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Abstract Synthetic polymers, commonly named plastics, are
among the most widespread anthropogenic pollutants of marine,
limnic and terrestrial ecosystems. Disruptive effects of plastics
are known to threaten wildlife and exert effects on natural food
webs, but signs for and knowledge on plastic biodegradation are
limited. Microorganisms are the most promising candidates for
an eventual bioremediation of environmental plastics.
Laboratory studies have reported various effects of microorgan-
isms on many types of polymers, usually by enzymatic hydroly-
sis or oxidation. However, most common plastics have proved to
be highly recalcitrant even under conditions known to favour
microbial degradation. Knowledge on environmental degrada-
tion is yet scarcer. With this review, we provide a comprehensive
overview of the current knowledge on microbiological degrada-
tion of several of the most common plastic types. Furthermore,
we illustrate the analytical challenges concerning the evaluation
of plastic biodegradation as well as constraints likely standing
against the evolution of effective biodegradation pathways.
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Introduction

Plastic materials occupy a specific position in the spectrum of
anthropogenic chemicals of environmental concern.

Commonly, the (eco-)toxicological hazard associated with a
chemical is approximated as the product of a measure of ex-
posure and a measure of its undesired effects. Extensive ex-
posure of organisms and ecosystems to plastic materials is
obvious these days. Large-scale pollution has been reported
for terrestrial and marine environments (Castaneda et al. 2014;
Jambeck et al. 2015) and is a result of the mass production of
synthetic polymers that began in the last century and the fact
that plastics contribute roughly 10 % of all (properly and im-
properly) deposited waste (Barnes et al. 2009), in concert with
their deliberate longevity. A recent study estimated an annual
input of 4.8 to 12.7 million metric tons (MMT) of plastic
waste into the ocean (Jambeck et al. 2015), thereby contribut-
ing 60 to 80 % of marine macro- and mega debris (Gregory
and Ryan 1997). The lack of direct toxicity of polymeric sub-
stances, on the other hand, may explain the thoughtlessness
with which synthetic polymers have been wasted and the se-
renity with which plastic pollution, e.g. of the marine environ-
ment, has been accepted for decades. This attitude has been
changing in the recent past, triggered by reports about wide-
spread killing of marine wildlife by plastic debris (Derraik
2002). For plastic materials, it appears more obvious than
for any other class of pollutants that our planet is not in bal-
ance regarding their environmental input and removal. It has
even been suggested that all plastic, except that incinerated,
may still be around (Thompson et al. 2005), a view that we
cautiously contest in this review. The present situation of a
global plastic pollution that is already regarded as unaccept-
able in concert with unabatedly increasing production rates
(PlasticsEurope 2015b) demands stricter regulation of the
use and handling of synthetic polymers. Consequently, possi-
bilities for the ban or higher taxation of plastic bags in the
European Union have recently been agreed on (EU 2014).

In this context, we examine the extant literature for indica-
tions of biological degradation of recalcitrant plastic materials
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in the aquatic and terrestrial environment. Whereas physical
weathering of plastic due to mechanical stress, sometimes
preceded by the leaching of chemical plasticisers is well doc-
umented (Cozar et al. 2014), information about biodegrada-
tion of synthetic polymers is still scarce. We will thus also
reflect about principle obstacles for the biochemical break-
down of plastic and prospects based on theory-driven consid-
erations. This review will briefly address the problems asso-
ciated with environmental pollution with conventional plastic
materials (chemical structures depicted in Fig. 1), consider the
physico-chemical and biochemical reasons of their recalci-
trance, give a systematic overview about recent advances re-
garding biodegradation of major classes of plastics and pro-
pose options for the management of plastic pollution. We will
address the microbial degradation of the so-called bioplastics
only shortly, due to the focus of this review on persistent
conventional plastics and in regard of their comparatively little
economic importance. For more in-depth discussion of the
biodegradation of bioplastics, readers are referred to reviews
by Shah et al. (2008) and Tokiwa et al. (2009). Due to the lack
of literature information and the low promise of degradability,
we will furthermore exclude silicon-based polymers and
polyfluorinated polymers.

Overview on plastics in the environment

Major types and amounts of plastics and their ways
into the environment

Most of the plastic types in use today entered large-scale pro-
duction around the middle of the 20th century. Industrial pro-
duction of polystyrene (PS) and polyvinyl chloride (PVC)
began around 1930, polyamides, polyurethane (PUR) and

polyethylene (PE) later in the 1930s and polyethylene tere-
phthalate (PET) and polypropylene (PP) followed during the
1940s and 1950s (Andrady and Neal 2009; Howard 2002).
Ever since, plastics manufacturing has been a steadily grow-
ing industry, reaching a production volume of 299 MMT in
2013 (PlasticsEurope 2015b) with PE, PP, PVC, PS, PET,
PUR and polyamides contributing 82, 57, 39, 18, 18, 14 and
3 MMT, respectively (PlasticsEurope 2015a). So-called
bioplastics (the term does not inevitably imply biodegradabil-
ity but indicates a partly or fully biomass-based origin (Vert
et al. 2012)) play a rather negligible role with production vol-
umes of just 1–2 MMT. About 60 % of them are non-
biodegradable polymers (European Bioplastics 2013; OECD
2013; Storz and Vorlop 2013).

After having fulfilled its intended purpose, a plastic item
will follow either of three pre-determined paths. Recycling,
i.e. reuse of the material for the production of new plastic
items is the most environmentally benign path. Another path
is burning to recover its energy content. The remaining plastic
waste goes to landfills, where it is permanently buried. The
fractions of all plastics following each path vary substantially
between different countries and regions. In Europe, in 2012
approximately 26 % of plastic wastes were recycled, 36 %
burned for energy recovery and 38 % deposi ted
(PlasticsEurope 2015b), whereas in the USA in the same year,
only 9 % were recycled (no distinct value for energy recovery
available) (EPA 2014).

Unfortunately, plastic materials get lost at all steps of their life
cycle and enter the environment. Large amounts end up in the
open oceans, either being dumped there directly or being washed
or blown from the land into the sea. There, multiple processes act
on plastic items. Combinations of weathering by light, seawater,
mechanical action and possibly biota cause the fragmentation of
larger plastic items to smaller scales eventually giving rise to so-
called microplastics smaller than 5 mm (Arthur et al. 2009;

Fig. 1 Chemical structures of the polymers covered in this review. Nylon-6 is depicted as a representative of the polyamide class. R1 the di-isocyanate
part in PUR, R2 the polyol moiety in PUR
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Cooper and Corcoran 2010; O’Brine and Thompson 2010;
Thompson et al. 2004). Although most plastics are buoyant,
colonisation by marine organisms may eventually cause them
to sink deeper into the ocean, affecting the submarine envi-
ronment and compounding efforts to quantify marine plastic
pollution (Song and Andrady 1991). Eventual degradation of
these materials by microorganisms has been suggested (Zettler
et al. 2013). However, the efficacy of plastic biodegradation is
a largely unsolved question. Virtually all types of plastics have
already been identified in marine debris, such as polystyrene
production beads, polyethylene microplastics and polyester fi-
bres (Colton et al. 1974; Ng and Obbard 2006; Woodall et al.
2014). Most of these plastics are thought to be highly resistant
to biodegradation (see ‘Biodegradation of hydrolysable plas-
tics’ and ‘Biodegradation of non-hydrolysable plastics’)
resulting in lifetimes of decades or even centuries (Derraik
2002; Ryan and Moloney 1993).

