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Abstract

One of the major environmental issues that modern civilizations are currently dealing with is the growing amount of plastic
waste. Because of how they affect all forms of life, this waste is seen as a severe worldwide issue. Current methods for plastic
waste disposal do not offer definitive solutions and often lead to the production of microplastics or secondary pollution. In
recent years there has been a growing interest by the scientific community in the degradation of plastics by biological means,
in particular the possibilities of using insects as a potential solution to the accumulation of this type of waste have been
investigated. Among these, one of the most promising is undoubtedly the lepidopteran Galleria mellonella, which synthe-
sizes the first ever discovered polyethylene degrading enzymes. In this review we propose an overview of plastic polymers
production and common degradation methodologies, and analyses the current state of the art about the degradation carried

out by this insect.
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PMMA Poly (methyl methacrylate)

PU Polyurethane
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Waste electrical and electronic equipment
Waste rigid polyurethane

Waste polystyrene

Waste acrylonitrile-butadiene—styrene
Thermal Gravimetric-Mass Spectrometry
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SEM-EDS  Scanning Electron Microscopy-Energy
Dispersive X-ray spectroscopy

XPS X-ray photoelectron spectroscopy

TEM Transmission electron microscopy

Mn Number average MW

Mw Weight average MW

Introduction—Plastic Industry and Waste
Production

Few industries have grown as much in the past 70 years as
the plastic business, both in terms of output tons (as can be
seen from the graph in Fig. 1) and usage in almost every
aspect of our daily lives. This is owing to the exceptional
qualities of plastics that have developed over time, such as
their low cost, stability, and resilience due both to their poly-
meric features and to the presence of additives [1, 2]. Since
the beginning of the twenty-first century, the worldwide plas-
tic manufacturing has nearly doubled. Population growth,
rising purchasing power and growing demand for plastic
products all point to continued growth in plastic produc-
tion. Indeed, the global plastics market has been estimated
at $580 and $593 billion in 2020 and 2021, respectively,
but it is expected to increase significantly in the following
decade, achieving a value of more than 810 billion U.S.
dollars by 2030 [3]. The European plastic industry, which
includes plastics manufactures, recycles and converters, and
machinery manufactures, is made by more than 52 000 com-
panies and employs about 1.5 million people, ranking 8th in
Europe in industrial value-added contribution with a revenue
of approximately 405 billion euros in 2021 [4].

According to Plastic Europe, global plastics production
climbed to 390.7 million tonnes in 2021 after experienc-
ing a halt in 2020 as a result of the Covid-19 epidemic. Of
that, 352.3 million tonnes (90.20%) were fossil-based plastic
(with polyethylene -PE- and polypropylene -PP- represent-
ing the most produced type of plastic, as can be seen from
the graph in Fig. 2), while only 32.5 million tonnes (8.30%)

Fig. 1 Annual production of
plastics worldwide from 1950 to
2021 [5].
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Fig.2 Global plastic polymers production by type in 2021, according
to Plastics Europe [4].

and 5.9 million tonnes (1.50%) were post-consumer recycled
plastic and bio-based plastics respectively. In Europe the
manufacturing of plastics was made up of 10.10% post-con-
sumer recycled plastic and 2.30% bio-based/bio-attributed
plastic; however still 87.60% (approximately 50.1 million
tonnes) were produced from fossil-based feedstock [4].
The two biggest global plastics markets in 2021 were
packaging (44%) and building & construction (18%) appli-
cations, with PE (low density to high density), PP and poly-
styrene (PS) accounting for more than half (51.50%) of the
total plastic production [4]. Plastic can have a very short
useful life, which is one of its traits, notably in the packag-
ing industry. Plastic is often only used once before being
discarded; this is clearly an intrinsic problem of the plastic
industry since years are required for the degradation of the
plastic in the environment [6]. Plastics are not biodegradable
and, as a result, they build up in landfills or the environment
rather than decomposing [7]. With an estimated 4 to 12 mil-
lion metric tons of plastic garbage produced on land entering
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the marine environment in 2010 alone [8], plastic debris
has been discovered in all major ocean basins [7]. There
are also more and more reports of freshwater systems and
terrestrial habitat contamination [9-13]. The environment
today contains so much plastic waste that it has been recom-
mended as a geological sign of the hypothesized Anthro-
pocene period [14, 15]. Bioplastics, which, as defined by
European Bioplastics Society, are either biobased plastics,
biodegradable plastics, or combine both characteristics [16],
are not the solution to this problem, since they are not nec-
essarily biodegradable. In fact, the popularity of bioplastics
was initially underpinned by the idea that these polymers
were 100% biodegradable, compostable and environmentally
friendly [17]. This idea could be misleading since not all
bioplastics are compostable and many of them are, in fact,
non-biodegradable at all. Indeed, approximately 48% of the
bioplastics produced in 2022 were non-biodegradable [18].
Example of non-biodegradable plastics are bio-PE, bio-PP,
bio-polyethylene-terephthalate (bio-PET), bio-polyytrimeth-
ylene terephthalate (bio-PTT), and bio-polyamide (bio-PA)
[19].

When treating with plastic waste, incineration is usually
regarded as a viable response to the problem of accumulat-
ing plastics; but due to the emission of greenhouse gases and
harmful pollutants into the atmosphere, such as dioxins and
dioxin-like compounds, carbon monoxide, nitrogen oxides,
etc., this process also has detrimental effects on the environ-
ment [1].

Mechanical recycling and mechanical sorting are gradu-
ally taking over as the preferred technique for reusing ther-
moplastic waste. Unfortunately, mechanical recycling leads
to lower-quality and, after multiple recycling cycles, most
plastic materials suffer significant damage to their physi-
cal and chemical properties [20, 21], The range of suitable
thermoplastics for secondary recycling is also restricted to
those that are not sensitive to temperature changes and do
not have high melt viscosities [22]. High density PE (HDPE)
and PET are two of the most common forms of plastic poly-
mers that are recycled mechanically, while less than 1% of
non-biodegradable plastic waste processed by mechanical
recycling is made up of other types of polymers like PP
[23]. New methods for reusing plastic waste are therefore
needed. One of these methodologies may be chemical recy-
cling, which has the potential to recover monomers and other
useful compounds from plastic trash. The success of chemi-
cal recycling, however, depends on the effectiveness of used
catalysts and the commercial viability of proposed methods
[24]. In addition, with chemolysis it is challenging to recover
polymers like PE and PP that only contain C—C and C-H
bonds [25]. Despite its high demand of land required, land-
filling is still the preferred method for disposing of plastic
trash in underdeveloped nations due to its advantages as a
low-cost waste management solution [21]. Landfilling is the

most used way to deal with plastic waste also in countries
like the USA, where in 2018 75.60% of plastic waste ended
up in landfills, while the remaining 8.70% and 15.70% were
recycled or incinerated for energy production, respectively
[26]. Environmental factors, such as photooxidation or heat,
which occurs frequently when plastic waste is disposed of in
landfills, results in the development of tiny fragments with
a diameter of less than 5 mm, known as microplastics [27],
which have an adverse effect on living organisms. Unfor-
tunately, these microplastics are not only derived from the
degradation of traditional fossil-based plastics, but also from
bioplastics: microplastics from biodegradable polyester were
noted in both freshwater and seawater [28].

