited accumula-
tion of members in the Gammaproteobacteria (such as Pseu-
domonas and Azotobacter), Firmicutes (such as Bacillus), and
Actinobacteria (such as Rhodococcus) [4]. An in situ study have
demonstrated higher abundance of Pirellulaceae, Phycisphaerales,
Cyclobacteriaceae and Roseococcus on the MPs than on the natural
substrates [77]. Rhodobacteraceae, Flavobacteriaceae, and
Burkholderiales also exhibited higher abundance on the plastic
[78,79]. Notably, Vibrionaceae and Mycobacteriacea were also iden-
tified in the plastisphere [18,80,81].

Bacterial diversity is the most concerned target of plastisphere
studies. Each species of bacteria plays a very important role in
the plastisphere, for example, Hyphomonadaceae is able to adhere
tightly to the MPs surface through its production of polysaccharide
scaffolds, while also producing carotenoids and bacteriochloro-
phyll a, which provide nutrition and support to neighbors in the
plastisphere [82]. Compared to bacteria, relatively little research
has been done targeting fungi in the plastisphere. Recently, an
increasing number of studies focused particularly on the fungal
diversity of MPs have been reported [34,83]. A metabarcoding
study of plastic samples from the western South Atlantic and
Antarctic Peninsula was performed by Lacerda et al. [84]. They
found that Ascomycota and Basidiomycota were dominant in both
samples, but with a highly varied phylogenetic assemblage. Fur-
thermore, Marie et al. reported that members of Chytridiomycota
(such as Chytridium), Cryptomycota (lineage LKM11) and Ascomy-
cota (such as Saccharomyces, Candida and Kazachstania) dominating
were dominant on the surface of PE and PS [34]. Fungi account for
about 2.8–3% of eukaryotes in the plastisphere, and may have sig-
nificant ecological impacts [81].

Previous studies suggested possible symbiontic or predatory
relationships in the plastisphere [4]. The possible ectosymbiontic
relationship between Ephelota and sulfide-oxidizing Gammapro-
teobacteria has been reported [18,69]. The positively associations
between Amoebophyra and Suessiaceae on PE, Micromonas and
Eudoraea (Flavobacteriaceae) on PS, and Micromonas and Litor-
eibacter (Rhodobacteraceae) on PE were also observed. Although
co-occurrence of organisms can only imply but not confirm the
interaction. These results give hints to the inter communications
in the plastisphere.
3. The formation of plastisphere

3.1. Assembly of the community

Similar with other biofilms, the plastisphere generally involves
microbial attachment, secretion of extracellular polymeric sub-
stances, and microbial proliferation [18]. Normally microorgan-
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isms in the plastisphere are detected in the surrounding
seawater or in the sediments of the seafloor [66]. The physical
properties of plastics, such as hydrophobicity, particle shape,
roughness, crystallinity and surface charge, play a role in the selec-
tion of bacterial communities early in microbial colonization, and
these pioneer bacteria can also have an impact on the selection
of subsequent communities within the plastic circle [85]. First, pio-
neer bacteria occupy the plastic surface by reversible attachment,
forming the first layer of the initial biofilm. With the colonization
of these microorganisms, the surface hydrophobicity of the MPs
decreases over time [86,87]. They can also affect the vertical trans-
port of MPs in the ocean and provide a new ecological niche for
other microorganisms [39,88,89]. In addition, the pioneer bacteria
can secret exopolysaccharides that increase the adhesion of the
plastic surface, allowing further colonization of more microorgan-
isms [90]. Subsequently, secondary microorganisms can promote
irreversible attachment by forming pili, adhesion proteins, and
other active mechanisms such as the production of extracellular
polymeric substrates, which provide more attachable sites on the
plastic surface [91]. Further recruitment or loss of species on the
biofilm occurs with increased adhesion to the plastic surface, even-
tually resulting in the formation of a mature biofilm due to compe-
tition or synergistic effects of different microorganisms [92].

