
PLASTICS IN THE OCEAN

Plastic is today recognized as the most abundant form
of man-made debris in the sea (Barnes et al., 2009), with
the mass of land-based plastic waste entering the ocean
recently estimated to be in the range 4.8 to 12.7 million
metric tons per year (Jambeck et al., 2015). Early reports
on the occurrence of plastics in the marine environment
can be traced back to the 70s: Carpenter and Smith (1972)
reported on the presence of an average 3500 plastic par-
ticles per square kilometer in the Sargasso Sea surface,
collected through a neuston net in an area located far from
obvious pollution sources from land. The authors specu-
lated that the source of the particles could have been the
dumping of waste from cities or by the cargo and passen-
ger ships, given that some of the sampled areas were
within major shipping lanes from Europe to America.
Later on, Gregory and Ryan (1997) reported that plastics
accounted for a significant proportion (from 60 to 80%)
of the total debris encountered in the seas of the Southern
Hemisphere. Since then, a number of papers have increas-
ingly documented the presence and spread of plastic de-
bris across the marine environment (Galgani et al., 2000;

Moore et al., 2001; Moore et al., 2002; Willis et al., 2017;
Worm et al., 2017). However, the threat of plastics to the
marine environment has been ignored for a long time, and
it is only in more recent years that its serious conse-
quences for the ocean, the wildlife and the human health
have started to being recognized (Derraik, 2002).

Plastic debris occurs along the coastlines (Browne et
al., 2010), at the sea surface (Law et al., 2014) and on the
sea floor (Stefatos et al., 1999; Galgani et al., 1996;
Claessens et al., 2011; Cau et al., 2017), and even in re-
mote areas such as the open ocean surface far from land
(Cozar et al., 2014). Plastic reaches the ocean both in the
form of large visible debris (“macro”) that is larger than
1-5 mm, or in the form of small particles or fragments
called “micro-plastics” (having dimensions typically <1-
5 mm) (Browne et al., 2010), despite globally accepted
definitions for these categories are yet to be established.
In a recent review that compared the methodologies used
in 68 studies for the quantification of microplastics in the
marine environment, Hidalgo-Ruz et al. (2012) high-
lighted that most of them reported two main size ranges
of microplastics, 500 μm-5 mm and 1-500 μm, or frac-
tions thereof that are retained on filters, confirming that
there is still not a universally adopted size range to define
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ABSTRACT
Plastic marine debris represents a global threat for the marine environment, having serious consequences for the ocean, the wildlife