Knowledge on the total amount and distribution of
plastics in the marine environment is extremely limited.
Thompson et al. (2004) accordingly asked ‘Where is all
the plastic?’ and pointed to microplastics that previously
had received less attention than larger plastic debris.
However, questions about the quantities of plastic debris in
the oceans have mostly been addressed in recent years. For
the eastern Pacific Ocean, Law et al. (2014) calculated at
least 21,000 t of microplastics in surface waters, based on
plankton sampling from 2001 to 2012. Cozar et al. (2014)
calculated an amount of 10,000–40,000 t of plastic debris
afloat in the oceans, based on data from sampling at 141
sites in the oceans in 2010–2011 and literature data.
Compared with other estimates, this amount appears to be
extremely low, but it highlights the large uncertainty about
this issue. At the same time, Eriksen et al. (2014) reported
approximately 270,000 t of macro- and microplastics in the
open oceans, stating this to be a conservative estimate. Still,
even this estimate appears to be rather low, given the cumu-
lative production of several billion tons of plastics during the
last decades and the fact that only a minor proportion had
been burned or recycled. Recently, Jambeck et al. (2015)
calculated that a range of 4.8–12.7 MMT of plastics enters
the oceans annually, which is almost two orders of magni-
tude above the cumulative estimate by Eriksen et al. (2014).
Consequently, the fate of the vast majority of the annual
plastic input to the oceans is currently unknown. The prob-
ably most-important sink for the missing plastics is the deep
sea (Goldberg 1997), which has indeed been reported to be
lit tered by macro- and microplastic debris (Van
Cauwenberghe et al. 2013; Woodall et al. 2014). The final
fate of plastic particles in the deep sea is unknown, but the
observation that most conventional plastics are extremely
recalcitrant to biodegradation even under optimised labora-
tory conditions (see ‘Biodegradation of hydrolysable
plastics’ and ‘Biodegradation of non-hydrolysable

plastics’ and Table 1 for those rates of microbial degrada-
tion of plastics to be considered as comparatively high) makes
it appear unlikely that considerable biodegradation takes place
in deep sea sediments. Most likely, plastic debris is there to
stay for a long time.

Environmental, health and aesthetic problems associated
with plastic pollution

Reports about effects of environmental pollution with plas-
tic materials have been skyrocketing in the last few years.
Several categories of effects on organisms and ecosystems
can be distinguished. (i) Aesthetic problems resulting from
macroscopic items have been recognised for the longest
time and are commonly considered as a nuisance rather
than a hazard. (ii) Large plastic objects may also threaten
the life of animals in several ways. Entanglement of ani-
mals in fishnets or plastic foil restricts their mobility, which
in an extreme case keeps marine mammals and turtles from
breathing at the surface and leads to drowning. Ingested
plastics may also remain in the digestive tract of animals,
reducing the quantity of food that can be taken up and
thereby reducing animal fitness (Derraik 2002). Plastic
items may furthermore lead to choking when they occlude
the respiratory system. (iii) More recently, hazards arising
from microscopic remnants of plastic objects have been
recognised. Leaching of plasticisers and ultraviolet (UV)
irradiation render synthetic polymers brittle and the action
of waves or grinding on beaches lead to their fragmentation
to small and minute particles (Barnes et al. 2009). These
particles have often been found in the intestinal tracts of
birds, fish and various invertebrates. Various negative ef-
fects have been associated with microplastics taken up by
animals, but many effects are still poorly understood (Cole
et al. 2011). Even smaller particles, such as microsized
abrasives or microplastics used as ingredients in cosmetic
products may enter the food chain at earlier stages and be
transferred to higher trophic levels (Setala et al. 2014). (iv)
Danger may also arise from additives such as plasticisers,
which leach out from plastics thereby becoming bioavail-
able and exerting their toxicity to target organisms
(Rochman et al. 2014). Similarly, many synthetic polymers
are potent sorbents of hydrophobic environmental
chemicals, which they may strongly accumulate, transport
and release to recipient organisms, e.g. after being ingested
(Bakir et al. 2014; Chua et al. 2014). (v) Plastic materials
have also been recognised as substratum and vector of
microbial biofilms constituted of microbial assemblages dif-
fering from those in the surrounding ocean. The possible
involvement of plastics in the long-distance transport of
pathogens and invasive species has been suggested
(McCormick et al. 2014; Zettler et al. 2013).
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Microbial degradation of plastics—limitations,
options and prospects

Analytical challenges

Plastics are usually solids, often containing biochemically in-
ert structures reducing the observable rates of transformation
or degradation. Secondly, the bioavailability of the densely
cross-linked polymers is quite limited as its accessibility for
microbes or enzymes (Tables 1 and 2) is restricted to the
outermost layer of the plastic items. Finally, the solid nature
poses difficulties as to the unambiguous detection of their
biological attack, which has to rely on either the determination
of mass loss, the identification of surface modifications, the
appearance of metabolites or the observation of microbial
growth at the expense of the polymer.

Colourimetry and even simple visual observation can be
applied to detect colour changes of biochemically altered plas-
tics (Ali et al. 2014; Pastorelli et al. 2014). Surface deteriora-
tions are monitored using scanning electron (SEM) and some-
times also atomic force microscopy (AFM) (Harrison et al.
2014; Santana et al. 2012; Yang et al. 2014). However, such
rather rough morphological characterisations are of limited
explanatory power.

Various quantitative methods for the assessment of biodeg-
radation of plastics based on standardised tests conducted with

different types of inocula (e.g. activated sludge, compost, ma-
rine samples, single microbial strains, microbial consortia)
have been reviewed before (Eubeler et al. 2009). However,
frequently monitored parameters such as CO2 (and sometimes
also CH4) evolution and O2 (or dissolved oxygen) consump-
tion are not specific. They further may remain meaningless if
productive degradation processes are very slow and in case of
cometabolic biotransformations (compare following section).
Analysing the biodegradation of radiolabelled plastics
(Eubeler et al. 2009) is compound specific, but complicated
by only rarely available plastics with a radioactive label and
the related requirements for analytical instrumentation and
safety measures. Quantitative insights into alterations of plas-
tics further can be retrieved from analyses of various proper-
ties of the parent plastics, which will be briefly introduced in
the following. These methods require the removal of poten-
tially interfering microbial biomass, which is frequently ob-
served to form close associations with plastic materials (Ali
et al. 2014; Yang et al. 2014). Gravimetric determinations of
weight losses are often performed to gather first evidence for
biodegradation (Agamuthu and Faizura 2005; Arkatkar et al.
2009; Eubeler et al. 2009). Gravimetry, however, may not be
sensitive enough if biodegradation is slow and would over-
look biochemical alterations not leading to mass losses.
Moreover, gravimetry may lead to false-positive results
caused by biodegradation or leaching of additives like, e.g.