Microorganisms colonize the surface of MPs but in a sequential
order. To colonize the surface of MPs, microorganisms must first
overcome the hydrophobic surface of MPs [93]. Microorganisms
can easily colonize on the surface of MPs within a few minutes,
but it takes a long to form a stable biofilm [16]. The early MP set-
tling microorganisms are members of Gammaproteobacteria and
Alphaproteobacteria, which are called pioneer colonizers [16]. It
is reported that Gammaproteobacteria dominate on the early bio-
films on most plastic polymer types [66,91,94]. It was also found
that Alteromonas, Thalassobius, Neptuniibacter, Poseobacter, and
Phodobacteriaceae appeared in the early stages of biofilm formation
[80]. Diatoms and cyanobacteria were also identified at the early
stage of the biofilm [95,96]. Over time, there is a tendency for
the number of Bacteroidetes (especially Flavobacteriaceae) to
increase due to their wide distribution, adaptability, and ability
to utilize the released organic substrates by pioneer colonizers
[16,80]. These bacteria are called secondary colonizers (Fig. 3).
The primary biofilm usually takes about one week or less to be
observed, while secondary biofilm takes several months to form
[66,97]. Chen et al. showed that the main colonizers of biofilms
in the early phase (30 days) of PE surface were Flavobacteriaceae
(Bacteroidia), Rhodobacteraceae (Alphaproteobacteria), and Micro-
trichaceae (Acidimicrobiia) [87]. In the mid-term (75 days), the
dominant populations gradually shifted from Flavobacteriaceae
and Erythrobacteriaceae to Bacillaceae (Bacilli) and Moraxellaceae
(Gammaproteobacteria). At the later stage of biofilm formation
(135 days), the dominant family of PE colonizers shifted again to
the Flavobacteriaceae (Bacteroidia), while a significant increase in
the number of these bacteria occurred in the Rhodobacteraceae
(Alphaproteobacteria), Microtrichaceae (Acidimicrobiia), and
Pirellulaceae (Planctomycetes). There is still no agreement in differ-
ent experiments regarding the formation time of different stages of
biofilm, and the rate of biofilm formation is likely to be related to
the total nutrients and total microorganisms in the marine envi-
ronment where the plastic is located.

3.2. Vertical distribution of plastisphere

The vertical distribution of different MPs varies in the ocean,
with PE and PP mostly observed in the upper waters, while PA,
PVC and PET dominate in the sediments [25]. This is related to
the physical properties of MP particles such as density, surface
area, and volume. The microorganisms in the plastisphere are
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Fig. 3. The scheme of the formation of plastisphere.
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dynamic according to the state of the substrate. When a biofilm
forms, the physical and chemical properties of the MPs, including
hydrophobicity, density, specific surface area, roughness, surface
micro-morphology, and surface charge, would be affected
[93,98,99]. These changes will in turn affect the vertical migration,
weathering, and sorption of MPs to other materials, which will
eventually affect the biofilm community. Smaller particles are
more likely to be distributed deeper in the ocean, which are less
efficiently captured and therefore relatively less studied [100].
Small particles of plastics should be more concerned as they have
generally been immersed in the ocean for a longer time, covering
with more stable biofilms. The vertical distribution of MPs depends
on their hydrophobicity, which decreases when the biofilm is col-
onized and allows them to sink to deeper water [78]. The slower
benthic currents in the ocean transport MPs deposited on the sea-
floor and spread them to larger areas of the seafloor [101].

Microbial communities on the surface of MPs are altered due to
the low temperature and lack of sunlight in deep water, and
biodegradation by bacteria and other microorganisms dominates
the decomposition of MPs [85]. Studies have shown that Bac-
teroidetes and Proteobacteria are constantly present on the surface
of plastics even in deep water [91,102]. In addition to the plastic
floating on the surface and sinking on the sea floor, a small per-
centage of plastic debris is washed ashore by the waves and depos-
ited on land along the coast [103]. Settling of plastic polymers in
seawater can increase access to nutrients for microorganisms on
their surfaces, but also lead to more environmental stresses. Some
MPs may adhere to macroalgae and thus be enriched in reefs or
transferred to animal organisms along the food chain [29,104]. In
China, a large number of Ulva prolifera carrying MPs land off the
coast of Qingdao City annually with the ocean currents [105].
When MPs are transferred to land by these ways, the microorgan-
isms adsorbed to MPS are transferred along with them.

