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Abstract Most petroleum-based plastics are resistant to biodegradation in the
environment. Observation of damage, penetration, and ingestion of plastics by
insects and their larvae lead to research on biodegradation of plastics by insects.
The larvae of darkling beetles (Coleoptera: Tenebrionidae), especially Tenebrio
molitor and Tenebrio obscurus larvae, showed the capacity of rapid gut microbe-
dependent degradation of polystyrene (PS). T. molitor larvae also degrade
low-density polyethylene (LDPE). The biodegradation was evaluated on the basis
of plastic mass balance, modification of ingested polymers, formation of
biodegraded intermediates, as well as 13C isotopic tracer tests. Ingested PS or
LDPE polymer can be depolymerized by up 60–70% within 12–24 h after 1- or
2-week adaption. Ingested PS or PE supports the larvae with energy for life activities
but not growth. Co-feeding normal diet (e.g., bran) enhances PS and PE consump-
tion rate significantly. Gut microbial communities shifted after the larvae were fed
with PS or PE. A few plastic-degrading gut bacterial strains have been isolated from
gut of T. molitor, but they grow on plastics slowly. The rapid biodegradation of PS
and PE is likely a result of synergistic effects of intestinal microbial activities and
host digestive system, and further research is needed to understand the mechanisms.

Keywords Biodegradation, Mealworms, Microbial community, Plastics, Tenebrio
genus

1 Introduction

1.1 Major Plastic Wastes in Environment

Ever since the first industrial-scale production of synthetic polymers (plastics) took
place in the 1940s, the production, consumption, and waste generation rate of plastic
solid waste (PSW) has increased considerably [1]. The global annual plastic pro-
duction accounts for more than 300 million tonnes [2]. The growth of plastic
production in the past decades has substantially outpaced any other manufactured
materials. The same properties that make plastics so versatile in innumerable appli-
cations – durability and resistance to degradation – make these materials difficult or
impossible for nature to assimilate.

Today, there is a growing scientific consensus demonstrating that PSW is a major
environmental concern of increasing global significance. In 2010, the total amount
of PSW produced by 192 coastal countries in the world was 275 � 106 t, of which
4.8–12.7 � 106 t finally entered the ocean, while China imported 1.32–3.53 � 106 t
of PSW into the ocean, ranking first in the world. In the USA, PSW generation found
in municipal solid waste (MSW) has increased from 11% in 2002 [3] to 12.1% in
2007 [4]. In China, over 59.5 � 106 t of PSW is produced in 2015, accounting for
22.9% of MSW generation. More and more generation of PSW has raised enormous
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questions and challenges to the society regardless of their sustainability awareness
and technological advances [1]. Moreover, the annual plastic production has been
and will continue increasing in the foreseeable future [5, 6]. It is predicted that by
2025, the annual import of plastic wastes into the ocean will increase by ten times
[7]. However, among the generated PSW, less than half of it was confined to discard
and either contain in a managed system, such as sanitary landfills and open dumps.
Major plastic polymers produced include polyethylene (PE) 29.6%, polypropylene
(PP) 18.9%, polyvinyl chloride (PVC) 10.4%, polyurethane (PUR) 7.4%, polysty-
rene (PS) 7.1%, and polyethylene terephthalate (PET) 6.9% (Fig. 1) [9]. Thus,
without a well-designed and tailor-made management strategy for end-of-life plas-
tics, it is only reasonable to find a considerable amount of plastics wastes in the final
stream of municipal solid waste.

Of particular concern, plastic pollution has the potential to poison animals and
pose serious threats to human health. According to a hazard-ranking model based on
the United Nations’ Globally Harmonized System of Classification and Labeling of
Chemicals, the chemical ingredients of more than 50% of plastics are hazardous
[10]. These harmful chemicals leached from the plastic wastes or in the form of small
or microplastic debris are more likely to infiltrate food webs [11] and potentially
impact ecologically important species including mussels, salt-marsh grasses, and
corals [11, 12]. Humans and mussels that ingested the chemicals from plastics and
small or microplastic debris could accumulate in the body and harm the cells and
other tissues [11, 13]. The disadvantages of plastic pollution must be carefully
considered to design the best solutions to the environmental challenges posed by
the enormous and sustained global growth in plastic production and use.