Table 1 Examples of microbial degradation of synthetic polymers observed under laboratory conditions and in the environment

Polymer Conditions Microorganisms used Experimental
period

Gravimetric weight
loss (%)

Molecular mass
reduction (%)

Reference

PE Defined medium Bacillus sp. 60 days 10.7 ca. 13 Yang et al. (2014)

Sea watera Native community 12 months 1.6–1.9 NR Artham et al. (2009)

PP Defined medium Engyodontium album 12 months ca. 5 NR Jeyakumar et al. (2013)

Sea watera Native community 12 months 0.65 NR Artham et al. (2009)

PS Defined medium Rhodococcus ruber 56 days 0.8 NR Mor and Sivan (2008)

Soilb Native community 112 days 1.5–3 NR Sielicki et al. (1978)

PVC Defined medium Fungal isolates 28 days NR 2–11 Ali et al. (2014)

Soila Native community 10 months NR NR Ali et al. (2014)

Nylon Defined medium White-rot fungus IZU-154 20 days NR 95c Deguchi et al. (1997)

Sea watera Native community 21 days 80d NR Tachibana et al. (2013)

PUR Defined medium Comamonas acidovorans 7 days 48–100e NR Nakajima-Kambe et al. (1995)

Landfill leakage waterb Native community 3 months 4–35e; 2–4f NR Filip (1978)

Gravimetric weight loss andmolecular mass reduction are used as evidence for biodegradative effects. PET is left out as we are not aware of any literature
report on PET biodegradation either by pure microorganism cultures or in the environment

NR not reported
a Environment
b Laboratory conditions
c Nylon-6,6
dNylon-4
e Polyester-PUR
f Polyether-PUR
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plasticisers, which are not part of the polymer network, and in
case of fragmentation of parent plastics into smaller pieces,
which then may not completely be recovered from the respec-
tive test system, e.g. compost systems (Eubeler et al. 2009),
prior to weight determination. Changes in physical properties
such as tensile strength and relative elongation are also used to
monitor the degradation of plastics (Agamuthu and Faizura
2005; Eubeler et al. 2009; O’Brine and Thompson 2010;
Tosin et al. 2012). Thermogravimetric analysis (TGA) may
indicate altered thermal stability resulting from biological ac-
tivity (Jeyakumar et al. 2013), whereas increased surface hy-
drophilicity resulting frommicrobial oxidation can be inferred
from contact angle measurements (Santana et al. 2012).
Decreases in molecular mass indicating depolymerisation re-
actions are frequently recorded using gel permeation chroma-
tography (GPC) and viscosity measurements (Ali et al. 2014;
Klun et al. 2003), and changes in the degree of crystallinity of
plastics can be followed with differential scanning calorimetry
(DSC) and X-ray diffraction (XRD) analysis (Klun et al.
2003; Volke-Sepulveda et al. 2002).

A more de ta i led informat ion wi th respec t to
biocatalytically induced alterations of the chemical structures
of parent plastics and their possible breakdown products can
be derived from, e.g. Fourier transform infrared (FTIR) spec-
troscopy, microattenuated total reflectance/Fourier transform
infrared (micro-ATR/FTIR) imaging, X-ray photoelectron
spectroscopy (XPS), nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry mass (MS)-based detec-
tion methods (Biffinger et al. 2014; Deguchi et al. 1998; Jeon
and Kim 2013; Yang et al. 2014). For instance, XPS, micro-
ATR/FTIR imaging and FTIR spectroscopy all can detect the
formation of oxygen-containing functional (carbonyl) groups
resulting from, e.g. bacterial oxidation of PE films (Jeon and
Kim 2013; Yang et al. 2014). FTIR spectroscopy can also be
used to monitor microbial dehydrogenation reactions, e.g. of
PE (Jeon and Kim 2013) and to substantiate the mode of
biodegradation of e.g. the polyester PUs, where a preferential
hydrolysis of the ester component was inferred from an
increase in the NH to carbonyl peak ratio of the remain-
ing solid polymer (Biffinger et al. 2014). NMR analysis
of fungal nylon-6,6 degradation yielded breakdown
products with end groups like –CH3, −NHCHO and –
CHO, which are indicative of the oxidative cleavage of
C–C and C–N bonds (Deguchi et al. 1998). NMR also
detected γ-aminobutyric acid (GABA) oligomers and
GABA as products of the bacterial hydrolysis of amide
bonds in nylon-4 (Yamano et al. 2008). Water-soluble
products of microbial PE degradation were recorded
using MS (Yang et al. 2014).

Known drawbacks of the currently applied methodology
for assessment of plastics biodegradation, in particular those
related to a very low reactivity of the insoluble polymers and
only little analytical specificity and sensitivity (Eubeler et al.T
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2009), would have to be overcome in the future. Sophisticated
and sensitive analytical methods suitable to combine the quan-
tification of the elemental composition of plastics surfaces
with related structural information, e.g. XPS, enable the quan-
tification of rates of biochemical reactions involving polymer-
ic structures of plastics, even if such reactions proceed very
slowly and do not immediately result in substantial amounts
of easily detectable metabolites or mass losses. Non-
destructive and chemically selective analytical techniques
such as Raman spectroscopy, which enables to investigate
the cellular uptake and intracellular fate of xenobiotics and
has for instance been used to quantify plastic particles of dif-
ferent size classes in aquatic sediments (Imhof et al. 2013,
2012; Kann et al. 2015), may be applied to track biodegrada-
tion (and also other degradative processes).

Reasons for the poor biodegradability of plastics
and prospects for microbial adaptation

The solid nature of plastics leads to extremely low bioavail-
ability, since only a minute fraction of the polymer is exposed
to potential degrader organisms. Plastics hence are poor
growth substrates, including even those types possessing well
biodegradable structural elements such as amide and ester
bonds (Biffinger et al. 2014; Loredo-Trevino et al. 2012;
Negoro et al. 2012) and despite their high-energy content
and favourable electron donor quality. Poor bioavailability is
not only an obstacle for biodegradation but can also be
regarded as unfavourable for the evolution of productive deg-
radation pathways. This view is supported by the general ob-
servation that productive degradation pathways are rare also
for other groups of rarely bioavailable pollutants. Examples
include the so-called micropollutants (or emerging contami-
nants), a chemically heterogeneous group of chemicals com-
prising industrial chemicals, pesticides, pharmaceuticals and
components of personal care products (PPCPs). Their quality
as driver of biochemical evolution is likely restricted by the
typical minute concentrations occurring in the aquatic envi-
ronment (ng/l to the lower μg/l range) (Kümmerer 2011;
Murray et al. 2010). As a consequence, micropollutants are
insufficiently degraded in wastewater treatment plants, and
microbes capable of utilising them as growth substrates appear
to be rare (Harms et al. 2011; Kümmerer 2011; Lapworth et al.
2012; Silva et al. 2012). Also, only a few microbes grow on
poorly bioavailable high molecular mass polycyclic aromatic
hydrocarbons (PAHs) with five or more aromatic rings
(Harms et al. 2011). Notwithstanding, PAHs, many
micropollutants and notably most plastics are good potential
energy sources.

Unfavourable (i.e. too high) C/N ratios may also potential-
ly limit the utilisation of plastics, an influence known from
composting of natural organic matter (Khalil et al. 2008; Prahl
et al. 1994). It remains to be elucidated whether the nitrogen

from the moderately biodegradable PUs and polyamides
(Fig. 1) could be assimilated by potential degraders, i.e. in
analogy to the microbial utilisation of certain pesticides and
other environmental pollutants as sole sources of nitrogen (Cai
et al. 2014; Guo et al. 2014; Wang et al. 2011). Both fungi and
bacteria have been found to attack plastics (Tokiwa et al.
2009), and representatives of either group have been reported
to grow on certain of the comparatively more easily degrad-
able polymers such as, e.g. polyester PURs and PE (Russell
et al. 2011; Yang et al. 2014).