3.3. Environmental impact on plastisphere

In the natural environment, the composition of plastisphere is
related to temperature, seasonal and geographical factors as well
as the type of plastic [106]. The results of the large-scale sampling
in the Pacific Ocean showed that Bryozoa, Cyanobacteria,
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Alphaproteobacteria, and Bacteroidetes were found on particles
with different size [73]. Environmental factors such as salinity,
pressure, oxygen, and current velocity vary in different regions of
the sea, which leads to differences in plastisphere communities
between different marine areas [107,108]. However, Wu et al.
found similar operational taxonomic units (OTUs) from MPs at dif-
ferent sampling sites, and speculated that MPs provide a strong
stress tolerance, attenuating the influence of geographic variation
[109]. However, their study was confined to different locations in
the Haihe Estuary with limited distribution of latitude and longi-
tude. The differences between plastispheres would extend when
the distance spans a larger area. In contrast to this result, Sonja
et al. reported that biofilms formed on plastics from different mar-
ine sites had significantly different community structures [110]. It
is still controversial whether the microbial communities in the
plastisphere are approximately the same in different seas.

The community composition of biofilms can be largely influ-
enced by the nutrients in the surrounding seawater. It was found
that low nutrient levels trigger the attachment of many bacterial
species to the substrate surface, while at high nutrient levels, the
ability of many microorganisms to attach is reduced, which is
not conducive to specialized biofilm formation [111]. High level
of nutrients in the seawater results to relative low level of nutri-
ents provided by plastics, thus reducing the substrate specificity
of the plastisphere. More available nutrients also facilitate faster
formation of primary and secondary biofilms, which leads to a con-
vergence of microbial species in the plastisphere. Communities of
the plastisphere differ between geography, time, and environment,
but there is a controversy about whether biofilms differ between
substrates. A previous study reported no significant differences
between PET-colonizing biofilms and glass biofilms [110] Similar
study showed that inert surfaces such as glass slides, ceramic tiles,
reef sediments, and coral skeletons have little effect of the compo-
sition of marine plastisphere [112]. However, a recent study
reported that the introduction of polyhydroxyalkanoate (PHA)
resulted to an accumulation of sulfate-reducing microorganisms
(SRM) families [113]. Another research also supports this finding
with PS showing a distinct composition to those of PE and PP. Fur-
thermore, the size of MP has no influence on the plastisphere
regardless of substrate type, site and date of collection [114]. It
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has also been found that the bacterial adhesion on PE and PVC sur-
faces is much higher than PP and PET, and the dominant factor is
the hardness of the plastic surface [39]. In the early stage of pellet
colonization, different substrates produce a strong sorting effect on
the customized biofilms, and even the same initial aquatic micro-
bial community can produce different bacterial communities when
grown on different substrates.
4. Biodegradation of plastics

4.1. Potential MP degrading microorganisms in the plastispheres

The recycling of plastics is a primary subject of concern. Cur-
rently, mechanical (typically leading to regranulate) and chemical
(typically leading to monomer building blocks) recycling are com-
mon approaches for plastic recycling [115,116]. However, the
mechanical recycling is usually a ‘‘downcycling” process which
converts the waste materials into products with lower quality
and value. Plastics are also used as secondary fuel. But the energy
recovery from plastic waste produces toxic and noxious dioxins
[117]. Converting the plastics into smaller molecules through
chemical reactions is an implement approach for plastic recycling
[118]. But the harsh reaction conditions and large energy require-
ment impede the large-scale application of chemical recycling. Fur-
thermore, a large amount of carbon dioxide is emitted during these
processes and many toxic compounds may be released [102].

Biorecycling is a fast-growing and promising approach to meet
the demand for plastics recycling in the coming years. Similar to
the biodegradation of other polymers, microbial-mediated MPs
degradation is mainly the breakdown of plastic macromolecules
into smaller environmentally harmless metabolites, such as H2O,
CO2, and CH4, through various enzymes secreted in biofilms
[119]. The use of microorganisms to degrade MPs enhances
biodegradability without harming the environment, and the ability
of microorganisms to adapt to almost any environment also
ensures the degradation of MPs [120,121]. With the recent increase
in plastic waste, more attentions are paid on efficient degrading
microorganisms or highly effective degrading enzymes to alleviate
the plastic pollution. The small size and huge amount of plastic
particles present great challenges to remove MPs from the ocean.
Even high-precision capture efforts for scientific research are
unable to capture all of the small particles of MPs or those depos-
ited deep into the ocean [122].