Fig. 1 The most widely used plastics on the market (figure from Yang et al. [8])
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1.2 Biodegradation of Plastics by Microorganisms

Natural degradation is hard to get rid of plastic waste. The majority of plastics is
resistant to decomposition by microorganisms [14] due to high-molecular-weight
structural complexity and hydrophobic surfaces [15]. These properties make the
polymer inaccessible to the microbial enzymes. The potential to decompose and
degrade plastics in various environments has been studied for decades, in order to
investigate the fate of plastics in the environment and to find solution to increasing
accumulation of plastic wastes [16–20]. However, most of these plastics are recal-
citrant to biodegradation by microorganisms, and the degradation rate is a generally
very slow [21, 22]. For instance, Ohtake et al. [21] examined plastic polymer
products buried under soil for 32 years and did not find any evidence of biodegra-
dation of PS and PVC but found extremely slow biodegradation of low-density
polyethylene (LDPE) film and bottle [19]. To date, slow biodegradation of LDPE,
PP, and PET polymers by mixed and single microbial cultures has been reported.
The mass removal or degradation is measured in periods of weeks, months, or years.
Table 1 summarizes some research results of microbial degradation of major plas-
tics, which has proved that the plastics can be degraded by several bacteria or flora
from various environments, especially from soil, sludge, landfill, and other contam-
inated sites. The challenges to microbial biodegradation of plastics are summarized
as follows:

1. Extremely poor biodegradation efficiency. The majority of previous studies focus
on isolation and characterization of microbial strains in the ability of degrading
PE, PS, PP, and PE (Table 1). But the isolated cultures performed poorly in both
microbial growth and metabolism of target plastics.

2. Unclear mechanism of biodegradation of plastics. Most reports mainly focused
on the colonization on plastic materials as well as mass loss of plastic materials
added. The key metabolic genes and enzymes are rarely revealed. Therefore,
searching for effective key genes and enzymatic systems for biodegrading plas-
tics and explaining the degradation mechanisms are the key scientific questions
needed to be answered.

3. Unknown intermediates and the impacts and fate of additives. The metabolic
pathways and intermediates of biodegradation of plastics (PE, PS, and PP) are
still unknown. The potential hazards of these degradation products have also not
been investigated. In the biodegradation processes, the impacts and the fates of
various additives should be addressed.

1.3 Plastic Damaging/Degradation by Insects

Since the 1950s, as plastic materials had been rapidly developed and widely applied,
plastic degradation received attentions, and some research had been performed about
plastic films of PE, PP, and PVC in pest insects. Most of these insects belong to
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moths in the family Pyralidae of the order Lepidoptera and darkling beetles in the
family Tenebrionidae of the order Coleoptera [40–42]. Darkling beetles (Tribolium
castaneum, Rhizopertha, Lasioderma serricorne, Tenebrioides mauritanicus,

Table 1 Reported tests on microbial degradation of major plastic materials

References Culture source Results
Test
period

Guillet et al. [23] Activated sludge 0.7% of PS mineralized 75 days

Sielicki et al. [24] Soil and liquids 1.5–3.0% of PS degraded 4 months

Kaplan et al. [25] 17 fungi, 5 soil invertebrates,
5 groups of microbial flora
(sludge, soil, feces, garbage,
corrupt plastics); 5 groups of
mixed microbial flora

0–0.24% of PS degraded 35 days

0.04–0.57% of PS degraded 5–
11 months

Mor and Sivan
[26]

Rhodococcus ruber C208 0.5% and 0.8% of PS weight
loss

4–8 weeks

Atiq et al. [27] Paenibacillus urinalis NA26,
Bacillus sp. NB6, and Pseudo-
monas aeruginosa NB26

Colonization on PS. But no
PS weight loss was
confirmed

8 weeks

Albertsson [28] Three Phellinus ribis 0.36–0.39% of PE mineral-
ized and 0.02% of PE
assimilated

2 years

Albertsson et al.
[29]

Mixed culture of fungus
Japonica and Fusarium

0.5% of PE mineralized 498 days

Sivan et al. [30] Rhodococcus C208 0.86% of PE degraded 7 days

Tribedi and Sil
[31]

Pseudomonas AKS2 4–6% of PE degraded 45 days

Balasubramanian
et al. [32]

Arthrobacter GMB5 and Pseu-
domonas GMB7

12% and 15% of PE
degraded

30 days

Kyaw et al. [33] Four Pseudomonas strains 20%, 11%, 9%, and 1.75%
of PE degraded

120 days

Harshvardhan
and Jha [34]

Kocuria palustris M16,
Bacillus pumilus M27, and
Bacillus subtilis H1584

1%, 1.5%, and 1.75% of PE
degraded

30 days

Yamada-Onodera
et al. [35]

Penicillium YK Increase of average molecu-
lar weight of PE

3 months

Cacciari et al.
[36]

Microbial flora Small molecular products of
PP increased

6 months

Arkatkar et al.
[37]

Soil mixed culture 0.4% of PP weight loss 1 year

Arkatkar et al.
[38]

Pseudomonas azotoformans,
Pseudomonas stutzeri, Bacillus
subtilis, Bacillus flexus

2.5% of PP weight loss.
Ultraviolet treatment
improved biological acces-
sibility of PP

12 months

Jeyakumar et al.
[39]

Two fungi (F1 and F2) Pretreatment and modifica-
tion of PP effectively
improved the degradation