Unfortunately, according to a new analysis of Organi-
sation for Economic Cooperation and Development, the
amount of plastic trash produced globally is going to nearly
triple by 2060, with about half going to landfills and fewer
than a fifth being recycled [29].

Plastic Abiotic and Biotic Degradation
Abiotic Degradation

Abiotic degradation can be divided mainly into photodegra-
dation, thermal and mechanical degradation [30]. The most
significant process that starts the decomposition of plastic
in the environment is known as photodegradation. Plastics
typically photodegrade through processes mediated by free
radicals that are started by sunlight, as the main responsible
are UV-B (290-315 nm) and UV-A (315-400 nm) radia-
tions [31]. These radiations can break the C—C or C—H bonds
of the polymeric chain thanks to their high energy and, by
doing so, initiate the process of degradation. Chain scis-
sion, crosslinking, and secondary oxidative reactions, which
occur through the production and transfer of free radicals,
are part of the processes that contribute to the photodegra-
dation of polymers [32]. The term “thermal degradation”
describes the breakdown of polymers as a result of energy
input from high temperatures, and generally occurs in the
presence of oxygen. At high temperatures, thermo-oxidative
reactions can occur with plastics. Long polymer chains may
break and produce radicals when enough heat is absorbed
by the polymer to break through the energy barrier [33].
Slow thermal oxidation of plastics may occur in conjunc-
tion with photodegradation. Temperature and UV light can
have synergistic effects on the breakdown of plastics, and the
pace of oxidative reactions also rises with temperature [34].
The expression “mechanical deterioration” refers to the way
polymers break down due to environmental mechanical fac-
tors such as plastics rubbing up against rocks and sand due to
wind and waves. The freezing and thawing of plastics under
water conditions can also cause the mechanical breakdown
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of polymers [35]. Finally, pollutants including ozone (O5),
sulphur dioxide (SO,) or nitrogen dioxide (NO,) in the
atmosphere can either directly damage plastics or stimulate
the creation of radicals through photochemical reactions,
which may also cause plastics to degrade [36].

What Makes Synthetic Polymers Prone or Resistant
to Degradation?

According to the presence or lack of ester or amide groups,
which can be attacked by different extracellular hydrolases,
synthetic plastics can be classified as hydrolysable or non-
hydrolysable. Among the latter, there are the polyolefins, a
class of thermoplastic materials that includes PE, PP and PS.
These are created by polymerizing olefin monomer units,
such as ethylene, propylene and styrene, respectively [37,
38]. Due to the energies of the C—C and C-H bonds, sub-
stantially higher than those of the C—O and C—N bonds, pol-
yolefins are more resistant to degradation than ester-bonded
polymers like PET, and represent the main problem regard-
ing plastic waste management. Indeed, polymers like PET
(or polyesters in general) are hydrolysable, hence typically
more vulnerable to biodegradation [39]. Several enzymes
such as lipase, cutinase, serine esterase and nitro-benzyl-
esterase have the ability to hydrolyze PET [30]. Moreover,
the integration of heteroatoms into the carbon chain makes
hydrolysable plastics like PET more sensitive both to biotic
and abiotic degradation [40]. Extracellular enzyme degrada-
tion of non-hydrolysable polyolefins like PE and PP is more
challenging [30], which is unfortunate as they represent the
vast majority of the plastic market.

During the manufacturing process, the addition of addi-
tives (such as stabilizers) that aim to improve the rheologi-
cal, mechanical, thermal and electrical properties of the
polymer produced affects the degradability of the material
[21]. Hydrophobicity also typically has an impact on how
efficiently polymers degrade, with the degradation rate
improving as hydrophobicity decreases [21]. Another aspect
that decreases the rate of degradation is the crystallinity of
the polymer [41]. Finally, polymers with high MW degrade
more slowly because their relative surface area is smaller
[40]. Not only the properties of the polymer itself, but also
those of the environment in which it is located, influence the
rate of degradation of the plastic material; indeed, the rates
of deterioration increase with warmth and in the presence
of high levels of oxygen or water [42—45].

Biotic Degradation
For the handling of plastic waste, an effective and environ-
mentally beneficial strategy is currently lacking and could