An alternative to productive biodegradation might be
cometabolic biotransformation. Cometabolism dominates the
alteration of xenobiotics in fungi and is also found among
bacteria. It is commonly less compound specific than the pro-
ductive degradation of xenobiotics (Harms et al. 2011; Solé
and Schlosser 2014). Presently, the available information is
too limited to judge if cometabolic or productive degradation
of plastics prevails.

Another obstacle to microbial degradation of plastics
comes from their macromolecular structure, which necessi-
tates the extracellular initiation of breakdown into smaller
products suitable for cellular uptake and further
metabolisation. Hydrolysable plastics such as PURs, polyam-
ides and PET, which possess ester or amide bonds, can be
attacked by various extracellular hydrolases, which are related
to the lifestyle of their microbial producers (i.e. feeding on
natural macromolecules such as cellulose and proteins)
(Loredo-Trevino et al. 2012; Negoro et al. 2012; Roth et al.
2014). Extracellular microbial attack appears more complicat-
ed when non-hydrolysable synthetic polymers such as PE, PP,
PS and PVC are concerned. While in principle PE could be
oxidised and then further degraded analogously to the ß-oxi-
dation of n-alkanes between 10 and 50 C atoms, the involved
enzymes are intracellular, thus requiring initial molecular
mass reduction prior to cellular uptake and intracellular oxi-
dation (Restrepo-Florez et al. 2014). Reported reductions in
the molecular masses of PE catalysed by bacterial as well as
fungal extracellular laccases (Fujisawa et al. 2001; Santo et al.
2013) are thus of high interest.

With respect to particularly inert structural elements of cer-
tain plastics such as C–C or C–Cl bonds, two particular eco-
physiological groups of higher fungi (basidiomycetes) caus-
ing the so-called white-rot and brown-rot decay types of wood
and other lignocellulosic materials are of particular interest. To
access the lignocellulose polysaccharides, white-rot basidio-
mycetes employ an array of extracellular lignin-modifying
enzymes including manganese peroxidase (MnP), versatile
peroxidase (VP), lignin peroxidase (LiP) and the multi-
copper oxidase laccase to initiate the cometabolic decomposi-
tion of lignin and its mineralisation into CO2 and H2O
(Gutierrez et al. 2012; Hofrichter et al. 2010; Ruiz-Duenas
and Martinez 2009). Lignin resembles certain plastics in not
being hydrolysable and possessing structural elements such as
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non-phenolic aromatic rings, C–C and various ether bonds
(compare Fig. 1), which are oxidised and cleaved during lig-
nin degradation (Kim et al. 2011; Ruiz-Duenas and Martinez
2009). Such structural similarities might enable lignin-
modifying enzymes of white-rot fungi like laccase and MnP
to degrade the C–C bond-based PE and PP (Fujisawa et al.
2001; Iiyoshi et al. 1998; Jeyakumar et al. 2013). White-rot
fungi have also been shown to be active on comparatively
more easily biodegradable synthetic polymers such as poly-
amides (nylon), polyacrylates, polyacrylamides, polyvinyl
alcohol and phenolic resins (Gusse et al. 2006; Larking
et al. 1999; Stahl et al. 2000). Brown-rot fungi are thought
to use hydroxyl radicals, which are produced during extra-
cellular Fenton-type reactions maintained through redox cy-
cling of certain Fe(III)-reducing fungal hydroquinones and
catechols, as oxidants for the decomposition and acquisition
of especially the crystalline parts of cellulose. Hereby, also
aromatic lignin structures are attacked at different positions,
finally resulting in some extent of lignin modification
(Arantes et al. 2012; Daniel et al. 2008; Yelle et al. 2008,
2011). Moreover, such extracellular Fenton reactions have
been implicated in the fungal dehalogenation and hydrox-
ylation of chloro- and fluorophenols (Kramer et al. 2004;
Schlosser et al. 2000), in the dechlorination of further
chloroaromatics and chloroaliphatic compounds (Marco-
Urrea et al. 2009) and in the depolymerisation of the recal-
citrant ether polyethylene glycol (Kerem et al. 1999).
Hence, they may also enable the oxidation of recalcitrant
structures of plastics. Our own previous results have dem-
onstrated the depolymerisation of the polystyrene analogue
polystyrene sulfonate by hydroquinone-driven Fenton reac-
tions operative in brown-rot fungi (Krueger et al. 2015).

Biodegradation of hydrolysable plastics

Natural polymers like cellulose, chitin or proteins are typically
depolymerised via hydrolytic cleavage of the bonds linking
their subunits. Therefore, one might expect man-made poly-
mers with hydrolysable backbone structures to be easily bio-
degradable by hydrolytic means (Fig. 2; see Table 2 for
corresponding hydrolases). For many of the so-called
bioplastics, this is the case, leading to complete biodegrada-
tion in the environment within timescales ranging from days
to a fewmonths (Tokiwa et al. 2009). However, there are some
notable exceptions, which are unfortunately the most wide-
spread of the theoretically hydrolysable plastics: polyamides,
most notable among them nylon, polyethylene terephthalate
and polyurethanes.

Polyamides

Synthetic polyamides consist of repeating units linked by am-
ide bonds, which closely resemble the bonds in natural

proteins. When their constituents are aliphatic, polyamides
are commonly called nylons, but there are also semi-
aromatic or aromatic polyamides like the high tensile
strength para-aramid Kevlar™. Polyamides are typically
synthesised by condensation of a diamine with a dicarbox-
ylic acid or the self-condensation of a lactam or an
aminocarboxylic acid. Hydrogen bonds between the poly-
amide bonds of different strands stabilise the polymers,
whereas the chain length of the constituents, reflected by
the nomenclature, determines the bulk properties. The
most important polyamides are nylon-6,6, the polymer of
hexamethylene diamine and adipic acid, and nylon-6,
polycaprolactam (Acmite 2014). For nylon, two pathways
of biodegradation, i.e. hydrolysis or by oxidative cleavage
of the polyamide bond have been reported.

Nylon hydrolysis has been studied extensively using olig-
omers. Enzymes catalysing the hydrolysis are found in
Flavobacterium , Pseudomonas , Arthrobacter and
Agromyces strains (Negoro 2000; Ohki et al. 2005; Yasuhira
et al. 2007). InFlavobacterium, the three genes nylA, nylB and
nylCwere found to encode two nylon dimer hydrolases and an
endo-type nylon oligomer hydrolase (Negoro 2000). Negoro
et al. (2012) resolved the crystal structure of the oligomer
hydrolase NylC from Agromyces and demonstrated that a qua-
druple mutant was able to catalyse the depolymerisation of
polymeric nylon. However, it remains to be seen whether
nylon hydrolases can cause substantial degradation of poly-
meric nylon within a reasonable timeframe.

Oxidative attack on nylon-6,6 was first reported by
Deguchi et al. (1997) for the white-rot fungi IZU-154,
Trametes versicolor and Phanaerochaete chrysosporium.
Via NMR spectroscopy, the authors identified several prod-
ucts of oxidative degradation in nylon samples incubated with
the fungi, while they were unable to detect hydrolysis prod-
ucts. The observation that manganese improved degradation
pointed to the lignin-modifying enzymatic system of the fun-
gi, especially MnP, as the agents responsible for nylon bio-
degradation. This was confirmed by a subsequent report
(Deguchi et al. 1998), where a MnP from IZU-154 was puri-
fied and demonstrated to be responsible for the degradation,
although by a mechanism distinct from standard MnP action.
Later, degradation of nylon-6 by the white-rot fungi
P. chrysosporium and Bjerkandera adusta as well as the pos-
sible utilisation of the polymer as sole source of nitrogen for
mycelial growth was reported (Friedrich et al. 2007; Klun
et al. 2003).