1 year

PE polyethylene, PP polypropylene, PS polystyrene
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Zophobas morio, etc.) in Tenebrionidae and several moths and their larvae (Plodia
interpunctella, Galleria mellonella, Ephestia cautella) in the family Pyralidae were
investigated and known to penetrate and/or consume PE, PVC, and PP films, but no
efforts were made to assess the fate or biodegradation of ingested plastics [40–42]. In
2014, researchers in China reported isolation of PE-degrading bacterial strains from
LDPE-eating Indian meal moth, i.e., P. interpunctella larvae [43], indicating that the
larvae could have the capacity of degrading LDPE. Since 2017, biodegradation of
PE in Pyralidae larvae has been reported in greater wax worms (Galleria mellonella)
[44, 45] and lesser wax worms (Achroia grisella) [46]. Biodegradation of PS and PE
in larvae of darkling beetles (Coleoptera: Tenebrionidae) has been confirmed since
2015 [47–52].

The research on plastic degradation in Tenebrionidae started as the observation of
consumption of Styrofoam (or expanded PS foam) by yellow mealworms (Tenebrio
molitor larvae) was reported by students competing in high school science fairs in
the early 2000s: in 2003, Ms. Chong-Guan Chen raised yellow mealworms fed with
PS foam and hypothesized that PS was biodegraded [53]; in 2009, Ms. I-Ching
Tseng claimed isolation of bacterial strains from yellow mealworm gut using PS as
the sole carbon source [54]. Both larvae of Tenebrio molitor Linnaeus 1758,
commonly referred to as yellow mealworms, and Tenebrio obscurus Fabricius
1792, referred to as dark mealworms, belong to Tenebrio genus of Coleoptera within
the cosmopolitan family Tenebrionidae, which is comprised of more than 20,000
species. Convincing academic evidence of PS degradation in Tenebrio genus was
reported using T. molitor larvae from Beijing, China, in 2015 [47, 48]; then in the
larvae from California, USA [49]; and 12 sources from China, the USA, and the UK
[50]. PS degradation in T. obscurus larvae was reported in 2019 [51]. Ingestion and
biodegradation of LDPE in T. molitor were also reported in 2018 [52]. In addition,
Zophobas atratus Fabricius 1775 (Coleoptera: Tenebrionidae) larvae (commonly
named as superworms, King Worms or Morio Worms) have been tested for eating
PS foams by high school students at science fairs and posted on web sites for years.
PS-biodegrading capability of Z. atratus larvae has been confirmed recently [55]. In
2010, Miao and Zhang [56] tested Z. morio larvae fed with LDPE, linear low-density
polyethylene (LLDPE), ethylene-vinyl acetate (EVA), and PVC microplastics and
Styrofoam but did not provide solid data on biodegradation. They fed the larvae with
respective plastic material versus bran with a ratio of 1:1 (w/w) and then 0.5:1, 0.2:1,
and finally 0:1 each week as well as with Styrofoam (PS). The larvae consumed 2.4 g
PS per kg larvae per day. Based on analysis of frass egested using thermogravimetry-
differential thermal synchronous analyzer (TGA-SDTA), no changes in physical
properties of LDPE and EVA but changes in physical properties of residual PVC and
PS were observed.
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2 Biodegradation of Polystyrene (PS) and Polyethylene
(PE)

2.1 Polystyrene Degradation

Industrial production of PS began around 1930 [57]. PS polymer, which is made
from styrene monomers containing C¼C bonds, possesses long hydrocarbon back-
bone with a benzene ring linked to every other carbon atom [14]. On the basis of
structure, PS can be classified into three forms (Fig. 2a). PS containing all of the
phenyl groups on one side is termed as isotactic PS. If the phenyl groups are
randomly distributed, then it is called atactic PS. Syndiotactic PS is a new type of
PS. The phenyl groups on the polymer chain are attached to alternating sides of the
polymer backbone chain. The only commercially important form of polystyrene is
atactic, in which the phenyl groups are randomly distributed on both sides of the
polymer chain. This random positioning prevents the chains from aligning with
sufficient regularity to achieve any crystallinity.

The PS products include (a) expanded PS (EPS), trade name Styrofoam, which is
widely used for building insulation and packing; (b) extruded PS used for food
containers, coffee cups, food trays, etc.; and (c) high-density PS products which
commonly used as liquid containers, toys, etc. In 2014, the global market for PS
materials was valued at $32 billion with a projected 2020 market valued at $42
billion [58]. Although PS is considered a durable plastic, PS products are often
designed for a short service time and one-time use as a result of the low cost of this
material. The sharp contrast between the remarkable durability of PS and the short
service time of PS products has led to the increasing accumulation of PS waste in our
environment. PS wastes are major pollutants of soils, rivers, lakes, and oceans [59]
and are among the major microplastics (<5 mm) accumulating in the environment
including ocean, surface water, and wastewater [9, 60].