be represented by the biodegradation methods that need to
be improved. The biodegradation is defined by IUPAC as
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“Breakdown of a substance catalyzed by enzymes in vivo”
[46]. It is widely acknowledged that under environmental
circumstances, the process of biodegradation by microorgan-
isms is incredibly slow and it requires months or more, with
the exception of amorphous PET [47]. Given the insolubility
of the material in aqueous media, the high molecular weight
(MW) of the polymer, and the potential release of hazardous
chemicals throughout the process, microbial activity may
be physically constrained by the plastic substrate [48]. The
paradigm used in the biodegradation field is a consequence
of the idea of biodegradation occurring in the environment
by microorganisms. Therefore, the plastic biodegradation
pathway, necessarily by microorganisms in the environment,
is usually divided into four processes: biodeterioration, bio-
fragmentation, microbiological absorption, and biominer-
alization (Fig. 3) [49]. The theory dictates that microbial
enzymes are initially released into the environment and can
directly interact with plastic surfaces to cause biodeterio-
ration. Then the oligomers that form are liberated during
biofragmentation through the depolymerization of plastic.
Microorganisms have their cell walls and membranes pen-
etrated by these plastic oligomers, which are degraded into
monomers by intracellular enzymes. Thus, these microbes
consume monomers to produce cellular biomass. Eventu-
ally, microbes totally metabolize biomass as an elemen-
tary component, biomineralizing it into carbon dioxide or
methane (depending on the oxygen availability) and water
[50-52]. Many different bacterial and fungal species have
been observed attaching to and degrading petroleum-based
polymers [27, 53-55]. The main bacterial species involved
in polymer degradation are Pseudomonas aeruginosa, Pseu-
domonas stutzeri, Streptomyces badius, Streptomyces seto-
nii, Rhodococcus ruber, Comamonas acidovorans, Clostrid-
ium thermocellum, and Butyrivibrio fibrisolvens; while the
main fungal species are Aspergillus niger, Aspergillus flavus,
Fusarium lini, Pycnoporus cinnabarinus and Monilesaurus
rouxii [55]. For example, R. ruber C208, one of the most
efficient bacteria, has been reported to be able to degrade
non-pretreated low-density polyethylene (LDPE) and PS,
with a degradation rate of 0.90% per week for LDPE [56,
57], where changes in its MW and molecular number were
also noticed [58], while a weight loss of 0.80% was achieved
for PS in 8 weeks [59]; although it has been reported how
the degradation rate increases when coupled with a UV pre-
treatment [60]. Along with individual bacteria, numerous
microbial consortia may break down plastic polymers and
microorganisms functioning as a consortium can have higher
biodegradation efficiency than individual strains, either by
directly participating in the process or by removing poten-
tially harmful degradation intermediates [61]. A consortium
of five different strains of Bacillus and Pseudomonas was
able to grow synergistically using PET as the only carbon
source, demonstrating collaboration and the capacity to
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Fig.3 Current paradigm of
microbial degradation of plas-
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cross-feed in a nutrient-limited environment [62], then by
using the entire consortium’s pangenome, the researchers
were able to identify many hydrolases, oxidoreductases and
dehydrogenases with potential for PET degradation [63];
additionally, the scientists claim that the entire consortium
looks to have a pangenome that can break down different
kinds of plastic like polyurethane (PU) [63]. Through met-
abolic cross-feeding or the production of metabolites that
promote co-metabolic degradation, specific members of a
microbial collective can also indirectly enhance biodegrada-
tion. It was demonstrated that PE can be broken down after a
126-day incubation in soil by a microbial consortium formed
by Lysinibacillus xylanilyticus and A. niger, but the degra-
dation was vastly improved by an UV pretreatment [64];
while another consortium made up of Brevibacillus sp. And
Aneurinibacillus sp. isolated from waste landfills was able
to produce a considerable weight loss in LDPE and HDPE
strips and pellets (with an average of 51.95% and 41.90%
weight loss for LDPE and HDPE, respectively) following
a 140-day incubation [65]. Another consortium made up of
several microorganisms (Burkholderia sp., Methylocystis sp.,
Methylocella sp., Methylobacter sp., Methylococcus capsu-
latus., Nitrosomonas sp., Nitrosomonas europaea, Nitrobac-
ter winogradskyi, Nitrobacter hamburgensis, Pseudomonas
sp. and Xanthobacter sp.) was able to partially degrade UV
pretreated LDPE and HDPE after a 90 day-incubation, with
the formation of several degradation products like alkanes,
alkenes and alcohols [66]. However, this biodegradation pro-
cedure might take a long time, especially without an UV or
thermo-oxidative pretreatment that can enhance the process
[60, 64, 66—68]; abiotic degradation of plastics in fact is the
best way in which microbes are then able to degrade polyole-
fins (like PE, PP and PS), which are characteristically inert
and immune to microbial attack (fungi, bacteria, etc.) [69].

This paradigm associated with the four steps designated in
the field of biodegradation is the reference point when it
comes to the biodegradation of plastics. Even today, most
studies focus almost exclusively on the role of microorgan-
isms, such as bacteria and fungi, in the biodegradation pro-
cess of polyolefins, but unfortunately there is still a lack of
microbial enzymes that can catalyze this process.

Plastic Degradation by Insects

The degrading action of insects on various types of plastic
material does not fit into the current definition of micro-
organism-mediated biodegradation divided into the four
steps mentioned above, and, for this reason, we will refer to
this activity as the degradation (and not biodegradation) of
plastic by insects. The first time the ability of an insect to
damage plastic packaging was noticed in the 1950s, when
scientists found that some beetles and their larvae, belonging
to Tenebrionidae, Anobiidae, and Dermestidae families, had
an intriguing capacity to damage plastic wrappings [70]. At
that period, insects capable of damaging plastics were seen
in a negative way and finding repellent solutions or resistant
materials to prevent insect penetration in packing films was
the goal. On the contrary, nowadays this peculiar ability dis-
played by various insects is seen as a possible new and green
solution to the problem of plastic waste disposal.

Since then, several insects have shown this ability, in
particular in the Lepidoptera and Coleoptera order. Among
them Galleria mellonella is certainly one of the most studied
and promising. This modern interest in insects and plastic
degradation began in 2007, when Riudavates and colleagues
studied the damages produced by three insect species (the
Coleoptera Rhyzopertha dominica, Sitophilus oryzae and
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Lasioderma serricorne) in food packaging film composed
of PP, PE and polyester [71]. Although the paper was mainly
focused on the detection of insect contamination in food,
it has surely paved the way for the interest in plastic deg-
radation by insects. Indeed, in 2010 Miao and Zhang [72]
published a paper about Zophobas atratus (Tenebrionidae:
Coleoptera) and his ability to biodegrade plastics: accord-
ing to the authors, the larvae consumed LDPE, linear low-
density polyethylene (LLDPE), PS, and polyvinyl chloride
(PVC) [71]. They declared that the larvae ingested 2.4 g of
PS per Kg of larvae per day, but the study lacked strong data
on degradation for all polymers: changes in the thermal char-
acteristics and stability of leftover PVC and PS were noted
based on thermogravimetric analysis (TGA) of larval frass,
but not for LDPE [72]. This study opened a niche within the
scientific world.

In 2014 Yang et al. [73] noticed the ability of another
insect larvae to degrade PE, Plodia interpunctella (Lepi-
doptera: Pyralidae). The authors were able to isolate two
bacteria from the intestine of this lepidopteran, Enterobacter
asburiae YT1 and Bacillus sp. YP1, and to show that these
had degrading activity toward PE. However, the results of
these isolations did not lead to further study in this regard.

In 2015 another Tenebrionidae, Tenebrio molitor, was
investigated. Yang et al. [74, 75] demonstrated the ability
of this insect’s larvae to biodegrade PS and they assumed
that this process was due to the microbiome of the larvae
since mealworms' capacity to depolymerize long-chain PS
molecules and further mineralize the metabolites to CO, was
hampered by antibiotic suppression of gut flora [75]. They
also isolated a PS degrading bacterial strain, Exiguobacte-
rium sp. YT2, from T. molitor larval microbiome but the
microorganism alone showed a much slower and inefficient
PS degradation [75], suggesting a possible active role of the
insects in this process.

Finally, the ability of G. mellonella larvae to degrade
plastic was noticed for the first time in 2017, by Bombelli
et al. [76], that found out that the larvae left in contact with

a commercial shopping bag produced holes in the PE plastic.
In order to rule out the idea that the observed PE break-
down was merely the result of the masticatory system, by
a mechanical activity, the researchers demonstrated that
the integrity of the PE polymer surface was altered by the
physical contact of the wax worm homogenate by analys-
ing it with Fourier-transform infrared spectroscopy (FTIR)
analysis, high performance liquid chromatography coupled
with mass spectrometry (HPLC-MS) and Atomic Force
Microscopy (AFM) [76].