Some studies have shown that capturing shoreline or floating
macroalgae can reduce MPs enrichment on macroalgae, but this
is a drop in the bucket compared to MP pollution in the ocean as
a whole [29]. Therefore, biodegradation, especially microbial
degradation, has become a very important method to solve marine
plastic pollution. The microorganisms in the plastisphere provide
great convenience for the isolation and enrichment of plastic
degradation bacteria, but existence of degradation bacteria varies
on the surface of different types of plastic particles. The hydropho-
bicity of MPs allows microorganisms in the plastisphere to degrade
plastics more effectively than marine planktonic strains [123].
Ogonowski et al. found a high similarity of microbial species in
the plastispheres on PE and PP, and they hypothesized that similar
degrading microorganisms existed among different types of plas-
tics [78]. Some studies have found that MPs biofilm communities
have the potential to degrade hydrocarbons or break down and
fragmentize plastic polymers incompletely [7,78]. Along with
degrading MPs, microbial communities associated with plastic
debris may also degrade the adsorbed organic pollutants
[124,125]. However, not all microorganisms in the plastisphere
are efficient at degrading MPs; many only adhere temporarily to
the surface of plastic particles, while others must rely on auto-
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trophs in the plastisphere to survive. It has been found that these
plastic-related microbial communities are largely dependent on
carbon and other nutrients accumulated by filter-feeding bry-
ozoans, other marine eukaryotes, and autotrophic activities, rather
than using plastic as the only carbon source [73].

The studies of MP biodegradation have focused on the labora-
tory culture of microorganisms isolated from the natural environ-
ment [119]. These microorganisms are usually derived from
terrestrial dumps, wastewater, mangrove sediment and sludge,
but rarely studied directly obtained the microorganisms from sea-
water [20,126]. Currently, several bacteria (e.g. Bacillus, Phododoc-
cus, Enterobacter asburiae, and Vibrio natrigens) and fungi (e.g.
Aspergillus, Penicillium, Pestalotiopsis, and Zalerion) have been
showed with biodegradable potential [119,127]. However, the
microorganisms that can be cultured under laboratory conditions
are probably not even 1% [128]. Further researches about the iden-
tification of plastic degrading microorganisms are still needed.

4.2. Evaluation of the degradation effect of MPs

The detection of MP degradation can currently be assessed from
different perspectives, such as physical or chemical. Changes of the
surface appearance state, weight loss, or mechanical properties of
plastics are relatively simple and intuitive physical changes to
assess biodegradation of MPs [99]. Weight loss is the most fre-
quently used index to expound the degradation rate with different
treatments [129,130]. The assessment of plastic degradation by
gravity may not be sensitive enough if the slow rate of biodegrada-
tion does not lead to a massive weight loss of the plastic [8].
Changes in the physical properties of plastics, such as tensile
strength, thermal stability, and surface hydrophilicity, are used as
a basis for evaluating their degradation [131–133]. Plastic surfaces
are usually smooth and flat, and degradation results in sunken,
cracked, or rough surfaces. Thus optical, atomic force, and SEM
can be used to assess surface biological degradation caused by
microbial activity or biofilm formation. Besides, surface hydrolysis,
chromatographic techniques (gas chromatography, liquid chro-
matography, gel permeation chromatography) measurements
combined with spectroscopic techniques (mass spectrometry,
nuclear magnetic resonance spectroscopy, Fourier transform infra-
red spectroscopy) can also assess the degradation of plastics [20].