Fig. 2 The major different PS and PE polymers based on structure. (a) PS polymers (left) isotactic
PS, (middle) atactic PS, and (right) syndiotactic PS. Commonly used PS products are atactic PS. (b)
PE polymers. HDPE, LDPE, and LLDPE
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Attempts to investigate biodegradation of petroleum-based PS pollutants can be
traced back to the 1970s. Researchers have studied feasibility of PS biodegradation
with microbes from soils, seawater, landfill sediment, activate sludge, and compost.
Some of these studies included use of 14C-labeled PS [16, 24–26, 61]. However, it
has been thought that PS is not subject to efficient and rapid biodegradation by
microorganisms and soil invertebrates [21, 62]. The scientific consensus was that
rapid PS degradation would require photolytic or thermolytic cleavage of –C–C–
bonds prior to biodegradation [57, 63, 64].

2.2 Polyethylene (PE) Degradation

PE is the most used polymers around the world, and is utilized in packaging,
representing ~40% of total demand for plastic products (www.plasticseurope.org)
with over a trillion plastic bags used every year [65]. As the most common
petroleum-based plastic, PE is expressed as “[CH2�CH2]n” and comprises a linear
backbone of carbon atoms, which is resistant to degradation [43, 44]. Commercial
PE polymers include HDPE (high-density polyethylene), LLDPE, and LDPE
(Fig. 2b). HDPE is composed of linear chains which are packed closely together,
with a very low level of short-chain branching, and has a high degree of crystallinity
(70–95%) [66]. LDPE is characterized by a significant level of long-chain branching
(typical branch length of several hundred carbon atoms) as well as short-chain
branching (2–6 carbon atoms long). The short branches of LDPE hinder close
packing and result in a relatively low crystallinity (45–60%). LLDPE is a linear
molecule with higher level of short-chain branching than HDPE but without long
chains with a middle crystallinity. The structure and physical properties of PE
polymers certainly impact biodegradability. Since the early 1970s, tests on the
biodegradation of virgin PE (unpretreated and without any additives), mainly
LDPE, had been performed under natural environmental conditions, including
soils, seawater, sludge, and compost, which harbor a multitude of diverse microbial
communities [16–21, 28]. These studies concluded that the biodegradation of virgin
PE was extremely slow and limited in mixtures of some microbial communities
[43]. One of the well-known tests was that Ohtake et al. [19, 21] found extremely
slow biodegradation of LDPE film and bottle after they were buried under soil for
more than 32 years using GPC and FTIR analyses. Biodegradation of PE in the
environment occurred mainly through the biological activity of microorganisms after
photo- or thermo-oxidation [67, 68]. Slow (in periods of weeks/months) PE biodeg-
radation has been observed, given appropriate conditions. For example, modest
degradation of PE was observed after nitric acid treatment and incubation for
3 months in a liquid culture of the fungus Penicillium simplicissimum [35]. Slow
PE degradation was also recorded after 4–7 months exposure to the bacterium
Nocardia asteroides [69]. Besides, almost no biodegradation of PE through the
biological activities of select microorganisms can be observed without pretreatments
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[67]. However, recently, much more rapid biodegradation of PE has been found in
plastic-eating insect larvae of two moth larvae [44–46] and yellow mealworms [52].

2.3 Tenebrio Genus in Darkling Beetles

To date, most published research results on plastic degradation by insects are
reported using Tenebrio larvae, especially T. molitor. Currently, there are three
extant Tenebrio species reported [70]; two of them, Tenebrio molitor and Tenebrio
obscurus, have been observed worldwide and commercially available in China, in
the USA, as well as around the world [51], while T. opacus Duftschmid, 1812, is
only found in France [70]. Observations of T. molitor larvae chewing and ingesting
Styrofoam (the trade marker of expanded polystyrene foam) by teenage students and
then researchers lead to investigating biodegradation of PS by T. motor larvae. As
described previously, convincing evidence of rapid PS biodegradation in T. molitor
larvae has been reported since 2015 [47–50]. Based on the recent survey from
collaborators, yellow mealworms in all 25 locations consumed PS foam, including
North America (Canada, Mexico, USA), South America (Chile, Costa Rica), Asia
(Cambodia, China, Japan, Indonesia, India, Iran, Israel, South Korea, Thailand),
Europe (Finland, France, Germany, Poland, Slovenia, Spain, Turkey, UK), Africa
(Nigeria, South Africa), and Australia [50, 71]. Detailed studies confirmed the
ubiquity of PS digestion and biodegradation by 12 sources of T. molitor larvae:
five from the USA, six from China, and one from the UK according to the study of
Yang et al. [50]. As depicted in Fig. 3, 12 strains of mealworms were able to chew
and burrow into block EPS. These T. molitor larvae were also able to chew and
burrow into PE foam (Fig. 4).