Opposite results compared to Bombelli et al. [76] were
found by Billen et al. [77]: carrying out the same experiment
by applying a larval homogenate of G. mellonella on PE,
they did not find any weight loss in PE and PS treated films,
assuming that the weight loss previously reported was only
due to mechanical disturbance caused during the washing of
the plastic film between one application and the next [77].

However, in the following years, the capacity of G. mel-
lonella to degrade PE has been extensively confirmed by
multiple independent studies [51, 78—83].

Since these first articles, the scientific community's inter-
est in this topic has grown more and more, and numerous
papers have been published, particularly on 7. molitor and
G. mellonella. Almost all of the insects studied for this topic
belong to the order Lepidoptera and Coleoptera (Table 1).
For example, according to Peng et al. [84], Tenebrio obscu-
rus (Coleoptera: Tenebrionidae) larvae were able to chew
and consume PS; while Wang et al. [85] demonstrated the
ability of Tribolium castaneum (Coleoptera: Tenebrionidae),
to chew and ingest PS. Cucini et al. [86] showed how insects
belonging to the species Alphitobius diaperinus (Coleoptera:
Tenebrionidae) were able to ingest and apparently degrade
PS; they also isolates bacteria from the gut of A. diaperinus,
but poor metabolic activity was seen when cultured as a
monoculture in a synthetic medium with PS [87].

Woo et al. [88] hypothesized that PS might be chemi-
cally modified and quickly degraded using Plesiophthal-
mus davidis (Coleoptera: Tenebrionidae) larvae and its

Table 1 Main insects studied
for plastic degradation and the

first published paper about their
plastic degradation activity

Year and Reference Order Species Type of plastic
Miao & Zhang (2010) [72] Coleoptera Z. atratus PE—PS—PVC
Yang et al. (2014) [73] Lepidoptera P. interpunctella PE

Yang et al. (2015) [74, 75] Coleoptera T. molitor PS

Bombelli et al. (2017) [76] Lepidoptera G. mellonella PE

Peng et al. (2019) [84] Coleoptera T. obscurus PS

Kundungal et al. (2019) [89] Lepidoptera A. grisella PE

Kesti & Thimmappa (2019) [90] Lepidoptera C. cephalonica PE

Wang et al. (2020) [85] Coleoptera T. castaneum PS

Woo et al. (2020) [88] Coleoptera P. davidis PS

Cucini et al. (2020) [86] Coleoptera A. diaperinus PS

Zang et al. (2022) [91] Lepidoptera S. frugiperda PVC
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gut microbes, since the larvae ingested PS foam and the
gut microbiota formed plenty of cavities on the PS surface
within 20 days of culture in a liquid-phase carbon-free
medium.

After a cycle established with a diet consisting of PE
or PE with waxcomb, Kundungal et al. [89] studied the
subsequent generation of Achroia grisella (Lepidoptera:
Pyralidae) larvae, determining that a PE only diet did not
supply the nutrients needed for growth and survival. Two
Indian researchers evaluated the ability of another pyralid
moths, Corcyra cephalonica, to consume LDPE with or
without the gut microbiome; they found out that the intact
larvae ingested a small percentage more LDPE (4%), thus
assuming a marginal role of the microbiome in relation to
the insect itself [90]. Finally, Zhang et al.[91] isolated a
bacterial strain (Klebsiella sp. EMBL-1) from the gut of
another lepidopteran belonging to the Noctuidae family,
Spodoptera frugiperda, fed with PVC for 5 days. Accord-
ing to the authors the strain was able to create a biofilm
on the PVC film and used PVC polymers and monomers
to produce energy for development in an efficient manner.

Since communities of microbes may be able to biode-
grade plastic, researchers hypothesize that, once such a
consortium has been found, it may enable the develop-
ment of bioreactors for plastic breakdown [86]. Speaking
of microbial consortia isolated from insect gut, Xian et al.
[92] isolated two microbial consortia, one from the ocean
and one from the intestine of T. molitor larvae. The two
consortia were successful in using low MW additive-free
PP plastics as their only carbon source for growth (low
MW PP powder and amorphous PP pellets).

The bio-treated PP powder had thick biofilms and secre-
tions on it, showing more hydroxyl and carbonyl groups,
while some methyl groups were reduced, suggesting pos-
sible oxidation and deterioration [92]. Another micro-
bial consortium was isolated from the digestive tract of
T. molitor and this time it was incubated 30 days with
additive-free PVC [93]. The consortium was able to use it
for its growth, and upon analysis, it was discovered that the
biotreated PVC had surface erosions and cracks, as well as
compact biofilms on his surface, and presented high -OH
and —C=C groups and low chlorine levels [93]. Thus, these
works on microbial consortia present positive results, but
publications on these microbial consortia and insect intes-
tines are still few, and further studies are needed.

Focusing exclusively on the microbiome could leave
out the role of the insect enzymes themselves, which could
prove very useful in catalysing the plastic degradation
process. Moreover, many of these researches are based
on the use of genomic analysis of the 16S gene to detect
changes in the microbiome of larvae subjected to different
diets [94-99], and, as we will discuss in more detail in the

following chapter, may mislead the research focus due to
the large number of false positives [100].

Galleria mellonella

The greater wax moth G. mellonella (also known as hon-
eycomb moth) is an invertebrate belonging to the Pyralidae
family, in the Lepidoptera order. G. mellonella is a world-
wide pest of bee colonies that has spread to practically all
continents (excluding Antarctica) [101]. As a typical holo-
metabolous insect, G. mellonella goes through four develop-
mental phases throughout its life cycle: the egg, larva, pupa,
and adult (Fig. 4).

It is exactly during the larval stage, when these insects
are voracious eaters of bee-hive products [101], in which
this lepidopteran has been seen to be able to ingest and
degrade plastic polymers by various researchers [76, 78,
82, 102-104].

PE Degradation by Galleria mellonella

According to the paradigm set by the studies on micro-
organisms, plastic degradation by insects has been based
on the assumption that bacteria or fungi in the animal gut
were responsible for the degradation. As a consequence of
this mind frame the main trend in these studies has been to
investigate the role of the gut microbiome in the degradation
process, with the main idea that G. mellonella larvae are able
to “eat” plastic, digest it and obtain energy from it. In the
scientific literature many of the efforts have focused on feed-
ing the larvae of this lepidopteran a plastic-based diet with
the aim of detecting changes in the gut microbiome of the
caterpillars, which supposedly changes and adapts according

Wy
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5-13 days
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7-30 days
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Fig.4 Schematic representation of the life cycle of G. mellonella.
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to diet, or to evaluate the role of the microorganism by feed-
ing axenic larvae a plastic diet and comparing them with
untreated larvae [78, 80, 82, 103—107]. Below an overview
of the main papers on the subject is reported.