In contrast to nylon-6 and nylon-6,6, biodegradation of
nylon-4 (poly-γ-aminobutyric acid) has been shown to be a
rather fast and simple process in soil and activated sludge
(Hashimoto et al . 1994; Kawasaki e t al . 2005) .
Pseudomonas strains producing hydrolytic exoenzymes have
been implicated in this biodegradation (Yamano et al. 2008).
These reports demonstrate that biodegradation of polyamide is
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strongly dependent on its exact composition and physico-
chemical properties.

Polyethylene terephthalate

PET is an aromatic polyester of terephthalic acid with ethylene
glycol. It is mainly used for the production of synthetic fibres,
e.g. in the textile industry, but probably better known for its
utilisation in plastic bottles, which also accounts for a substan-
tial part of the annual PET production.

For a long time, PET was regarded as inert to biolog-
ical degradation (Muller et al. 2001), which was attributed
to the high melting point of aromatic polyesters resulting
in low mobility of the polymer chains (Marten et al. 2003,
2005). Only in 2005, a hydrolase from the thermophilic
actinomycete Thermobifida fusca was reported to cause
weight losses of low-crystallinity PET films of approxi-
mately 50 % within 3 weeks at 55 °C (Muller et al.
2005). Since then, published reports mostly focused on
potential industrial applications, e.g. in recycling or fibre
modification. Ronkvist et al. (2009) reported that a
cutinase from the soft-rot fungus Humicola insolens was
capable of degrading 97 % of low-crystallinity PET films
within 96 h at 70 °C. A comparison of these results was
used to illustrate the importance of degradation tempera-
tures close to the glass transition temperature of the sub-
strate, stated to be 75 °C in both publications. However,
this observation also indicates large problems for environ-
mental PET biodegradation, as typical ambient tempera-
tures are much lower. When interpreting degradation rates,
it should be noted that time needed for the biodegradation

of solids strongly depends on the exposed surface to mass
ratio.

Cutinase enzymes have frequently been implicated in PET
hydrolysis (Chen et al. 2010; Kawai et al. 2014; Muller et al.
2005; Ronkvist et al. 2009). Their natural substrate cutin, a
main constituent of the plant cuticle, is a hydrophobic aliphat-
ic polyester of omega hydroxy acids (Purdy and Kolattuk
1973). Therefore, it is not surprising that cutinases are capable
of depolymerising the hydrophobic PET, at least to a certain
extent.

Hydrolytic PET biodegradation shows some parallels to
the depolymerisation of other, natural polymers, such as cel-
lulose. Crystallinity of the polymer has been shown to be a
crucial determinant for biodegradation, as highly crystalline
regions are resistant to hydrolysis, while more amorphous
regions are substantially more susceptible both in PET and
cellulose (Horn et al. 2012; Marten et al. 2003, 2005). This
effect has been attributed to the improved mobility of amor-
phous polymer chains in aqueous medium facilitating enzy-
matic action. Furthermore, cellulose-degrading enzymes have
long been known to be inhibited by the products of cellulose
depolymerisation, such as cellobiose and glucose (Gan et al.
2003). Similarly, Barth et al. (2015) recently demonstrated
that PET hydrolysis by the cutinase TfCut2 is inhibited com-
petitively by the PET hydrolysis intermediates mono- and bis-
2-hydroxyethyl terephthalate. Drawing an analogy to the
multi-component cellulose degradation system, the authors
suggested that these limitations could be overcome in biotech-
nological processes by the application of a second enzyme
with high affinity for the intermediate, which, however, is
not an option for environmental PET degradation.

Fig. 2 Pathways of polymer
biodegradation. Polymer
hydrolysis is contrasted with
oxidative degradation, which can
transform both hydrolysable and
non-hydrolysable polymers.
Green lines, functional groups,
including hydrolysable bonds
inside hydrolysable polymers.
Question mark so-far unknown
enzymes Abbreviations: Cut
cutinase, Nyl nylon hydrolase,
AlkB alkane hydroxylase, Lac
laccase, MnP manganese
peroxidase
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Polyurethane

PUR is a general designation for polymers composed of
polyol and polyisocyanate subunits linked by carbamate/
urethane bonds. PUR are best known as the material of a wide
variety of hard and soft foams. Depending on their compo-
nents, PUR can have vastly different properties, qualifying
them as either non-melting thermosets or thermoplastic poly-
mers. As PUR biodegradation has been reviewed extensively
(Cregut et al. 2013), we will cover only the most relevant
points and more recent findings here.

The polyol moiety appears to control PUR biodegradation.
Whereas polyether polyols make PUR highly recalcitrant,
polyester polyols result in high vulnerability to microbiologi-
cal activity, as already observed by Darby and Kaplan (1968).
Esterases and proteases are mainly involved in ester
cleavage (Howard 2002); whereas the urethane bonds
appear to be more stable against enzymatic hydrolysis,
they have also been found to be degraded enzymatically
(Akutsu-Shigeno et al. 2006).

Despite the vast number of PUR formulations, the anionic
polyester polyurethane colloidal dispersion Impranil DLN™
from Bayer Material Science has found widespread applica-
tion as a screening tool for PUR biodegradation activity
(Crabbe et al. 1994; Peng et al. 2014; Russell et al. 2011).
Its colloidal nature in aqueous solution permits use in agar
plate zone clearing assays. As an alternative, a novel plate-
based assay for the evaluation of biodegradability of PUR
coatings on ZnSe coupons by infrared spectroscopy has re-
cently been developed (Biffinger et al. 2014). Besides provid-
ing a useful tool for biodegradability evaluations, the authors
also demonstrated that the typical Impranil assays are not uni-
versally valid for PUR biodegradation, as neither a different
type of polyester PUR coating nor a polyether PUR coating
were affected by Pseudomonas protegens, which easily de-
graded Impranil.

Biodegradation of non-hydrolysable plastics

In contrast to the polymers described before, those polymers
with the highest production amounts lack one chemical fea-
ture that would allow a comparatively easy attack: hydrolys-
able bonds. Instead, they feature a backbone purely made of
C–C bonds with no reactive groups attached to it, leaving
(possibly radicalic) redox reactions as the only option to break
the polymer into smaller molecules that might be assimilated
or mineralised by microorganisms (Fig. 2).