4.3. Biodegradable plastics and non-biodegradable plastics

According to the production process and the difficulty of degra-
dation, plastics can be divided into biodegradable plastics and non-
biodegradable plastics. The most important feature of biodegrad-
able plastics is that they can be broken down into CO2 and H2O
by microbial actions in industrial or municipal composting facili-
ties. Biodegradable plastics can be divided into bio- and
petroleum-based plastics, depending on the synthesis methods
and materials [134]. Biodegradable plastics have been made for
decades to alleviate plastic waste overload and are considered a
potential solution for plastic waste. Polylactic acid (PLA), PHA
and cellulose are all biodegradable plastics. The production of
biodegradable plastics does not require oil, and is more efficient
in terms of degradation. Since biodegradable plastic products have
been utilized for a relatively short time, few of this type of MPs are
found in the ocean. Most of the studies based on such plastic
involve artificially putting them into the ocean for a period of time,
and then removing them to observe the changes in the surface bio-
films [98,135]. The main reason for the lack of research on degrad-
able plastics in the ocean is likely that a large proportion of these
degradable plastics are harmlessly degraded through composting
and other means, with only a small proportion reaching the ocean.
However, as the production and use of degradable plastic products
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increases, more studies are still needed to investigate their hazards
and fate in the ocean [131].

Non-biodegradable plastics are designed to be durable, and
resistant to abiotic and biotic degradation. However, once these
plastics are released into the environment, their durability
becomes a serious issue. Most of the MPs found in marine, such
as PS, PP, PE, PVC and PU, are non-biodegradable plastics. These
plastics contain only C–C chains or ether bonds connecting build-
ing blocks, which are usually difficult to be decomposed by
microorganisms, but they are not completely undegradable [136].
The solid nature of non-biodegradable results in extremely low
bioavailability, with only a small fraction of the polymer being
exposed to potentially degrading organisms [8]. The large molecu-
lar structure of plastic materials also poses a great challenge for
microbial degradation, which requires breaking down the plastic
into small molecular compounds that suitable for cellular uptake
and further metabolism before more complete decomposition.
The hydrophobicity and the high molecular weight determine the
insolubility of MPs in seawater, and also provide challenges for
rapid microbial degradation [8,137]. Hydrophobic polymer sur-
faces have also been shown to hinder the effective adsorption
and catalytic properties of polymer degradation enzymes
[138,139].

The crystallinity of polymers has a significant impact on their
biodegradability. Most petroleum-based plastics contain both crys-
talline and amorphous regions, with the amorphous region being
vulnerable to microbial attack [137,140]. Hydrolysable plastics,
such as PUR, PA, and PET, which have ester or amide bonds on their
surfaces, can be attacked by extracellular hydrolytic enzymes
secreted by various microorganisms, resulting in harmless degra-
dation [141,142]. The process of extracellular microbial invasion
becomes more complex for non-hydrolysable synthetic polymers,
such as PE, PP, PS, and PVC. However, their bioavailability can be
increased by the action of abiotic factors, including sunlight expo-
sure, thermal, and chemical treatments, which can produce various
functional groups (for example, carbonyl group and nitro group) on
the carbon chains of MPs, as well as reduce hydrophobicity [143].
Most of the production of non-degradable plastics is associated
with petroleum, therefore degrading microorganisms are often
associated with petroleum degradation as well. By modifying com-
mon plastic products (such as PE, PP, and PVC) with starch in the
form of mixtures and processing them into compounds such as
starch-based plastics, cellulose-based plastics, and protein-based
plastics, the biodegradability of the original plastics can be
enhanced. The abundance, diversity and activity of bacteria vary
greatly between non-biodegradable and biodegradable plastics
due to the vast differences in degradation performance [144,145].

4.4. Microbial degradation of plastics

To be degraded by microorganisms, the plastics need to be first
fragmented by UV light, hydrolysis, and abrasion. The growth of
mycelium plays an important role in this process. The macro-
molecules are then hydrolyzed and/or oxidatively cleaved by vari-
ous enzymes secreted by the microorganisms, releasing low molar
mass molecules, such as zwitterions and monomers. Further
degradation requires inner-cellular oxidization by microorganisms,
so the molecular weight of the polymer must be low enough to
cross the cell membrane. These molecules are eventually assimi-
lated and used by more microorganisms, which eventually turns
complex compounds into CO2 and H2O [146]. Fungi have the ability
to adhere to and degrade microplastics, and the mycelium they
produce disrupts the physical structure of the plastic, which is
more conducive to the biodegradation of microplastics [127]. Most
studies of plastic-degrading fungi have been conducted under ter-
restrial conditions instead of in the ocean [147,148]. A previous
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study found that the filamentous fungi Fusarium oxysporum and
F. solani could degrade PET, but many of these strains came from
landfill soil [149]. MPs degradation is the result of the joint meta-
bolism of multiple microorganisms in the plastisphere [150]. Stud-
ies with single degrading microorganisms are often difficult to
produce significant degradation, diverse microorganisms should
be combined when such studies are conducted.