Cassone et al. [78] treated larvae of G. mellonella with
broad spectrum antibiotics in order to reduce the gut micro-
biota abundance and evaluate its role in the PE degrada-
tion. This approach assumed that antibiotics had no other
effect whatsoever on the insect, which, to the best of our
knowledge, has not been tested. Using biochemical assays,
they found out that ethylene—glycol (one of the potential
by-products of PE degradation [76, 108]) was considerably
lower in the larval frass of the treated larvae compared with
the one present in the untreated larvae, assuming decreased
degradation of PE in larvae with a reduced microbiota [78].
On the other hand, using 16S amplicon sequencing, they
characterized and compared the bacterial community struc-
ture of caterpillars fed with PE for 3 days to those given
a natural diet (honeycomb) or no diet at all (starved) in
order to better understand how ingesting and metabolizing
PE alters the intestinal microbial makeup of G. mellonella.
With this approach, they found out that the gut microbiota
did not change and was unexpectedly consistent across time
and dietary pattern. Furthermore, species diversity and rich-
ness indices showed little variation, and several taxa, that are
generally found in other lepidopterans, were likewise pre-
sent and well represented in G. mellonella [ 78], suggesting
the possibility that the role of the microorganism in the PE
degradation was marginal compared to the role of the own
enzymes secreted by G. mellonella. In support of this the-
sis, in another similar study, G. mellonella was observed to
degrade beeswax (which is similar to the chemical structure
of PE) independently of the gut microbiome [79]: in 2019
Kong et al. [79] investigated how gut microbiome affect PE
degradation. The gut microbiota was eliminated by giving
second-instar larvae an antibiotic cocktail. Interestingly,
the weight of the PE-fed group remained constant regard-
less of the impaired intestinal flora, while the weight of the
group eating nutrient-dense foods steadily climbed (even if
the weight increase was much smaller in antibiotic treated
larvae compared to the untreated ones) and the weight of the
starved group gradually declined. According to the authors,
even while the gut microbiota had the capacity to contrib-
ute to the digestion of nutrient-rich foods, which contained
complex nutrients, its involvement in the breakdown of PE
was not as significant as that of beeswax [79]. Addition-
ally, the fact that the same long-chain fatty acids and related
metabolites were found in the larval frass regardless of the
intestinal microbiota presence or absence, supported the idea
that this did not manufacture long-chain fatty acids or long-
chain ethanol by breaking down long-chain hydrocarbon
wax. These data suggested the idea that the gut microbiota
did not play a fundamental role in the degradation of wax

@ Springer

(and long hydrocarbon-chain in general) into long-chain
fatty acids [79].

Ren et al. [80] isolated the bacteria Enterobacter sp. D1
from the intestinal homogenate of the wax moth by employ-
ing PE as the only carbon source. Additional research veri-
fied that strain D1 could break down PE; however, at the
laboratory level, neither microorganisms nor degrading
enzymes were able to produce the desired breakdown effect
of PE [80]; these results suggested, again, that G. mellonella
metabolism plays an important role in the degradation of
plastic.

Following PE and beeswax co-feeding or beeswax feed-
ing, Latour et al. [103] looked into the intestinal bacterial
population of G. mellonella larvae. The predominant bac-
terial families identified by high throughput 16S rRNA
sequencing were Enterococcaceae and Oxalobacteraceae,
with Enterococcus as the most prevalent represented genus;
indeed, Enterococcus has the highest abundance in the
microbiome for many lepidopterans like Spodoptera littora-
lis, Hyles euphorbiae, Brithys crini, Bombyx mori or Plutella
xylostella [109-112]. The Corynebacterium and Curvibacter
genera were among the most numerous in both samples, but
no difference was found in the bacterial community between
the two groups [103]. In addition, the authors stated that sev-
eral bacteria-associated enzymes, such phenylacetaldehyde
dehydrogenase, may play potential roles in the breakdown
of plastics [103]. Noel et al. [113] also analyzed the gut
flora of wax-fed larvae compared with that of larvae fed
with wax + LDPE (via Amplicon technology); no significant
bacterial community differences were found between the two
diets and the two largest bacterial families were discovered
to be once again Enterococcaceae and Oxalobacteraceae,
and once more Corynebacterium was found in LDPE fed
larvae [113]. Corynebacteriaceae have been highlighted for
their ability to breakdown PE [114]. Ré&jasse et al. [105]
investigated the role of G. mellonella in biodegrading PE
and also assessed if the larvae were able to bioassimilate PE.
In this study early stages of the larva (L2-L3) fed with PE
lost weight and perished in 3 (50%) to 10 days (100%) [104].
This pattern reflected the findings of another study (50%
death at 15 days) [82], while other researchers reported a 20
to 50% weight loss in larvae bred with a PE diet [79, 104]. In
comparison to larvae fed with pollen or beeswax, L6 larvae
fed exclusively with PE lost weight and ate 80 times less
food [105]. Réjasse et al. [105] found no discernible vari-
ations in weight gain or feeding behavior between conven-
tional and axenic larvae, indicating that the microbiota might
not be crucial to their growth and development, the same
result obtained by Kong et al. [79, 105]. Researchers also
evaluated if PE could be bioassimilated by G. mellonella lar-
vae by pFTIR hyperspectral imaging of carbon — deuterium
bonds in cryosections of caterpillars fed with PE isotopically
labeled with deuterium (PED4); the findings indicated that
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neither axenic nor conventional larvae had undergone PE bio
assimilation [105]. However, they discovered weak oxida-
tion in PE films exposed for 24 h to the dissected stomach of
typical larvae as well as a shortening of aliphatic chains in
PED4 particles excreted in the larval frass, indicating that G.
mellonella was capable of PE oxidation [105]. Since oxida-
tion is the initial stage of environmental biodegradation, the
oxidation of PE in the larval gut may promote its degrada-
tion even in the absence of bioassimilation [105].

According to another study on the effect of LDPE diet
on G. mellonella, a meal consisting solely of LDPE could
partially support the sustenance and metabolic processes of
the larval fat body [104]. Although plastic-fed caterpillars
could retain their lipid reserves, they were obviously lacking
in many other metabolites (such as amino acids and carbohy-
drates), which probably contributed to their lower survival
and development rates [104].

The obtained data suggests that in order for the utiliza-
tion of this system for plastic bioremediation to be sustain-
able, additional nutritional intake should be needed [104];
this lack of nutrients in plastic diets was confirmed by
the survival rate and grow rate of larvae fed with plastics
found out by other authors [102, 105, 107, 115]; indeed this
whole field points towards an impaired growth of the lar-
vae on diet composed only of plastic, with their inability
to derive energy and thrive on a PE diet. By biochemical
approaches researchers discovered that potential lipid oxi-
dation enzymes, such as alcohol dehydrogenase, had sig-
nificantly increased activity in PE-fed larvae, but this could
be as a result of an increase in the fatty acid metabolism to
make up for the absence of other nutrients in plastic [104].