and the human health. While the plastics distribution, fate, persistence and toxicity mechanisms for the marine fauna have been more
studied in the last decade, small efforts have been devoted to identify and characterize marine microbes that colonize plastic and microplastic
debris in the ocean, and their potential to degrade plastics. Here we review the knowledge on the microbial biodiversity and degradation
mechanisms of marine plastic debris, and present data, based on metagenomic analyses, on the distribution patterns of genes potentially
involved in microbially-mediated plastic degradation in coastal locations across the global ocean. Most studies on plastic-colonizing mi-
crobes have focused on seawater rather than sediment, with most studies underlining striking differences in composition between assem-
blages attached to plastic particles and those in the surrounding environment. The diversity of microbes attached to plastic is high, and the
core epiplastic microbial assemblages include often hydrocarbon-degrading bacteria, as well as prokaryotic and eukaryotic phototrophs.
Several marine microbes have shown to be able to degrade or deteriorate plastic in the laboratory, or to grow on plastic as the only source
of carbon, while indirect evidences suggest that microbially-mediated degradation of recalcitrant plastics also occur in the ocean, though
at very low rates. Metagenomic analyses show that plastic degradation-related genes are present in microbial assemblages in several coastal
ocean sites, with relative abundance related to the magnitude of plastic pollution at each site. Further research is required to study microbial
plastic-degraders in the marine ecosystem, to decipher and exploit the potential of microbial consortia to degrade or mineralize plastic
compounds, and to better understand the fate and residence times of plastic waste in the ocean.
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microplastics. Thus, the term “microplastics” is used in
the literature to include a surprisingly broad range of par-
ticles sizes from ~5 mm to few microns in diameter (An-
drady 2017). A more practical scheme to classify plastics
debris in the aquatic environment has been proposed by
the European MSFD Technical Subgroup on Marine Litter
(reported in Van Cauwenberghe et al., 2015), a scheme
which also includes the category “mesoplastics” in the
size range 5 mm-2.5 cm. Plastic debris enters the marine
environment in a wide range of sizes, in the micrometer
to meter range (Hidalgo-Ruz et al., 2012), as well in a
broad range of color, shape, chemical composition and
specific gravity. As far as the small size plastic debris is
concerned, microplastics are typically categorized into
primary and secondary (Andrady, 2017). The primary
ones are purposefully created, and are directly released
into the environment as small plastic particles. They are
typically industrially manufactured, such as microbeads
used in cosmetics, personal care, abrasive media and other
industries, or as virgin plastics pellets for fabrication of
products, and enter the environment via leakage during
manufacture, transportation or use. A recent study esti-
mated that between 15 and 31% of all of the microplastics
in the oceans could originate from primary sources, and
estimated the global release of primary microplastics into
the ocean at 1.5 million tons per year (Boucher and Friot,
2017). The secondary microplastics, that are believed to
be far more abundant in the ocean, originate from frag-
mentation of larger plastic debris items either during their
use of products, or due to weathering degradation of their
litter in the environment. Examples of secondary mi-
croplastics include the textile fiber fragments released
from synthetic fabrics during washing, degrading of agri-
cultural mulch films, and the weathering breakdown of
plastic litter in the marine environment (Andrady, 2017).
However, still different definitions for primary and sec-
ondary microplastics exist in the literature (Boucher and
Friot, 2017). This holds especially true for those mi-
croplastics that originate from the abrasion of larger plas-
tic objects during manufacturing, use or maintenance
(such as the erosion of tyres when driving, that account
for a significant source of plastics in the ocean) that are
classified as primary by some authors (Sundt et al., 2014;
Boucher and Friot, 2017) or secondary by others
(GESAMP, 2015). Sources of plastics and microplastics
in the ocean are multiple, and the estimates of pollution
sources and sinks are still uncertain.

Once plastic items reach the marine environment
(Fig. 1), positively buoyant ones will tend to accumulate at
the sea surface, where they are transported by winds and
surface water currents over long distances, whereas nega-
tively buoyant items sink out of the water column to the
sediments below (Clark et al., 2016). It has to be noted that,
among the classes of plastic that are commonly encoun-

tered in the marine environment, only a few have specific
gravity lower than that of seawater (such as polyethylene,
PE and polypropylene, PP) and are thus positively buoyant,
while many of them (such as Polyvinyl Chloride, PVC) are
denser and tend to submerge in the water column (Andrady,
2011). Because of fouling by micro- (Lobelle and Cunliffe,
2011) and macro-organisms and the adherence of particles,
positively buoyant plastics can, over a timescale of weeks
to months, become negatively buoyant and sink to the
seafloor down to the deep sea (Woodall et al., 2014). Plastic
fragments are considered to be quite stable and highly
durable (Sivan 2011), potentially lasting hundreds to thou-
sands of years in the aquatic environment (Barnes et al.,
2009). However, the exposure of plastic objects on the sur-
face waters to UV radiation from sunlight results typically
in their photodegradation by oxidation (Gewert et al., 2015)
(Fig. 1). Further degradation, fragmentation and erosion of
the plastic debris are caused by physical forces (such as
wave action, wind and abrasion with sand), biological
breakdown and chemical weathering. During fragmentation
and weathering of plastic debris in seawater, nano-scale
particles are also generated (Gigault et al., 2016), although
their abundance has not been quantified yet in the global
ocean (Ter Halle et al., 2017). This finding calls for further
investigations on the fate, behavior and hazard posed by
nano-plastics in the marine environment. 