Through the analysis of rRNA genes, the researchers identified
hydrocarbon-degrading members among the marine plastisphere
including Phormidium, Muricauda, Hyphomonadaceae, and
Rhodobacteraceae, which are associated with oil degradation
[73,151]. It is also thought that microorganisms such as Rhodobac-
teraceae strains, which can also degrade lignin, may be involved in
plastic degradation [33,152]. Zettler, et al. identified Phormidium
sp. And Pseudoalteromonas sp. In the plastisphere and speculated
that these documented hydrocarbon-degrading bacteria may play
a role in the degradation of MPs [18]. Studies in marine fungi have
found that obligately marine, lignicolous fungi, Corollospora lacera,
C. maritima, and Lulworthia sp. are able to use hydrocarbons as
their sole source of carbon for growth and these fungi may poten-
tially have the ability to efficiently degrade marine MPs [153].

The essence of MP degradation by either fungi or bacteria is the
function of various enzymes. These enzymes are collectively
known as plastic degrading enzymes which can be divided into
extracellular and intracellular enzymes [154,155]. Extracellular
enzymes are mainly involved in the pre-degradation phase of
MPs, where they enable the depolymerization of long carbon
chains to form oligomers, dimers, or monomers, which can be
more easily absorbed. Peroxidases, lipases, esterases, amidases,
oxidases, and laccases, have been found to be involved in the extra-
cellular degradation of plastics [90,156,157]. Some of the extracel-
lular enzymes secreted by the pioneer bacteria could degrade the
hydrophobic groups, thus reducing the hydrophobicity of the plas-
tic surface, and allowing more microorganisms to colonize. Eventu-
ally, the plastic is degraded by intracellular degradation enzymes
into harmless substances that are returned to the biogeochemical
cycle, such as CO2, H2O and N2 [158]. The process may involve
enzymes including esterases, lipases, cutinases, peroxidases and
laccase [8]. Fungi are able to degrade plastics using intracellular
enzymes mediated by cytochrome P450 family epoxidases (phase
I enzyme) and transferases (phase II enzyme) [127]. Few studies
have been performed in situ on degrading enzymes in the marine
plastisphere, and most plastic degrading enzymes have been found
under laboratory conditions using strains from enriched cultures.
Like the biodegrading microorganisms, it is difficult for individual
enzyme to degrade plastic well.

4.5. The sources of plastic degrading microorganisms

Human interference with Earth’s biomes has been accelerating
since the mid-20th century, and led to major changes in the struc-
ture and function of microbial communities, evidenced by signifi-
cant changes in the microbiota or specific genes (for example,
antibiotic resistance genes) in the environment [159,160]. Plastics
began to be used in daily life within the last 100 years, with large
scale production starting after 1950 [161]. In just 100 years, bacte-
ria have evolved the ability to degrade plastics that did not exist in
nature before.

Microbial communities in different environments are dynamic,
and can quickly respond and adapt to environmental changes
caused by anthropogenic pressures or climate change [36]. This
tremendous amount of species, as well as the strong adaptability,
also provides the foundation for the emergence of MP-degrading
microorganisms. Several commonly reported bacteria in plastic-
associated biofilms have possible ability to metabolize and assim-
ilate petroleum-derived carbon, or are functionally related to these
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processes, therefore able to degrade plastics [137]. The percentage
of functional microorganisms that degrade plastics is less than 0.1%
of marine microbial diversity [91]. Members of microbial commu-
nities that can live on plastics or metabolize oil are rare in seawa-
ter, but there are some dormant functional microbes. These
opportunistic microbes do not appear to survive well in the marine
environment, but can grow rapidly and become plastic-dependent
‘‘core species” after exposure to plastics. The ‘‘seed bank” theory
seems to explain these early colonizing microorganisms. By enter-
ing a dormant state, individual microorganism can tolerate unfa-
vorable conditions, and allow for the continuation of the
population. However, dormancy comes at a cost, as individuals
not only miss the opportunity to reproduce, but also expend a cer-
tain amount of energy to maintain dormant requirements [162].
The accumulation of these dormant microorganisms in the ocean
forms a ‘‘seed bank”. Of course, the microorganisms can quickly
switch between dormant and active states, and when they encoun-
ter a suitable plastic substrate, they can quickly rejuvenate and
start to colonize [163,164]. In addition to the ‘‘seed bank” theory,
some plastics that are structurally similar to natural compounds
are also available to some microorganisms. For example, the
enzymes secreted by microorganisms that degrade plant surface
cutin in the rumen of cattle can degrade PET [165]. These microor-
ganisms secrete enzymes attack chemical bonds in plastics that are
similar to those of natural substrates. Usually, biodegradable plas-
tics are synthesized based on the principle of structural analogues
of enzymatic substrates, therefore degradable by microorganisms.