Difference in larval microbiota when fed with plastic
(PE and PS) compared to the ones fed with beeswax was
found by Ruiz Barrionuevo et al. [106]. Researchers found
out that bacteria and fungus in the gut microbiome of wax
moths responded differently to feed. Microbiome from
beeswax and plastic-based diets had different bacterial
compositions; in the beeswax diet, Streptococcus, Por-
phyromonas, or Fusobacteria predominated. In contrast
to bacteria, the composition of fungal communities did
not change according to food, although there were con-
siderable variations in richness and variety. This study
showed that bacterial communities were more susceptible
to dietary changes than fungal communities, which sim-
ply experienced changes in fungal relative abundance. In
this study, it was shown that the guts of larvae fed with
plastic had high concentrations of several Pseudomonas
(Pseudomonadales), Bradyrhizobium (Rhizobiales), and
Comamonadaceae (Burkholderiales) populations [106].
A similar study was published by Peydaei et al. [115], in
which they reared larvae of G. mellonella on a PE, PS and
PP diet for 8 days and then they characterized the micro-
bial communities of the salivary glands, the intestine and

the whole insect by high throughput sequencing of 16S
rRNA analysis. They observed that, while it did not seem
to have an impact on the microbial population in the sali-
vary glands, the mastication of expanded PS (EPS), PP,
or PE might change the gut microbiome. Desulfovibrio
vulgaris and Enterobacter species proliferated with the
PE diet, while Enterococcus rose when PS and PP were
chewed, while EPS diet enhanced the number of Paeniba-
cillus, Corynebacterium, and Commamonadaceae [115].

Kundungal et al. [81] studied the effect that a UV pre-
treatment of LDPE had on its consumption by G. mellonella.
When comparing UV-treated plastic to non-treated plastic,
PE consumption increased by up to 37%; moreover, larvae
given the control diet and pre-treated LDPE had a 100+ 0%
survival rate. However, waxworms fed untreated LDPE had
a much lower survival rate (73.40 +2.50%). Finally, due to
the combined effects of photodegradation and degradation
via waxworm digestion, pre-treated LDPE was degraded
more efficiently than untreated LDPE [81].

Despite all the studies focusing on the gut microbiome
of G. mellonella the results obtained were very weak and
inconsistent: the identified microorganisms did not show
PE degrading ability in isolation with plastic, and any
sure enzyme involved in plastic degradation has not been
identified.

The approach based on the idea that the worms eat plas-
tics, and therefore the gut microorganism play a paramount
role, is adopted by many researchers, as we can see from
Table 2. This concept presents two faults. The first aspect
regards the idea that animals might survive and change
their microbiota in response to an only plastic diet. The
second problematic aspect is related to the bioinformatic
tools used to identify microorganism sequences. In fact, the
accuracy of some of these analyses should be questioned, as
recently highlighted by Serrano et al. [100]. In this study the
researchers developed a computational framework to assess
the effectiveness of metagenomic investigations based on
the creation of synthetic microbiomes that mimicked actual
bacterial communities. Using this method, they were able to
pinpoint significant gaps in the ability of the technologies
that are now available to define microbiomes. According to
the authors, the inability of 16S and whole genome sequenc-
ing (WGS) analysis to identify species that are not included
in genomic databases is obvious but, unexpectedly, the lack
of complete information also increases the detection of false
positives, which may seriously affect the identification of
the species present in a microbiome [100]. These restric-
tions severely impede the ability to successfully identify the
bacteria present in various communities, with identification
instead of false positives, including families and genus of
bacteria originally absent from the sample. The misinter-
pretation of the data can generate false leads which are more
often than not used as guidelines and references in the field.
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The difficulty to accurately characterize microbiomes
critically constrains the ability of currently available tech-
niques to detect the potential changes in the composition of
microbiomes induced by changes in the insects' diet. Most
of the detected changes can be spurious, which questions the
utility of these techniques to identify the microorganisms
that respond to a given treatment of the host, in particular
those supposed to thrive on a plastic diet [100].

Overall, this trend and the obtained results raise questions
about the commonly adopted experimental method [78, 82,
103, 104, 113, 115], based on changes in bacterial abun-
dance (for example providing diverse diets) to find microbes
with certain metabolic potentials [100]. On the other hand,
in studies attempting to isolate PE degrading bacteria from
the gut of larvae, as in Ren et al. [80], the results of this deg-
radation were not satisfactory when compared to the activity
carried out by the insect in vivo.

Within this scenario it is imperative to mention that the
anatomy and physiology of the animal is too often neglected.
Plastic based diets are usually compared with starvation and
if weight loss is greater in the case of starvation, then it is
assumed that the worms are able to feed only on plastic.
However, other aspects of the worm metabolic activity are
not considered: for example, if a worm weight in presence
of plastic does not decrease as much as when in starvation
might mean that in the absence of any potential food to chew
on, an unknown metabolic cascade (autophagy for example)
could be activated. Hence the difference in weights.

Finally, in many of the studies mentioned, the feeding of
plastic-based diet occurs for short periods, generally 5 to
10 days [102, 104, 105, 115, 121, 122], and this methodol-
ogy may not be reliable in assessing the survival and growth
rate of the larvae subjected to this peculiar diet; in this case,
it may be more accurate to conduct trials with longer periods
of plastic-based diet feeding, assessing larval growth, sur-
vival, ability to pupate and ability to reproduce of the adults,
possibly investigating, using the same methodology, the fol-
lowing generations; indeed, it would be rash to claim that
larvae are able to feed and take energy from plastic when
precisely these tests are conducted for short periods of time.

In this unexplored landscape it is definitely worth con-
sidering that the larval alimentary canal of lepidopterans, is
essentially a straightforward tube that extends the full length
of the animal [125] and lacks both specialized chambers for
digestion, and a specific microbiome [126].

Despite the results of the studies mentioned above, there
are still few studies that focus exclusively on the role of
the insect, leaving out that of the microbiome and do not
focus on the survival rate and the ability of the larvae to
ingest plastic. In 2020 a group of researchers carried out a
proteomic investigation on the glands collected from larvae
fed with PE for 10 days. They found out that, when exposed
to PE, there was an increase in protein synthesis linked to

fatty acid beta-oxidation, and there was a downregulation
of juvenile hormone esterase (JHE), that could suggest a
prolongation of the last larval instar stage most likely due
to a general decline in metabolism, which implies that the
larvae encounter a lower energy level during ingestion and
digestion of PE. FTIR analysis carried out on UV pre-treated
PE sample incubated with salivary glands or gut suspensions
for 20 days at 32 °C revealed the presence of peaks related
to fatty acids composition, along with a strong and broad
peak at 3300 cm™' that corresponds to the peak caused by
OH stretching in ethylene glycol [116].

However, all these data did not answer the key question,
regarding the mechanism of plastic degradation by the wax
worm.