In addition to the concerns raised by toxicity of the
plastic polymers and their additives (often intentionally
added during manufacturing or processing to improve per-
formance; Gewert et al., 2015) for marine life (through
ingestion and other mechanisms), plastics and microplas-
tics also adsorb and accumulate toxic chemicals, such as
persistent organic pollutants (Bakir et al., 2012), trans-
porting them across the ocean and vehiculating to the ma-
rine organisms that ingest them (Mato et al., 2001).
Recent findings showed that organisms belonging to three
different phyla that live on the deep-sea floor do ingest
and internalize plastic microfibers, demonstrating the
even the deep sea and its inhabitants are being exposed to
this type of anthropogenic waste (Taylor et al., 2016).
Compared to meso- and macroplastic debris, microplastic
is more prone to adsorb waterborne contaminants due to
its higher surface area to volume ratio (Gewert et al.,
2015). Recent studies have also paid attention to the con-
cept of plastic providing a novel means of transport for
microorganisms, including pathogenic ones, across the
marine environment, consequently acting as a possible
vector for the spread of these microbes that can facilitate
the diffusion of infectious diseases (Keswani et al., 2016).

Here, we review the current knowledge on microbes
that are associated with plastic debris in the ocean.
While plastic debris can be colonized by a wide variety
of microbes, belonging to the three domains of life, in-
cluding microbial eukaryotes (such as diatoms; Ober-
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beckmann et al., 2016), we focus our review on the
prokaryotic (Bacteria and Archaea) plastic colonizers.
Also, given that excellent reviews have already covered
the type and biodiversity of microbes that colonize plas-
tic and microplastic fragments in aquatic ecosystems
(Oberbeckmann et al., 2015; Harrison et al., 2018), we
focus here on summarizing the knowledge on the iden-
tity of those marine bacteria, and their genetic path-

ways, that colonize and potentially degrade (i.e., cause
the plastic chemical breakdown) or deteriorate (i.e.,
cause loss of physical integrity; Rummel et al., 2017)
plastic debris. Lastly, based on metagenomic analyses,
we present data about the distribution patterns of some
genes that are potentially involved in microbially-me-
diated plastic degradation in several coastal locations
across the global ocean.

Fig. 1. Schematic drawing that summarizes the fate of plastic debris in the marine environment, with a focus on the interactions between
plastics and microbes. Plastic debris reaches, mostly from land-based sources, the marine environment in the form of visible debris and
of smaller pieces that are not visible to the naked eye (microplastics). Once reached the ocean, floating plastic is readily colonized by
a wide variety of microbes, including members from the three domains of life (archaea, bacteria and eukarya). Marine viruses can likely
be members of the epiplastic assemblages, but reports on this biotic component on plastic are still not available in the literature. The
hydrophobic nature of plastic surfaces stimulates rapid formation of the microbial biofilm, which then drives succession of other micro-
and macro-organisms (among which diatoms and invertebrates; Reisser et al., 2014). This biofilm contributes significantly to determine
the subsequent fate of the plastic items (down to the millimeter-size), by influencing their ballasting ability, by likely mediating their
degradation and fragmentation to smaller particles (that is believed to occur through a combination of physical, chemical and biological
processes) and by affecting the toxicity level. Fragmentation produces smaller and smaller plastic fragments, down to the nanometers
size. Transport of plastic items to the seafloor occur through several ways, although the transport mechanisms of biofouled microplastics
to the ocean interior still remain unclear. A recent model that explains the sinking vertical mechanisms of microplastic has been published
by Kooi et al. (2017). Once reached the seafloor, the plastic debris will undergo colonization by the sediment microbes (Harrison et al.,
2014), degradation and/or permanent sequestration. However, sediments will not necessarily represent the ultimate sink for plastic
debris, because of the removal and/or digestion by benthic animals living in the sediments (Rummel et al., 2017).
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MICROBIAL LIFE ON PLASTIC DEBRIS

Once in the marine environment, microbes readily (i.e.,
within minutes to hours) colonize the aquatic plastic debris,
and the members of these biofilm communities can include
pathogenic, toxic, invasive or plastic degrading-species
(Oberbeckmann et al., 2016). To date, the largest fraction
of studies on plastic-colonizing microbes have focused on
seawater samples (Dang and Lovell, 2000; Lee et al., 2008;
Carson et al., 2013; Zettler et al., 2013; Amaral-Zettler et
al., 2015; Bryant et al., 2016), with most of them underlin-
ing the striking differences in the community composition
of bacterial taxa on plastic particles with respect to the sur-
rounding water column (Zettler et al., 2013; Bryant et al.,
2016; Oberbeckmann et al., 2016). Moreover, some of
those studies have also used shotgun metagenomic to per-
form microbial functional gene comparisons, and have
showed that plastic-inhabiting microbes have a gene reper-
toire that is enriched for traits necessary for a surface-at-
tached lifestyle (Bryant et al., 2016). Conversely to
seawater, only little information is available for plastic-as-
sociated communities in sediments (Harrison et al., 2014;
De Tender et al., 2015; De Tender et al., 2017). 