3 Characterization of Plastic Biodegradation

Characterization of plastic polymer biodegradation by Tenebrio larvae and other
insects is primarily based on (a) mass loss or mass removal of polymer fed;
(b) supporting life activities by ingesting polymer as sole diet; (c) the modification
of mechanical, chemical, and physical properties of egested residues (in the frass or
fecula); and (d) production of CO2 or biodegraded functional organic groups and/or
intermediates. Stable isotopic tracer 13C and radioisotopic tracer 14C are also effec-
tive tools to prove biodegradation. These procedures were described in several
review articles on microbial plastic degradation and also established in the research
work on biodegradation of PS and PE in Tenebrio larvae [47–52, 72, 73].
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3.1 Survival Rate and PS Consumption

Survival rate (SR) of Tenebrio larvae fed with PS or other plastic materials as sole
diet versus that fed with normal diet bran is used as an indication to test the
possibility of digestion or biodegradation of plastics [47–52] and also used for the
evaluation of the effect of PE and beeswax as sole diet for greater wax worms
(Galleria mellonella) [45] and lesser wax worms (Achroia grisella) [46].

Fig. 3 Tenebrio molitor larvae from 12 sources have the capacity of degrading PS foam. Sources
#1–#5 are from the USA; source #6 is from the Belfast, UK; and sources #7–#12 were from China
(figure from Yang et al. [50])

Fig. 4 Tenebrio molitor larvae have the capacity of ingesting and degrading LDPE foam. (a), (c),
and (d) T. molitor larvae source from the USA. (b) T. molitor larvae from Harbin, China
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Most researchers use short-term SR to evaluate the effectiveness of EPS as energy
source to support the life activities of T. molitor larvae. Yang et al. [47] reported the
results for the determination of the SR of T. molitor larvae over 1-month period and
showed that the difference between of the SR of Styrofoam-feeding larvae and the
SR of conventional diet (bran)-feeding larvae was not significant (average 85%).
During the 1-month rearing period, the larvae (500 in total) obtained in Beijing,
China, consumed 31.0 � 1.7% of Styrofoam with an initial weight of 5.8 g as the
sole diet. In their studies, results found that almost half of the ingested PS carbon was
converted into CO2 in the mealworm gut [47]. Afterward, similar results were
observed using different sources of T. molitor larvae around the world
[49, 50]. Results showed that the SRs of T. molitor larvae fed with PS foam were
similar to that fed with normal diet bran but significantly higher than that unfed
(Fig. 5a); the PS consumption progressively increased over a 32-day rearing period
with PS as the only feedstock as shown in Fig. 5b [49]. A total consumption of
0.83 � 0.04 g PS by the end of the test was observed according to 120 mealworms.
The percentage of undigested PS residue in the frass (w/w, %) decreased from
66.2 � 2.3% on day 4 to 35.2 � 1.2% by day 24, stabilizing at values up to 65%
in the short (12–15 h) residence time of the mealworm gut. At the end of the 32-day
test at 25�C, the SR of the larvae fed with EPS alone was 86.7 � 3.3%, significantly
greater than that of unfed controls (54.2� 2.5%) and not significantly less than bran-
fed mealworms (90.0 � 0.8%). Over the 32-day period of the test, starved meal-
worms lost 2.6 � 0.2% of their average weight; the larvae fed with PS alone
maintained a stable weight; and bran-fed larvae experienced a 32.0 � 1.5% weight
gain. Consumption of PS, PVC, and polylactide (PLA) by T. molitor larvae was also
tested for 21 days by Boźek et al. [74]. They found that the larvae consumed
respective polymers by 9%, 12%, and 3%; the larvae fed with plastics decreased

Fig. 5 Tenebrio molitor larvae chewed and ate PS foam for living. (a) Survival rates of T. molitor
larvae fed with normal diet bran and PS only and unfed. (b) Accumulated PS consumption (%) over
time. This test was conducted in duplicate with 120 larvae in each incubator over a 32-day period
(figures from Yang et al. [49])
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their weight by 18%, 15%, and 19%, respectively, while the weight of those fed with
bran increased by 45%. This suggested that the polymers did not support larval
growth.

In the long term, the change in SR is different. A test was performed with
T. molitor larvae from the UK for 98 days under three feeding conditions: unfed,
EPS alone, and EPS plus bran. The SRs of the larvae fed with EPS alone matched
those fed with EPS plus bran during the initial 35 days (95.5% versus 98.0%) and
then dropped to low levels, like those of unfed controls. Further investigation
revealed that both the unfed larvae and larvae fed with PS alone engaged in
cannibalism. The 98-day SR was 11.8% for unfed larvae and 11.5% for larvae fed
with PS alone. By contrast, the 98-day SR for mealworms fed with bran plus PS was
81.5% [50]. Because PS contains only hydrogen and carbon, it does not provide
adequate nutrition (N, P, Na, K, trace elements, amino acids, etc.) for a long-term
survival and growth. The positive effect of PS on SR does not last for a long time due
to the lack of nitrogen sources and other nutrients. The addition of bran relieved this
constraint. In the absence of added bran, however, PS-fed mealworms survived by
consuming dead mealworms and their molts [50].