Macromolecules inert to hydrolysis are quite common in
nature. In fact, lignin, a central component of the plant cell
wall, is considered as the second-most abundant natural poly-
mer. Various peroxidases, including most prominently MnP,
VP and LiP, multi-copper oxidases of the laccase group, as
well as Fenton processes driven by hydroquinone redox

cycling have been implicated in lignin biodegradation
(Lundell et al. 2010; Martinez et al. 2005; Ruiz-Duenas and
Martinez 2009; Suzuki et al. 2006), and MnP can also attack
even more recalcitrant, non-hydrolysable compounds like hu-
mic substances and brown coal (Hofrichter 2002). Some of the
aforementioned oxidative agents have also been reported to be
involved in plastics biodegradation (Table 2). However, lignin
is considerably easier to attack than plastic polymers, as its
partially oxidised constituents make it far more hydrophilic
and lower the redox potential required to successfully attack
parts of the macromolecule through the creation of more un-
even distributions of electron density. Bonds between subunits
of lignin usually have bond dissociation energies (BDE) be-
tween 160 and 300 kJ/mol in case of C–O ether bonds or
typically 240–425 kJ/mol (exceptions going up to 500 kJ/
mol) for C–C bonds (Elder 2013, 2014; Kim et al. 2011;
Younker et al. 2012). Synthetic plastics like PE, PP, PS and
PVC, on the contrary, have BDE in the range of 330–370 kJ/
mol in the C–C bonds of their backbones and 350–470 kJ/mol
for C–H bonds (Cheremisinoff 1989; Dick 2014; Knyazev
2007; Luo 2007; Valko et al. 1972). As the weaker bonds
are likely more susceptible to cleavage, these BDE values
show that synthetic plastics are considerably harder to attack
than lignin.

Polyethylene

Polyethylene is the most widespread synthetic polymer now-
adays. Basically, it consists of long hydrocarbon chains with
varying degrees of branching depending on its desired prop-
erties. Most prominently, PE is utilised for packaging, making
it especially prone to ending up in the environment when not
discarded properly. PE is regarded as highly resistant to deg-
radation, due to its unreactive C–C and C–H bonds, its hydro-
phobic nature, its high molecular weight and the lack of vul-
nerable chemical groups (Gautam et al. 2007). Nevertheless,
the amount of literature published on the issue suggests that
PE is still more easily degradable than the other prevalent
hydrocarbon polymers.

Biodegradation of PE has recently been reviewed by
Restrepo-Florez et al. (2014), so we will be brief on PE bio-
degradation. In many cases, abiotic pre-oxidation of the poly-
mer by UV light or heat has been suggested to play a crucial
role in the initiation of PE biodegradation (Albertsson et al.
1987; Gilan et al. 2004; Hadad et al. 2005). However, there are
also reports of substantial biodegradation without prior oxida-
tion, such as by a Pseudomonas species degrading 5 % of
untreated PE within 45 days (Tribedi and Sil 2013). Very
recently, a highly interesting report on the isolation of two
novel PE degraders from the Bacillus and Enterobacter genera
was published (Yang et al. 2014). The authors isolated these
organisms from a rather inventive source, namely the guts of
plastic-eating waxworms, and they demonstrated substantial
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biodegradation of virgin PE of up to 6.1 and 10.7 % weight
loss within 60 days for the Enterobacter and the Bacillus
strains, respectively. Other comparably effective de-
graders under laboratory settings are Rhodococcus ruber
and Brevibacillus borstelensis (Gilan et al. 2004; Hadad
et al. 2005).

Insight into the biological mechanisms underlying PE bio-
degradation is extremely limited, since most studies published
so far remained on the observational level. The few exceptions
we are aware of concern a Pseudomonas strain, for which it
was shown that its alkane hydroxylase gene alkB was in-
volved in the degradation of low-molecular weight PE
(Yoon et al. 2012). AlkB is usually involved in the biodegra-
dation of alkanes, although at much shorter chain lengths than
those present in PE. Nevertheless, it does not appear unlikely
that enzyme variants could also attack PE. Another enzyme
shown to be involved in PE biodegradation is the bacterial
laccase of R. ruber, which was shown to cause oxidation
and molecular weight reduction of UV pre-irradiated PE films
(Santo et al. 2013; Sivan 2011). Interestingly, PE is structur-
ally vastly different from the canonical substrates of laccases,
namely phenolics (Giardina et al. 2010), and Santo et al.
(2013) also reported that laccase from T. versicolor, a typical
model enzyme, had no effect on PE. However, bacterial
laccases are less well studied than fungal ones, so it may be
possible that the R. ruber laccase has special properties en-
abling it to attack PE directly. Otherwise, it is also possible
that R. ruber employs a so-far unknown redox mediator, as it
is well known that these small molecules can greatly enhance
the substrate spectrum of laccases (Giardina et al. 2010). For
instance, it has been demonstrated that a system made of a
fungal laccase and a synthetic redox mediator can successfully
attack PE membranes (Fujisawa et al. 2001). More detailed
characterisation of the R. ruber laccase and its actions on PE
will be needed to elucidate how the enzyme contributes to PE
biodegradation. Fungal manganese peroxidase has also been
implicated in PE membrane degradation (Iiyoshi et al. 1998).

However, in real environmental settings, biodegradation
rates observed were significantly lower than under laboratory
conditions, ranging from 0.1 to 0.4 % weight loss with-
in 800 days in soil to 1.6–1.9 % weight loss after 1 year
in seawater off the Indian coast (Albertsson 1980;
Artham et al. 2009).

As abiotic oxidation has been shown to play an important
role in PE biodegradation, ‘degradable’ formulations of PE
have been introduced and advertised as more environmentally
friendly alternatives. Typically, these polymers contain either
weak sites in the polymer backbone (Bremer 1982) or addi-
tives that act as pro-oxidants (David et al. 1992), leading to
enhanced fragmentation and degradation of the plastics.
However, a review on the state of the art of these polymers
found little evidence that complete degradation was substan-
tially enhanced under conditions prevailing in the

environment (Roy et al. 2011). Consequently, the environ-
mental impact of the so-called degradable PE remains
questionable.

Polypropylene

Polypropylene, the second-widespread synthetic plastic
worldwide, is an aliphatic hydrocarbon like PE, but differs
by the presence of a methyl group on every subunit of the
polymer backbone. Like PE, its use for packaging is wide-
spread, but PP biodegradation has received considerable less
attention. Cacciari et al. (1993) first reported tentative biodeg-
radation of PP, observing that extractable fractions of low
molecular weight compounds increased during 5 months of
incubation with an enrichment culture. After 1 year in seawa-
ter, Artham et al. (2009) found 0.65 % weight loss and minor
changes on the molecular level for their PP samples.
Similarly, only 0.4 % weight loss were observed after
12 months in soil for untreated PP, but 10.7 % weight loss
for thermally pre-treated PP, indicating that pre-oxidation, as
for PE, plays an important role in PP biodegradation
(Arkatkar et al. 2009). A strain of Bacillus flexus was isolated
from these PP samples. Arkatkar et al. (2010) reported
in vitro weight losses of up to 2.5 % after 1 year in minimal
medium when UV-pre-treated PP films were incubated with
several Bacillus and Pseudomonas strains, including
B. flexus. However, without pre-treatment, the PP showed
little changes. Jeyakumar et al. (2013) used the fungi
P. chrysosporium and Engyodontium album to investigate
the effects of pre-treatment and metal ion pro-oxidant blend-
ing of PP. They reported weight losses of up to 18.8 % in case
of UV-pre-treated metal-blended PP and 10 % for UV-treated
pure PP after 1 year, while samples without pre-treatment lost
about 5 % weight. Thermal pre-treatment was found to have
relatively little effect.

One strategy that has been explored to improve the biode-
gradability of PP materials is grafting with biodegradable poly-
meric compounds.Mikulasova et al. (2001) produced grafts with
10–30 % lignin content and investigated biodegradation by the
fungus P. chrysosporium. Evidence of partial PP degradation in
lignin-containing grafts was found via the extraction of low mo-
lecular weight fractions of PP, which were absent in abiotic
controls and pure PP, but without being able to quantify the
extent of biodegradation of the PP part. Jeyakumar et al.
(2013) explored the effect of blending starch into the PP and
reported approximately 10 % weight loss after 1 year incubation
with fungi, compared with 5 % for pure PP.