In seawater, early studies on microbial life attached to
plastic surfaces in the ocean reported that typical early col-
onizers are members of the Gammaproteobacteria and Al-
phaproteobacteria, with an increasing trend in Bacteroidetes
during time (Dang and Lovell, 2000; Lee et al., 2008), the
so-called “primary” and “secondary colonizers”, respec-
tively (Lobelle and Cunliffe, 2011; Oberbeckmann et al.,
2015). These findings were confirmed by Dang et al. (2008)
who identified early biofilm communities on PVC samples
as belonging to the order of Rhodobacterales (Alphapro-
teobacteria), in particular to the clade Roseobacter. The first
study that investigated microbial biofilms on plastic marine
debris using modern techniques of massive DNA sequenc-
ing was carried out by Zettler and colleagues (2013). This
study showed a huge diversity within plastic-associated mi-
crobial communities in the North Atlantic Subtropical Gyre,
and provided the first detailed picture of the microbial epi-
plastic assemblages (that the authors termed “plastisphere”)
attached to fragments of PP and PE, which appeared to be
highly represented by prokaryotic and eukaryotic pho-
totrophs (the cyanobacteria Phormidium and Rivularia, as
well as numerous diatoms such as Navicula, Nitzschia, Sel-
laphora, Stauroneis and Chaetoceros) and typical free-liv-
ing bacterial taxa (e.g., Pelagibacter). They also highlighted
a remarkable presence of other protists and showed, by
combining SEM and NGS, a colonization by stalked suc-
torian ciliates covered with bacteria. Moreover, they also
identified a “core” plastisphere community that included
hydrocarbon-degrading bacteria (Phormidium sp.,
Pseudoalteromonas sp. on PP and PE fragments, and Hy-
phomonadaceae on PMD and PP), pointing out a possible

role of plastic-inhabiting microbes in the degradation of
those polymers. Oberbeckmann et al. (2016) observed the
changes in plastic-associated microbial communities after
deploying PET drinking bottles in different stations and sea-
sons in the North Sea. Although abundant PET-colonizing
taxa belonged to the bacterial phylum Bacteroidetes (e.g.,
Flavobacteriaceae, Cryomorphaceae, Saprospiraceae) and
to the diatoms Coscinodiscophytina and Bacillariophytina,
PET-colonizing prokaryotic and eukaryotic communities
varied greatly with space and time. These results, and the
comparison of PET communities with glass-colonizing
communities in the same experiment, suggested that micro-
bial assembly on plastics is both driven by conventional ma-
rine biofilm processes (thus, not necessarily by a selection
of plastic-specific colonizers), although a small proportion
of taxa (members of the Cryomorphaceae and Alcanivo-
raceae) were significantly discriminant of PET, leading to
speculate that these groups may directly interact with the
PET substrate. In the recent study by Bryant et al. (2016)
in the North Pacific Subtropical Gyre, plastic-attached com-
munities were shown to be dominated by few metazoan
taxa and by several photoautotrophic and heterotrophic pro-
tists and bacteria. Bryozoa, Cyanobacteria, Alphaproteobac-
teria and Bacteroidetes dominated on all the plastic items.
As similarly observed for bacterial taxa by Zettler et al.
(2013), with the only major exception of Vibrionaceae, and
confirmed by Bryant et al. (2016) after reannotation of their
amplicon data, the authors identified the most abundant
prokaryotic groups as Cyanobacteria (belonging to genera
Phormidium, Rivularia and Leptolyngbya) and Alphapro-
teobacteria (with Rhodobacteraceae and Hyphomon-
adaceae as the most represented families), followed by
Flavobacteriia, Cytophagia, Sphingobacteriia, Gamma-
and Deltaproteobacteria. In only one sample, the Bac-
teroidetes genera Tunicatimonas and Tenacibaculum made
up approximately 10% of one sample.