The ultimate source of MP degradation genes is genetic muta-
tions, which is the ultimate source of genetic diversity. The muta-
tion rate of microorganisms in the ocean has been gradually
accelerated by human activities [166]. The plastic degrading bacte-
ria derived by mutation may get into a dormant state as they tem-
porarily cannot find a suitable substrate, and become part of the
‘‘seed bank”. However, there is little data to support the origin of
plastic degrading microorganisms, and further understanding is
still needed.
5. Summary and outlook

Plastics have been increasingly detected in the environment
and even humans, which make them an unneglectable risk. In nat-
ure, plastics are fragmented through exposure to UV light, mechan-
ical disruption by waves and winds, or grinding on rocks and
sediments. The resulting MPs have a larger surface area, which
facilitate the colonization of massive microorganisms known as
plastisphere. In order to deal with the increasing amount of marine
MPs, the harmless degradation of microplastics by marine microor-
ganisms is essential. In this review, we summarize current findings
about the biodiversity and formation of plastisphere, with an
emphasize on the biodegrading potence of plastisphere microor-
ganisms. These advances promote better understand the effect of
plastics on the marine ecosystem and pave the way to fundamen-
tally solve the issue of plastic pollution.

Conventional recycling approaches are usually not very effec-
tive in degrading plastics and have more or less side effects.
Biodegradation of plastics is a promising and environmental-
friendly approach for recycling. Researches on plastisphere help
to explore natural plastic-degrading enzymes and microorganisms.
Traditional approaches relied on culture-based methods in labora-
tory conditions, while over 99% of the total microorganisms are
unculturable. The past decades have witnessed the tremendous
progress of sequencing techniques and computational tools. The
developments of high-throughput metagenome facilitate the
exploration of genetic information of non-cultured microorgan-
isms. An amount of plastic degrading enzymes have been identified
984
and modified for effective degradation of plastics. However, lim-
ited database of known plastic-degrading enzymes causes poor
discovery of novel families of enzymes. New screening platforms
to efficiently and effectively identify novel plastic-degrading
enzymes and consequent functional verifications are needed to
address the challenge. Another challenge is the lack of genetic
engineering tools for the microorganisms that naturally degrade
plastics. With the development of molecular biology techniques,
this problem will be solved one day. For now, heterogenous
expression of valuable enzymes in conventional hosts, such as
Escherichia coli, is a potential solution of the issue.
6. Methods

Bibliographic research of peer-reviewed international articles
was conducted on NCBI Pubmed and Web of Science with the fol-
lowing keywords: ‘‘microplastics” and ‘‘marine”, ‘‘plastisphere”
and ‘‘marine”, ‘‘microplastics” and ‘‘plastisphere”, ‘‘plastics” and
‘‘plastisphere”, ‘‘microplastics” and ‘‘microbial community”, ‘‘mi-
croplastics” and ‘‘degradation”. These selected articles reported
on biodiversity, formation, and biodegradation of microplastics in
the marine environment. A first manual selection of articles of
interest was based on the available information in the title and
abstract. A second round selected the final articles based on a thor-
ough content check. Then, the references of the selected articles
were also analyzed. Studies on biodiversity, formation, and role
in degradation of marine plastisphere were selected up to 20 Octo-
ber 2021. There were no lower time limits.
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