Polystyrene

Polystyrene is a hydrocarbon polymer that has a phenyl ring
linked to every second carbon atom of its backbone chain. It is
well known for its application as styrofoam. Reports on PS
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biodegradability are scarce and indicate that it is almost
undegradable. Kaplan et al. (1979) investigated PS biodegra-
dation by fungi and mixed microbial cultures and found
weight losses of only up to 0.57 % within 11 weeks, with
degradation practically plateauing during the last 7 weeks.
Similarly, R. ruber was found to be capable of forming
biofilms and reducing the weight of PS films by 0.8 % within
8 weeks when PS represented the sole source of carbon in the
medium (Mor and Sivan 2008). Sielicki et al. (1978) reported
that 1.5–3 % of 14C-labelled polystyrene was mineralised
when placed in different soils for 16 weeks. In our research,
we found that the brown-rot fungus Gloeophyllum trabeum
substantially degraded the water-soluble PS analogue polysty-
rene sulfonate (Krueger et al. 2015), but it appears incapable
of attacking solid PS with any reasonable efficiency (Krueger
and Schlosser, unpublished data). Grafting of polystyrene
with biodegradable compounds, like lignin or starch, has also
been explored, but biodegradation experiments revealed that
in such cases, only the non-PS component of the graft was
degraded (Milstein et al. 1992; Pushpadass et al. 2010).
Enzymatic degradation of PS has been reported with a hydro-
quinone peroxidase from Azotobacter beijerinckii but only in
an organic-aqueous two-phase system of little environmental
relevance (Nakamiya et al. 1997).

Polyvinyl chloride

Polyvinyl chloride differs from other non-hydrolysable poly-
mers due to the presence of a chlorine atom on every second
carbon of the backbone. It is mainly used for construction
purposes like piping, but it can also be used in applications
requiring greater flexibility when combined with suitable
plasticisers, which pose issues of their own (Erythropel et al.
2014). The presence of the heteroatom chlorine is the most
likely reason for its extremely low biodegradability. Otake
et al. (1995) found that no apparent biodegradation had hap-
pened to a PVC sample buried in soil for 32 years. Likewise,
Ali et al. (2014) found little evidence for biodegradation of
PVC films either buried in soil for 10 months or exposed to
several fungal isolates in liquid culture for 4 weeks. Slight
reductions in the average molecular weight and small
changes in FTIR and NMR spectra were the only indications
of biodegradation. Also, Santana et al. (2012) did not report
substantial changes of PVC films subjected to biodegradation
trials in soil.

Uncertainties associated with reported plastic
biodegradation

It could reasonably be argued that usually only minor bio-
chemical alterations of plastics can be expected, which ham-
pers their experimental reproducibility. Here, particular diffi-
culties are certainly related to those microbial processes not

leading to substantial mass losses or molecular mass reduc-
tions within the observed time span, where sufficiently sensi-
tive analytical methods enabling the detection of biochemical
alterations beyond the aforementioned level would have to be
applied (please also refer to the section dealing with
BAnalytical challenges^ related to the microbial degradation
of plastics). Even in cases where weight loss or molecular
mass reduction have been observed, frequently very low reac-
tion rates reported (Table 1) illustrate the difficulty of a sound,
and particularly, a quantitative reproduction of the effects.
Nevertheless, microbial degradation of both hydrolysable as
well as non-hydrolysable plastics sometimes has been
reproduced and thus established. Polyamides (nylon-6,6 and
nylon-6) have consistently been reported to be attacked by
MnP from ligninolytic fungi in studies from different working
groups, with P. chrysosporium commonly being applied as a
white-rot fungal species in different laboratories (Deguchi
et al. 1997; Deguchi et al. 1998; Friedrich et al. 2007; Klun
et al. 2003). Moreover, the versatile nature the radical-based
enzymatic attack of MnP on plastics was also expanded to
non-hydrolysable PE (Iiyoshi et al. 1998). PE biodegradation
using R. ruber represents an example where the same labora-
tory has demonstrated reproducibility by obtaining consistent
results applying a range of different methods and approaches
in consecutive studies (Gilan et al. 2004; Santo et al. 2013;
Sivan 2011). Nevertheless, sometimes microbial degradation
of plastics, claimed in studies going less into the analytical
depth, remains arguable, and the necessity of more in-depth
studies to prove biodegradation cannot be ignored.

Biodegradation potential of so-far unexplored biodiversity

Based on the published literature, we estimate that there are
good chances to identify novel degraders of conventional
plastics among so-far unexplored biodiversity, especially for
hydrolysable polymers. Most natural polymers (with lignin
and lignocellulose-derived recalcitrant macromolecules such
as humic/fulvic substances and coals as the only notable ex-
ceptions) are susceptible to hydrolysis, which makes this deg-
radation pathway a ubiquitous process. Consequently, it is
highly likely that some of the enzymes responsible for natural
polymer degradation also show activity against hydrolysable
synthetic polymers. Russell et al. (2011) demonstrated these
impressively isolating PUR-degrading endophytic fungi from
the Ecuadorian rainforest, which were able to utilise PUR as
the sole source of carbon when grown anaerobically.
Furthermore, the known organisms and enzymes capable of
degrading nylon, PET and PUR originate from diverse envi-
ronments like factories, soils and compost (Chen et al. 2010;
Crabbe et al. 1994; Negoro 2000), so it is highly likely that
more interesting and efficient degraders can be isolated from
so-far unexplored environments.
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In contrast to hydrolysable plastics, we estimate that the
chances of isolating promising degraders of hydrocarbon plas-
tics from novel sources are lower. Although environments
hosting such organisms exist, as Yang et al. (2014) demonstrat-
ed isolating PE degraders from waxworm guts, it remains a fact
that considerable obstacles need to be overcome for efficient
degradation of non-hydrolysable plastics. Such organisms need
to expose their extracellular enzymes directly to the extremely
hydrophobic plastics.More demandingly, theymust have redox
potentials high enough to permit electron abstraction from
unreactive C–H or C–C bonds that are even more inert than
those found in lignin (see ‘Biodegradation of non-hydrolysable
plastics’). A sufficiently high redox potential is likely to be the
largest obstacle to efficient polymer degradation, especially for
rather generalist enzymes, as we could demonstrate for the syn-
thetic polymer polystyrene sulfonate (Krueger et al. 2015).
Although this polymer is water-soluble and correspondingly
bioavailable, white-rot fungi were found to be incapable of
causing substantial depolymerisation despite having a consid-
erable array of extracellular oxidative enzymes. Other publica-
tions on the degradation of plastics by white-rot enzymes re-
ported some degree of degradation, usually determined via me-
chanical properties or reduced polymer molecular weight, but
none of them could report sufficient degradation to become
evident as weight loss (Fujisawa et al. 2001; Iiyoshi et al.
1998). It appears likely that the observed degradative effects
were caused by internal defects in the polymers which allowed
enzymes to attack these weak points.

Taking into account the dearth of reports on substantial
biodegradation of hydrocarbon plastics, especially PP, PS
and PVC, chances of finding highly efficient degraders for
these polymers appear rather small.