Only few, recent studies described the composition of
microbial assemblages on plastic items retrieved from sed-
iments. In a two-weeks experiment of exposure of mi-
croplastics in sediments of the North Sea, Harrison et al.
(2014) found that the dominant colonisers on LDPE (Low
Density PolyEthylene) microplastic belonged to the genera
Arcobacter and Colwellia. Seafloor plastic samples col-
lected in the North Sea by De Tender et al. (2015) showed
a wide variation in bacterial community composition, with
a dominance of Alpha- and Gammaproteobacteria and
Bacteroidetes. De Tender et al. (2017) explored the taxo-
nomic composition of bacterial (and fungal) communities
on PE plastic sheets and dolly ropes during long-term ex-
posure on the seafloor, at a harbor and at an offshore loca-
tion in the North Sea. Bacterial communities on PE sheets
in the harbor changed over time, with a gradual decrease
in the relative abundance of primary colonizers (Alpha-
and Beta-proteobacteria) and an increase in secondary col-
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onizers (Bacteroidetes), according to previous studies
(Dang and Lovell, 2000; Lee et al., 2008; Lobelle and
Cunliffe, 2011; Oberbeckmann et al., 2015). The core bac-
teriome included the generaArenicella and Methylotenera,
in addition to Sulfurovum and Maritimimonas in the early
stage, Robiginitomaculum in the middle stage, and Sulfi-
tobacter and Psychroserpens in the late stage of exposure.
A different picture was observed in the offshore waters,
where the bacterial community was dominated by
Flavobacteria and Gammaproteobacteria, and no temporal
changes could be observed. In the offshore, the core mi-
crobiome included Bacteroidetes (Flavobacteriaceae) and
Proteobacteria (Caulobacterales, Hyphomonadaceae
Rhodobacteraceae and Alcanivoracaceae).

PLASTICS DEGRADATION BY MARINE
MICROBES

Owing to the slow rates of degradation and breakdown,
marine plastics can persist long in the environment; how-
ever, real data on the kinetics of mineralization of plastics
in the marine environment are still virtually not existent
(Andrady, 2011). Rates of conventional plastics (i.e., those
plastics derived from petrochemicals) degradation by bac-
teria performed even in optimized laboratory conditions are
extremely slow (reviewed in Krueger et al., 2015), indicat-
ing that plastics is highly recalcitrant to biodegradation. Re-
cent studies, based on scanning electron observations of the
surface of plastic particles, have pointed out the potential
role of marine bacterial populations in contributing to plas-
tic degradation, thus potentially intervening in the fragmen-
tation dynamics (Zettler et al., 2013). This hypothesis is
based on the evidence that pits visualized in the plastic de-
bris conformed to bacterial shapes, thus suggesting an ac-
tive hydrolysis of the hydrocarbon polymer. This finding
was later confirmed by Reisser et al. (2014) in another
study carried out in Australia in a wide number of coastal
and oceanic plastic samples. The more recent evidences for
plastic degradation and assimilation by the bacterium
Ideonella sakaiensis, that is able to efficiently convert PET
into its two environmentally benign monomers (tereph-
thalic acid and ethylene glycol) (Yoshida et al., 2016), are
providing further impetus to perform research in this area,
and are suggesting the ecological and biotechnological im-
portance of exploiting novel polymer-degrading taxa that
are likely to populate the terrestrial and aquatic ecosystems.

The ability of microbes to degrade plastic is known
since several decades, with the first studies reporting the
ability of certain bacteria and fungi to degrade plastic poly-
mers (Harvey et al., 1949; Booth et al., 1968). Insights into
the distribution, identity and potential of plastic-degrading
microbes in the marine environment have been later re-
ported over the following decades. Most of those studies
have been based on the isolation and in vitro testing of sin-