3.2 Factors Influencing Plastic Consumption by T. molitor
Larvae

Physical and chemical properties are essential factors influencing the consumption
and digestibility of the polymers by T. molitor larvae. Till now, most research has
been done using Styrofoam or EPS [47, 49–52, 71, 74]. More research is needed to
test different materials with various additives and polymer structures.

Studies indicated that supplementation of nutrient-containing co-diet can enhance
PS consumption and degradation by mealworms (Fig. 6). Wheat bran (WB) is a
normal feedstock for T. molitor larvae and can be obtained from agricultural or food
processing industries. Soy protein is a widely used food additive for humans and
animals. When the larvae were fed with soy protein or WB in the presence of PS,
they first ate the protein or WB and then PS. All feed conditions resulted in higher
SR values than the unfed control (60.8%). SR values were similar for larvae fed with
PS alone (87.5%) and for mealworms fed with PS plus soy protein (89.2%) or WB
(90.8%) (Fig. 6a). Adding soy protein or WB significantly increased rates of PS
degradation compared to PS alone. The 32-day PS consumption rate was 39.1% for
PS alone, 76.8% for PS plus soy protein, and 67.6% PS plus WB (Fig. 6b). The
weight gain of larvae fed with PS plus soy protein was 6.3% greater than that of
mealworms fed with PS alone, and the weight gain of larvae fed with PS plus bran
was 33.5% greater than that of larvae fed with PS alone. A long-term test over 1 year
performed at Stanford University further indicated that when T. molitor larvae were
fed with PS plus co-diets, WB could provide all nutrients for mealworms to complete
their life cycle, but soy protein did not.
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The combined effects of rearing temperature (20, 25, and 30�C) and WB/PS
ratios on SR values and PS consumption rates were evaluated over a 32-day period
(Figs. 6c, d). Highest 32-day percentages of PS consumed were 84.0% at 25�C for a
WB/PS ratio of 16:1, 78.5% at 30�C for a WB/PS ratio of 16:1, and 67.6% at 20�C
for a WB/PS ratio of 8:1. Visibly less PS residue remained in incubators fed with
WB plus PS than in incubators fed with PS alone. Besides, rearing temperature had a
significant impact on SR values. For the same WB:PS ratio, SRs were significantly
lower at 30�C than at 20�C or 25�C. At 20�C and 25�C, SRs were similar regardless
of feed ratio, but sensitive to temperature. The effects of temperature on SR and PS
degradation rates are best explained by the known constraints of temperature on
mealworm physiology, with a reported optimal range of 25–28�C, and by their
inability to tolerate temperatures greater than 30�C [75]. The effect of temperature
is likely strain-dependent since T. molitor larvae in Indonesia grow well at above
30�C [71].

Similarly, Brandon et al. [52] found that at the end of the 32-day experiment, the
SR of the larvae fed with PE was 98.3%, a value that was not significantly different
( p ¼ 0.92) from that of the bran-fed controls (96.3%). There was also no significant
difference in SR of mealworms fed with PE alone and mealworms fed with PE plus
bran (95.0%). This indicated that PE supported the life activities during the 32-day

Fig. 6 Effects of co-diets and temperature on PS consumption by T. molitor larvae. (a) Comparison
of SRs for larvae with different diets. (b) PS consumption (%) and specific PS consumption rates for
unfed larvae compared to the larvae fed with soy protein plus PS or bran plus PS over a 32-day
period. (c) SRs for the larvae fed with various ratios of bran versus PS at 20�C, 25�C, and 30�C over
32 days. (d) PS consumption (%) for the larvae fed with PS alone and various ratios of bran versus
PS (w/w) at 20�C, 25�C, and 30�C over 32 days (mean � standard deviation) (figures from Yang
et al. [49])

Biodegradation of Plastics in Tenebrio Genus (Mealworms) 397



experiment. Consumption of PE and PS increased throughout the experiment. From
the initial 1.80 g PE, the total mass loss at the end of the experiment was 0.87 g by
mealworms fed with PE. For mealworms fed with PS, the total PS mass loss was
0.57 g. For both PE- and PS-fed mealworms, the mass loss was significantly greater
when the mealworms received bran as a co-feed. For PE plus bran, the mass loss was
1.10 g, and for PS plus bran, the mass loss was 0.98 g. Specific rates of plastic
consumption (mg plastic consumed per 100 worms per day) followed the same
pattern.