A turning point in research came in 2022 with the study
by Sanluis-Verdes et al. [83] who were able to identify for
the first-time active molecules capable of oxidizing PE with-
out any prior treatment.

G. mellonella PEases

Published in 2022 by Sanluis-Verdes et al. [83], this was
the first work in which enzymes from the animal kingdom
were shown to be able to oxidize PE, paving the way for bio-
recycling and up-cycling as potential solutions for managing
plastic waste. Here the wax worm saliva (defined as the juice
present in the first part of the digestive system) was collected
and tested on commercial PE film. The results demonstrated
that PE exposure to G. mellonella saliva caused PE to oxi-
dize and depolymerize within a few hours of exposure at
room temperature, resulting in the production of oxidized
molecules with low MW, while no oxidation was produced
when the control saliva of a different lepidopteran larva,
Samia cynthia, was added to the PE film [83]. The saliva was
able to overcome a recognized bottleneck step (i.e., oxida-
tion) [127, 128] in PE degradation. Therefore, the effect of
G. mellonella saliva on PE was equivalent to that of abi-
otic pre-treatments and the saliva-dependent oxidation of
PE might serve as an appropriate substrate for subsequent
biological treatment [83]. A proteomic analysis was also
carried out on the wax worm saliva in order to identify the
enzymes therein contained responsible for PE oxidation.
Two enzymes were then reported to be responsible for the
degradation of PE, an arylphorin and an hexamerin, renamed
by the researchers PEases, since their ability to oxidize PE.
These two proteins are phylogenetically connected to phe-
nol oxidases (enzymes which target aromatic rings) and
hemocyanins, an oxygen transport protein that also has
phenoloxidase activity [129, 130]. Among the detected
breakdown products, a tiny aromatic molecule that may be
recognized as a plastic additive was detected, suggesting
that this substance may end up being the target of the larval
enzyme phenoloxidase-like activity and it was hypothesized
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that the production of free radicals and subsequent start of
the autoxidative chain reaction could be a result of the wax
worm enzyme effect on aromatic additives [83]. Free radical
production as a precursor to auto oxidation is not a novel
concept [131, 132]. The ability of enzymes to degrade PE
and leave the polymer more susceptible to enzymatic deg-
radation without any abiotic pre-treatment was reported in
this study for the first time [83]. Furthermore, this research
raised the possibility that insect saliva could act as a reser-
voir for enzymes that break down materials (such as plas-
tic, cellulose, or lignin), which might completely alter the
bioremediation industry. This result suggests a different
possible strategy for dealing with plastic degradation, even
if more research will be required to fully understand the
sequential progression of plastic in interaction with various
saliva enzymes [83]. What molecular process is responsible
for this enzymatic oxidation is still unsure. Bertocchini &
Arias [133] try to answer this question by investigating the
natural role of these phenol oxidases enzymes. The larval
ability to neutralize phenolic chemicals enables them to feed
on leaves or other plant products (pollen, resins, etc.) that
contain these molecules that are usually used by plants as a
defence mechanism against plants eating organisms [134].
Certain plastic additives resemble plant phenolic chemicals
and, in theory, may end up being targets of G. mellonella
phenol oxidases, which may produce free radicals and even-
tually cause the polymer to oxidize. However, the authors
did not rule out that this deterioration was caused by the
more classic enzymatic cleavage of the C—C bound in the
aliphatic chain [133].

This study confirmed the crucial role that G. mellonella’s
enzymes play in the breakdown of PE (since the saliva of
the worms and the enzymes contained in it, oxidize and
depolymerize PE) [82], as, due to the fast breakdown rate,
it seemed doubtful that the larvae’s gut bacteria was the only
factor contributing to the observed alteration in the chemical
structure of PE [79].

Degradation of Plastics Other than PE by G.
mellonella

Currently, studies on the degradation of plastics by G. mel-
lonella focus mainly on PE, but other types of plastics are
also evaluated.

For example, Venegas et al. [123] investigated the poten-
tial degradation PS carried out by G. mellonella. By feeding
this polymer to the larvae, researchers attempted to identify
potential enzyme candidates for the breakdown of PS. By
using FTIR-Attenuated Total Reflectance (ATR) they con-
firmed PS degradation and through liquid chromatography
with tandem mass spectrometry (LC-MS/MS) they were
able to detect 27 potential responsible enzymes; of these,
two showed similarities with possible styrene-degrading
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enzymes already known. The authors suggested that a PS
diet could induce changes in the protein background of the
gut of G. mellonella larvae, with the presence of an impor-
tant group of oxidoreductase enzymes [123].

Wang et al. [118] demonstrated that PS could be effi-
ciently biodegraded by the G. mellonella larvae. The in vivo
depolymerization of PS was confirmed by SEM analysis
of the larva intestine and by the presence of styrene (the
monomer of PS) in the metabolites of the treated larvae.
Moreover, step-by-step chain reactions were used to suggest
two potential PS metabolic pathways in the intestines of G.
mellonella larvae: the styrene oxide—phenylacetaldehyde and
4-methylphenol-4-hydroxybenzaldehyde-4-hydroxybenzoate
pathways. The styrene oxide—phenylacetaldehyde, together
with the styrene cis-glycol-3-vinylcatechol pathway, were
already being suggested by other authors as possible path-
ways for the degradation of PS, but without empirical data
to support it [2, 135]. In this paper, by looking for the corre-
sponding metabolites, the styrene oxide-phenylacetaldehyde
pathway was confirmed [118]. Finally, Wang et al. showed
that PS polymers can be successfully depolymerized in G.
mellonella larvae treated with antibiotics, proving once
again that the in vivo depolymerization of PS was not strictly
dependent on the presence of gut microbes. By analyzing the
types and contents of the metabolites in antibiotic-treated
larvae, they suggested that a healthy gut microbiota could
be beneficial for the oligomer or monomer metabolism of
PS [118].

In 2021 Zhu et al. [117] published a study regarding
the degradation of plastics from waste electrical and elec-
tronic equipment (WEEE). They fed G. mellonella larvae
with waste rigid polyurethane (WRPU), waste polystyrene
(WPS) and waste acrylonitrile-butadiene—styrene (WABS).
Once again, they demonstrated that G. mellonella larvae are
able to chew and degrade to some extent this kind of plastic
waste. The number average MW (M,) (which is the statisti-
cal mean MW of all polymer chains in the given sample)
and weight average MW (M,,) (that takes into account the
MW of a chain when evaluating contributions to the MW
average) in the WPS group and the WABS group, decrease
by 12.23% and 8.11% and 28.37% and 0.52%, respectively,
indicating that the MW of the WEEE plastics moved toward
the low MW. Additionally, the fate of WRPU in the bod-
ies of G. mellonella larvae was investigated using fluores-
cence imaging and the result was that, within 24 h, the total
fluorescence intensity of WRPU in the gut of G. mellonella
larvae decreased from 5.904 to 5.140%10°. Finally based
on 16S rRNA gene sequencing analysis of the intestinal
microbial communities, the authors stated that Enterobac-
ter was primarily responsible for the breakdown of WRPU,
whereas Enterococcus was more responsible for the break-
down of WABS and WPS [117]. Jiang et al. also evaluated
the changes in the intestinal microbiota caused by the PS
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diet: superworm and yellow mealworm community diver-
sity decreased, while G. mellonella community diversity
increased. Researchers hypothesized that PS degradation
may be significantly aided by Enterococcus and Enterobac-
teriaceae, since they were found in the larvae of all three
species after 20 days of PS feeding [95]. However, these
results, taking into account the findings exposed by Serrano
et al. [100] in which meta genomic analyses were used to
detect changes in the relative abundance of bacterial groups
based on the diet, had a high probability to be misleading:
the data should be interpreted with care and, eventually, con-
firmed by testing the effect of a single culture of the bacterial
strain of election on plastic.