gle strains isolated from the marine environment and the
nearby areas. Balasubramanian et al. (2010) recently iso-
lated, by enrichment techniques from samples consisting
of degraded polyethylene and soil in plastic waste dumped
sites in the Gulf of Mannar (India), bacteria (identified as
Arthrobacter sp. and Pseudomonas sp.) that efficiently de-
grade high-density polyethylene (HDPE). Several compre-
hensive reviews have been focused on the microorganisms
and their enzymes that are able to degrade petroleum-based
plastic polymers (Shah et al., 2008; Sivan, 2011), or on the
types and mechanisms of degradation, including biodegra-
dation, and the factors that influence these processes (Singh
and Sharma, 2008). Krueger et al. (2015) have provided a
comprehensive overview of the current knowledge on the
enzymes implicated in the biodegradation of conventional
plastics, as well as on the mechanisms of biodegradation
of several of the most common plastic types, both hy-
drolysable and non-hydrolysable. They also state that, de-
spite the increasing amount of studies performed in the last
decades, information about biodegradation and the bio-
chemical breakdown of synthetic, persistent conventional
plastics is still scarce. Plastic degradation by microbes is
believed to occur through different pathways, depending
also on the type of polymer. Restrepò-Flòrez et al. (2014)
recently provided a review on the microbial degradation of
PE, highlighting that biodegradation of this type of plastic
is complex and not fully understood, and that its biodegra-
dation in the environment maybe a cooperative process,
mediated by different interacting types of microorganisms. 

While several studies have been performed in vitro fol-
lowing isolation of plastic degraders, studies of microbial
degraders of plastic items performed directly in the marine
environment are rarer. In a recent study, Bryant et al. (2016)
identified, in the North Pacific Gyre, a number of putative
xenobiotic biodegradation genes that were significantly
more abundant on the plastic-attached microbes rather than
on the non-attached microbes that lived in the surrounding
seawater. These genes included including homogentisate
1,2-dioxygenase, N-ethylmaleimide reductase, a cy-
tochrome P450 and 2,4-dichlorophenol 6-monooxygenase.
In particular, homogentisate 1,2-dioxygenase is an enzyme
that has been implicated in the degradation of polycyclic
aromatic hydrocarbons, as well as styrene, while 2,4-
Dichlorophenol 6-monooxygenase is a hydroxylase in-
volved in the degradation of chlorinated aromatic
pollutants. The genes encoding the two subunits of proto-
catechuate 3,4-dioxygenase, an aromatic-ring-cleaving en-
zyme implicated in lignin degradation, were also observed
in plastic metagenome samples. While the authors could
not discern whether these genes serve for microorganisms
residing on plastic debris to degrade plastics, or to co-me-
tabolize the adsorbed pollutants, this study is the first that
reported candidate genes that are likely involved in plastic
degradation in the oceanic environment. 
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To verify the presence and prevalence of plastic degra-
dation-related genes in marine microbial assemblages, we
looked for the presence and prevalence of GO (Gene On-
tology) terms and KEGG enzymes corresponding to these
genes (more details in Supplementary Tab. 2) within a set

composed by 13 selected metagenomes that are made avail-
able by the Ocean Sampling Day initiative (Kopf et al.,
2015), a project that simultaneously analyzed microbial
community composition and functional traits in more than
one hundred sites around the global coastal ocean (Fig. 2A).