3.3 Reproduction of T. molitor Fed with PS

Long-term tests indicated that provision of added nutrition (wheat bran) enabled
T. molitor to reproduce and mate and could therefore enable selective breeding
[49]. The first generation of mealworms fed with PS plus WB completed their life
cycle (Fig. 7), developing into pupae and then beetles in 2 weeks at 28�C, and
produced a second generation of yellow mealworms. A new generation of meal-
worms was then reared for 3 months with PS and WB; this generation appeared to
have a higher affinity for PS materials. Rearing at 25�C, 120 s generation juvenile
mealworms weighing ~30 mg per mealworm had a specific PS consumption rate of
16.9 mg PS/100 larvae per day or 5.6 mg PS/1,000 mg mealworms per day on a
weight basis. These values fall within the range of values measured for the mature
first-generation PS-degrading T. molitor larvae that weighed 75–85 mg per larva.
Rearing with PS plus WB as their diets, the second-generation juveniles’mealworms

Fig. 7 The first generation of T. molitor larvae fed with PS plus wheat bran completed their life
cycle and can digest various PS foam products (figure from Yang et al. [49])
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eventually grew to be mature larvae (weighing 90 mg or higher, like the first
generation) and then developed into pupae and beetles. The larvae fed with WB
and PS completed all their life cycle stages (larvae, pupae, beetles, egg), and the
second generation had a favorable PS degradation, opening the door for selective
breeding. Further tests indicated that both generations of T. molitor larvae have
similar capacity of ingesting and biodegrading various PS foams (Fig. 7).

3.4 PS Degradation by Tenebrio obscurus Larvae

Another member of Tenebrio genus, Tenebrio obscurus larvae (dark mealworms),
also has the capacity of ingesting and biodegrading PS foam. A comparison study
demonstrated the ability for PS degradation within the gut of T. obscurus larvae even
at greater rates than T. molitor larvae from the same source [51]. T. obscurus,
Fabricius 1792 larvae, obtained from Shandong, Sichuan, and Henan provinces,
China, and Colorado, USA, chewed and ingested PS foam (Fig. 8). It is speculated
that the chewing and ingestion of PS foam is likely an adaptive behavior intrinsic to
T. obscurus. T. obscurus larvae behaved similarly to each other but differently from
T. molitor larvae. They were all sensitive to light and mostly hid below PS foam in
clusters. The larvae of T. molitor were less sensitive to light and spread themselves
on the foam surface or penetrated the inside matrix. T. obscurus larvae like corn flour
but do not prefer bran diet, while T. molitor prefer both. A test was performed to
compare the PS consumption performance of T. obscurus versus T. molitor larvae;
initial larvae (410) were randomly selected and placed in a food grade polypropylene
container (volume of 3,300 mL) under controlled conditions (25 � 1�C, 70 � 5%
humidity, and dark environment). To assess the capacity of consuming PS initially,
PS blocks (7.2 g) were added. Co-diet treatments were PS plus bran (1.2 g) for
T. molitor larvae and PS plus corn flour (1.2 g) for T. obscurus larvae. An additional
1.2 g of the co-diet was supplemented every 5 days to reach a final ratio of PS to
co-diet of 1.0:1.0 at the end of the test. During the 31-day test with PS as the only
diet, the PS mass consumption by the T. obscurus larvae was 55.4%, while that by
T. molitor was 41.5% (Table 2). The PS consumption increased when co-diets were
added, i.e., the T. obscurus consumed 67.1% of PS and T. molitor consumed
56.8 � 1.9%. At the end of the 31-day test at 25�C, the SRs of both species fed
with EPS alone were 91.5% and 89.3%, respectively, significantly greater than those
of unfed controls (67.6% and 62.0%) and not significantly less than corn flour-fed
and bran-fed larvae (95.0% and 93.2%). Results showed that the T. obscurus were
capable of rapid PS consumption at rates which were even greater than those of
T. molitor.

In addition, both T. obscurus larvae from China and the USA chewed and ate
LDPE foam. However, their capacity of biodegrading LDPE has not been examined.
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4 Methods for Evaluation of Plastic Biodegradation

4.1 Residual Polymers in Frass

An effective approach to assess plastic biodegradation is to examine modification of
polymers after passage of insect gut using a solvent to extract residual polymer from
insect frass or fecula of the insects or larvae fed with plastic. The frass of T. molitor
larvae contained remaining PS particles, modified PS polymers, and other residues,
such as undigested exoskeletons (Fig. 9a). Tetrahydrofuran (THF) is commonly used
to extract PS (or PVC) polymer from the frass of T. molitor larvae (Fig. 9b). In one
study, T. molitor larvae were fed with PS foam as sole diet for 32 days. The
percentage of undigested PS residue in the frass (w/w, %) decreased from 66.2%
on day 4 to 35.2% by day 24, stabilizing thereafter (Fig. 9c). The polymer residue
remaining after evaporation was weighed to determine the THF extractable fraction,

Fig. 8 T. obscurus larvae from various sources can chew and ingest PS foam. The larvae from (a)
T. obscurus from Harbin, China (14 days rearing period). (b) T. obscurus from Harbin, China
(28-day rearing period). (c) T. obscurus from Shandong, China. (d) T. obscurus from Sichuan,
China. (e) T. obscurus from Henan, China. (f) T. obscurus from Colorado, USA (figures (c)–(f)
from Peng et al. [51])
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a measure of residual PS in the frass (Fig. 9b). The results suggested that the PS
degradation activity increased gradually and stabilized after a 16- to 24-day adapta-
tion period [49]. The residual PS polymers were further analyzed using GPC to
examine the molecular weights (Fig. 9d). When the larvae were fed with PS plus
other co-diets, the THF extract may contain other extractable components except for
PS residue. Pre-extraction with ethanol and/or even water to remove impurities may
be needed.