Indirect ways of microbes/enzymes to act on plastics

Weathering of plastics is a long-term process (i.e. in the range
of years) driven by UV irradiation, elevated temperatures, me-
chanical action, loss of additives such as plasticisers and other
disintegrating influences. As a result, the polymers become
brittle and finally may be disaggregated into smaller particles
eventually down to microplastics (Bejgarn et al. 2015; Cooper
and Corcoran 2010). The related increases in surface areas
would potentially improve the bioavailability to degrading
microorganisms. Such physico-chemical and mechanical
breakdown processes are especially relevant for marine and
beach environments and less important in soil (Corcoran et al.
2009).

Photooxidation particularly by UV light is considered to be
the most important weathering process (McKeen 2013). It has
been shown to increase surface oxidation and hydrophilicity,
to cause bond scissions in the polymer backbone and may
enhance the biodegradability of plastics (Arkatkar et al.
2010; Cooper and Corcoran 2010; David et al. 1992;

Restrepo-Florez et al. 2014). Similar effects are observed up-
on exposure of plastics to elevated temperatures (Arkatkar
et al. 2009; Berdahl et al. 2008) and Fenton processes
(Arkatkar et al. 2010; Huang et al. 2002). In order to accelerate
the physico-chemical degradability of plastics, oxo-
biodegradable synthetic polymers have been developed.
They contain any of a choice of pro-oxidant additives, which
are commonly based on metals like, e.g. Co, Mn, Fe or Ti and
form radicals when exposed to UV light or high temperatures.
Follow-up reactions with atmospheric oxygen result in poly-
mer chain scission and the formation of compounds that can
be degraded by microorganisms (da Luz et al. 2013; Koutny
et al. 2006; Ojeda et al. 2009). In this context, the possible
hydroxylation of recalcitrant non-phenolic aromatic rings in
PS (Fig. 1) by highly reactive hydroxyl radicals could make
such structures accessible to those fungal lignin-modifying
enzymes preferably acting on phenolic aromatics (Harms
et al. 2011; Ruiz-Duenas and Martinez 2009). The
biodegradability-enhancing effects of physico-chemical pre-
oxidations however cannot be generalised. Depending on the
respective type of polymer, oxidation process and pro-oxidant
used, even more recalcitrant polymer structures (e.g. new
cross-links, recalcitrant oxidised oligomers) may be formed,
and also toxicity and biodegradability issues may arise (Costa
et al. 2015; David et al. 1992; Fontanella et al. 2013; Stloukal
et al. 2012).

Plasticisers are additives embedded between the chains of
synthetic polymers, in order to render them soft, flexible and
durable. Phthalate esters are widely used for such purposes,
with di(2-ethylhexyl) phthalate (DEHP) used in PVC proba-
bly representing one of the most prominent examples.
Plasticisers frequently evaporate and may be leached from
polymers, making them more brittle and susceptible to disin-
tegration processes. Certain plasticisers such as DEHP are
persistent and environmentally ubiquitous and have gained
much attention due to concerns related to endocrine-
disrupting activities especially of their breakdown products
(Erythropel et al. 2014; Zolfaghari et al. 2014). Accordingly,
the biodegradation of plasticisers for bioremediation purposes
has been investigated intensively (Barnabé et al. 2008;
Chatterjee and Karlovsky 2010; de Moura Carrara et al.
2011), and both fungi (Luo et al. 2012; Pradeep et al. 2013)
as well as bacteria (Ogawa et al. 2009; Pradeep et al. 2015) are
known to degrade such compounds. Owing to environmental
and human health concerns related to especially phthalate es-
ter plasticisers, more ‘benign’ and better biodegradable
plasticisers based on diverse organic acids, e.g. succinate
and benzoate, have now been developed (Kastner et al.
2012; Kermanshahi pour et al. 2009; Pradeep et al. 2013).
Beyond bioremediation of plasticisers themselves, the remov-
al of such compounds from their parent plastics via degrada-
tion by biofilm-forming microbes colonising surfaces of plas-
tics (Wang et al. 2004;Webb et al. 2000) would be expected to
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accelerate the disintegration of plastics. Such processes may
be of particular relevance for marine systems combining var-
ious physico-chemical and mechanical weathering processes
with the colonisation of plastic marine debris by microbial
biofilm communities composed of diverse bacteria,
cyanobacteria and eukaryotic organisms (Harrison et al.
2014; Oberbeckmann et al. 2014; Zettler et al. 2013).

Outlook

Regarding the intended, and globally observed persistence of
present-day synthetic polymers, it appears quite obvious that
biological degradation cannot counteract continued environ-
mental pollution with plastic materials. The observed increase
of the environmental load of plastic materials (Derraik 2002)
testifies that chemical and photochemical degradation do not
keep up with the rate of environmental input. Only a drastic
reduction of careless and deliberate contamination, preferably
to the unavoidable minimum, will lead to lowered environmen-
tal plastic loads. Recovery, such as advocated for instance by
The Ocean Cleanup (http://www.theoceancleanup.com/), might
be an option for severely contaminated or extraordinarily
precious environments. Routine cleanup operations at beaches
in touristic destinations are present examples for such practice
(see, for instance, http://5gyres.org/how_to_get_involved/
projects/plastic_beach_project/). Regarding the standing stock
of plastic materials, there is however hope that ongoing
weathering and fragmentation, slow biodegradation, spreading
and relocation into less critical environments will eventually
reduce the magnitude of local plastic contamination to
subcritical levels. As to the biological degradation, we
advocate and encourage the publication of negative results to
complete the picture as a basis for decision making by
environmental authorities. Our long-standing experience with
biodegradation studies is telling us that published research is
strongly biased to successes obtained under optimised condi-
tions, thus painting an overly optimistic picture of limited trans-
ferability to real environments.

The replacement of biochemically inert polymers by more
readily degradable ones might somewhat ease the tension.
Many of the so-called bioplastics, like, e.g. polyhydroxy
alkanoates or polylactide, have been designed with the specif-
ic aim of improved biodegradability. However, it should be
considered that biodegradability is circumstantial as it requires
the presence of active microbes and appropriate conditions.
These effects are demonstrated by the observation that some
nominally biodegradable plastics are degraded in the marine
environment, while others are not (Thellen et al. 2008; Tsuji
and Suzuyoshi 2002; Volova et al. 2011). This behaviour par-
allels that of many other chemicals which are biodegraded
fairly well under more or less optimal laboratory conditions
but are highly persistent under given environmental

conditions. Although the demand for bioplastics is projected
to increase substantially (European Bioplastics 2013), they
will likely continue to play a niche role in the global plastic
markets. Obstacles to a more widespread application of
bioplastics are mainly of financial nature, because convention-
al plastics are still substantially cheaper to produce (OECD
2013). Additionally, there have also been concerns about the
true impact of bioplastics as estimated by life cycle assessments
(Tabone et al. 2010; Yates and Barlow 2013). Nevertheless, the
improved environmental impact of many bioplastics at the end
of their life cycle constitutes a compelling argument to accept
some other trade-offs associated with bioplastics.

However, as long as conventional synthetic polymers domi-
nate the plastic market, any reduction of the environmental load
will have to rely on regulatory measures such as bans and mon-
etary incentives, all in concert with educational efforts increasing
the awareness of the ecological impact of plastic materials in the
environment as already suggested by GESAMP (2015).
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