A work regarding the consuming preference of G. mel-
lonella larvae over different types of plastic was published
in 2022 by Zhu et al. [122]. Two different types of WEEE
plastics (WRPU and WPS) and some pristine plastics (PE,
PP, PVC, RPU and PS) were used; larvae exhibited lower
consumption preferences for WRPU and WPS over the cor-
responding virgin plastics, possibly as a result of the higher
chlorine or metal contents in the plastics due to the absorp-
tion during their usage. G. mellonella ingestion of PE was
higher than that of PS, in contrast 7. molitor larvae revealed
the opposite pattern [122]. A higher PS consumption by yel-
low mealworms over honeycomb moth was found in another
work, in which 7. molitor caused the mass of EPS to drop by
54%, while in PVC the decrease was 10% and in PET 12%, a
better result compared to the 18% and 2% mass loss reached
by G. mellonella for EPS and PET respectively; however,
G. mellonella showed a higher consumption of PVC (34%)
[119], but it is important to mention that in this work only
the mass loss of the various type of plastic was evaluated
and it is possible that this was only ingested without actual
degradation of it.

Burd et al. [121] observed that, after 7.25 days of expo-
sure to PS and LDPE diets, the larvae had consumed 56.12%
of PS, but only 5.11% of LDPE; the degradation was then
confirmed by FTIR analysis for the PS, while, unlike the
other papers, for PE the results of the analysis indicated low
or almost no degradation [121].

A recent study showed that the G. mellonella larvae
exhibited differential plastic consumption, with a prefer-
ence for single- and triple-layered PS and PE over biaxially
oriented PP. According to the authors, diets made of plastic
had an impact on survival rates and changes in develop-
mental stages [107]: larvae fed with plastics pupated sooner
than larvae fed with beeswax, as also reported by Burd et al.
[121], which is probably due to a stress response to a very
poor diet [136], reinforcing the idea that a plastic-based diet
is nutritionally unsuitable for the caterpillar growth.

Recently the effect of a PP diet on G. mellonella was
investigated. Over the course of 12 days, 50 larvae ingested
roughly 133.4 mg of PP film with an average consumption

rate of 1.75 mg per 1 g of larvae for the 12 days [124]. Then,
after two years of growing the gut microbiota, they were
able to isolate Bacillus cereus; the authors proposed that this
microorganism possesses the full complement of enzymes
necessary to start PP carbon chain oxidation, a crucial step
in degradation. They used Scanning Electron Microscopy—
Energy Dispersive X-ray spectroscopy (SEM-EDS), FTIR,
and X-ray photoelectron spectroscopy (XPS) to show that
both the gut bacteria and B. cereus could individually start
the oxidation of PP after a 30-day incubation at 37 °C.
According to the authors high temperature gel permeation
chromatography (HT-GPC) analysis demonstrated that B.
cereus biodegraded PP by wide depolymerization; however,
the small molecules resulting from the biodegradation, were
absent in the reported GPC results [124].

Using transmission electron microscopy (TEM), confo-
cal microscopy and flow cytometry, Rost-Roszkowska et al.
[120] showed that on G. mellonella larvae, fed with PP bags
for 24 and 48 h, the ultrastructure of internal organs was
unaffected by such diet. The cells in the examined organs
(the midgut, the silk gland, and the fat body) exhibited no
signs of degenerative changes [120]. Usually, animals may
suffer several fatal consequences from consuming plas-
tics, which could harm the cells in their tissues and organs
[137-141], but this did not occur in PP fed larvae of G. mel-
lonella. However, it is important to underline how these tests
were conducted with larvae subjected to this peculiar diet
for 24 and 48 h, which could be too short a time to evaluate
this type of changes.

Conclusions

Because of its portability, low cost, and ease of process-
ing, plastic items are utilized extensively around the world.
Unfortunately, the increase in plastic production together
with an improper plastic product disposal have so far
resulted in significant pollution, with no reliable plan set
up to deal with the urgent plastic waste pollution issue. The
degradation of plastics by G. mellonella shows great promise
as a potential solution to the global plastic pollution crisis.
The amount of insect species reported to chew and degrade
plastic has been growing, but currently, 7. molitor and G.
mellonella are the most researched insects (as evidenced also
by Pivato et al. [48]) and, apparently, the most efficient even
if, as evidenced by some authors, different insects can be
more efficient in helping to degrade different plastics [122].
This lepidopteran has undoubtedly demonstrated his ability
to efficiently degrade various types of plastics, including PE
and PS, making it a viable candidate for the development
of new strategies in the plastic waste disposal. Most studies
have focused and still focus on the sole role of microorgan-
isms in biodegrading plastic, considering it the number one

@ Springer



Journal of Polymers and the Environment

responsible for this process, but the results are controversial.
Recently various studies have shown that the role of micro-
biota in the degradation process of synthetic polymers car-
ried out by G. mellonella is secondary compared to the one
played by the insect itself. A recent study by Sanluis-Verdes
et al. [83] has identified two active molecules responsible
for PE oxidation and depolymerization: by introducing an
oxygen molecule and thus oxidizing the polymer, these pro-
teins can help overcome the bottleneck of plastic degrada-
tion. This opens the way to new investigations that need to
focus more on the role of the of the insects’ enzymes, since,
regardless of many studies that have recently been published
regarding microbe species that may be accountable for
insect-driven plastic degradation, little to no conclusion has
been achieved on the precise species or genera of bacteria/
fungi that populate the Lepidoptera and Coleoptera intestinal
tract and are supposedly engaged in plastic degradation [51,
78, 80, 82, 95, 104, 106, 117].

Overall, the findings from the studies here analyzed sug-
gest that G. mellonella has the potential to be a valuable tool
in the fight against plastic pollution but results are nowhere
near their practical implementation and further research is
needed to make the most of what insects can offer to improve
the problem of plastic pollution.
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