Fig. 2.A survey of the presence and the prevalence, within marine metagenomes from coastal sites, of microbial genes that are potentially
associated with plastic degradation. A) Location of the 13 sampling sites in the coastal ocean considered in our study. B) and C) Presence
and distribution of the gene “homogentisate 1,2-dioxygenase” and “protocatechuate 3,4-dioxygenase” in the different sites, reported as
number of observations of the corresponding GO terms (B) and KEGG Enzyme (C). The metagenomes here analyzed are taken from the
Ocean Sampling Day (OSD) database available here: https://www.ebi.ac.uk/metagenomics/projects/ERP009703. “InterPro matches” and
“Complete GO annotation” files were downloaded from the following link: https://www.ebi.ac.uk/metagenomics/projects/ERP009703.
The OSD site original name were here changed for facility of reading as follows: OSD4, Naples; OSD5, Crete; OSD7, Papeete; OSD28,
Bengala Gulf; OSD37, Miami; OSD56, Hawaii; OSD69, Marghera Port; OSD95, Singapore; OSD96, Azores; OSD106, Iceland; OSD111,
Rio de Aveiro; OSD123, Shikmona; OSD124, Osaka. More details about the samples, including information about the total MG reads
number and the total GO annotated terms per each of the samples, are provided in Supplementary Tab. 1. The map and barplots were
obtained with the ‘maps’ (https://CRAN.R-project.org/package=maps), ‘ggplot2’ (http://ggplot2.org), ‘ggrepel’ (http://github.com/slowkow/
ggrepel) and ‘ggplot2’, ‘reshape2’ (http://www.jstatsoft.org/v21/i12/paper) and ‘RColorBrewer’ (https://CRAN.R-project.org/package=
RColorBrewer) packages, respectively, using the R programming language and environment (R Core Team, 2017).
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The results are shown in Fig. 2B (for GOs) and 2C (for
KEGG). The results showed that neither KEGG enzymes
nor GO terms related to 2,4-dichlorophenol 6-monooxyge-
nase, N-ethylmaleimide reductase and cytochrome
p450/NADPH-cytochrome p450 reductase were observed
throughout the dataset. On the other hand, KEGG enzymes
and GO terms observations for homogentisate 1,2-dioxy-
genase-related counts ranged from 4 (Azores) to 92
(Hawaii) while, for the protocatechuate 3,4-dioxygenase,
these were only observed as GOs in the samples from
Naples (n=2), Miami (n=4), Hawaii (n=1) and Singapore
(n=1) and, as KEGG enzymes, ranged from 0 (Crete and
Osaka) to 13 (Naples). Homogentisate 1,2-dioxygenase-re-
lated GO terms and enzymes were found in all the consid-
ered samples, with the highest number observed in sites
such as Hawaii, Miami, Naples and Shikmona (Fig. 2B and
C). These sites are known in the literature to be particularly
polluted by plastics (Eriksen et al., 2014; van der Hal et al.,
2017). Protocatechuate 3,4-dioxygenase - related GO terms
were found in Hawaii, Miami, Naples and Singapore (Fig.
2B). KEGG enzymes codes for the same function were re-
trieved in all the samples except for Crete and Osaka, with
the highest number of observations observed in Hawaii,
Naples, Miami, Marghera and Iceland (Fig. 2C). Although
it is not possible to link directly these metagenomic data
with plastic degradation processes occurring in the studied
sites, these results suggest that degradation potential for
plastic debris is ubiquitously present in marine microbial
assemblages from almost all the coastal ocean, and that the
relative abundance of microbial degrading genes could be
related to the magnitude of plastic pollution within each
site. Further studies are required, combining omics tech-
niques with in situ degradation rate measurements, to fully
elucidate the potential of plastic breakdown of marine mi-
crobial assemblages.

CONCLUSIONS AND FUTURE PERSPECTIVES
OF RESEARCH

Whether microbial plastic degradation or the use of
plastic-associated chemicals are relevant processes in the
oceans, and which environmental factors are able to in-
fluence these activities, are fundamental, yet still unan-
swered questions. Little is known about the identity of
microbes that colonize macro- and microplastic debris in
the ocean, and on their ability to degrade, transform or
eventually assimilate plastics in the marine environment,
including the time scales of degradation and the type and
fate of the degradation products. A recent study has shown
that tailored indigenous marine communities comprising
polymer and hydrocarbon degrader species had the poten-
tial to degrade naturally weathered PE films, suggesting
a more relevant role for microbial consortia, rather than
single bacterial species, to degrade recalcitrant plastic

(Syranidou et al., 2017). The potential applications of the
results gathered from researches on plastic-degrading mi-
crobially-mediated processes are not straightforward. In
fact, the use of plastic-degrading microbes in the frame
of large-scale applications to clean the ocean is obviously
not a feasible strategy and, analogously, the use of plas-
tic-degrading microbes is today not a reliable and effec-
tive alternative to conventional plastic recycling, that is
based on plastic melting and regeneration. However, as
the system of plastic recycling is still not fully exploited
and optimized, the potential of microorganisms to degrade
plastic has to be explored to learn more about degradation
pathways, to ensure the safer disposal of plastic waste (via
biodegradation), and to develop materials that decompose
more readily than conventional plastic polymers. In addi-
tion, ecological research in this area is necessary to better
understand the fate and the residence times of plastic
waste in the ocean, and to predict the ecological conse-
quences of plastic and microplastics as they are trans-
ported through the global ocean, and down to its interior
(Oberbeckmann et al., 2015). Further microbiological re-
search should be focused on studying plastic degraders in
all marine habitats, including those habitats where plastic
may accumulate (such as sediments), to exploit the poten-
tial of consortia to degrade and mineralize these com-
pounds, and to combine in vitro and field studies with
omics technologies to decipher the processes of microbial
biodegradation.
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