For the larvae fed with PE, the extraction of residual PE is performed with
dichloromethane (DCM) solvent. The procedure of extraction of PE from the frass
of T. molitor larvae fed with PE foam was similar but slightly different from that fed
with PS as described by Brandon et al. [52]. In tests, the results showed that less than
40% of residual LDPE polymer was detected in the frass after T. molitor larvae were
fed with LDPE for 2 weeks, indicating a rapid depolymerization and biodegradation
occurred [52].

Fig. 9 (a) Frass (black) with embedded white polymer residuals. (b) Residual polymer extracted
from frass. (c) Progressive decrease of THF extractable fraction of the frass of T. molitor larvae fed
with PS foam as sole diet over a 32-day period. (d) GPC analysis shows decrease in Mw and Mn of
residual PS polymer extracted from the frass during the 32-day period (figures from Yang et al. [49])
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4.2 Major Analytical Methods

The evidences of biodegradation of PS and PE can be provided via analysis of
egested residues of PS in the frass characterized by GPC, TGA, FTIR, solid-state 13C
cross-polarization/magic angle spinning nuclear magnetic resonance (13C-CP/MS
NMR), liquid-state 1H NMR (1H-NMR) analysis, differential scanning calorimetry
(DSC), as well as other methods.

GPC analysis provides the information of the number-average molecular weight
(Mn) and the weight-average molecular weight (Mw), which have been considered as
a major indication of depolymerization and degradation of polymers [76]. GPC
analysis provides information on three key indicators of depolymerization and
degradation of plastic materials: Mn, Mw, and molecular weight distribution
(MWD). The changes in Mn and Mw of the residual polymer in frass generally
decreased significantly from those of the original PS material, indicating depoly-
merization or modification occurs. A typical example is illustrated in Fig. 9d.
T. molitor larvae were fed with PS as sole diet for 32 days. The Mw in frass was
much lower than that in PS feedstock. The Mn showed progressive decreasing trend.
The MWD of residual polymer shifts to lower molecular weight, indicates
significant and broad depolymerization [47, 48]. The ubiquity of PS biodegrada-
tion in T. molitor larvae was supported by the evidence of PS depolymerization
within the guts of 12 sources from China, the USA, and Northern Ireland, with
significant decreases in Mn and Mw accompanied by shifts in MWD to lower
molecular weights (in Table 3). These results suggested that depolymerization/
cleavage of the long-chain structure of PS took place and lower molecular weight
fragments were newly formed in the mealworm gut. Effects of nutrient supple-
ments and impacts of temperature on PS degradation by a T. molitor strain from the
USA are exhibited in Fig. 10. Residue PS within frass fed with PS only and PS plus
bran showed significant decrease in Mw and Mn in comparison with control
(PS feedstock); and differences between different temperatures and co-feeding
PS were also not statistically significant (Figs. 10a, b). All samples exhibited
similar changes in MWD, with shifts to lower molecular weights than those of
PS feed (Fig. 10c).

Similar results were observed during PS degradation in T. obscurus larvae. Peng
et al. [51] compared T. molitor larvae from the same location; frass samples from
T. obscurus larvae fed with PS only contained polymer extracts with Mn values that
were 26.0% lower than the feedstock and Mw values that were 59.2% lower than the
feedstock (PS feedstock with Mn of 107,000; Mw of 345,000). Frass samples from
T. molitor had Mn values that were 11.7% lower and Mw values that were 29.8%
lower than the feedstock. These decreases in Mn and Mw were significant for all
sources (t test, p < 0.05), indicating depolymerization and degradation of PS
feedstock were ubiquitous across both species. The result also suggested that
T. obscurus larvae tested had superior PS depolymerization and biodegradation
than T. molitor larvae test. In addition, except for the macromolecular peak, some
low-molecular-weight peaks (molecular weighs between 200 and 1,400) were also
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detected in the frass samples from T. obscurus and T. molitor fed with PS only,
suggesting that some oligomer products might be generated. However, further
confirmation test is needed to determine whether the difference of the performance
by the two larvae was case-specific or generically different.

To evaluate PE depolymerization in T. molitor larvae, the residual PE in frass was
extracted with DCM, and the samples were analyzed using high-temperature GPC

Table 3 The decrease in average molecular weights (Mn and Mw) of the residual PS polymers in
the frass of the mealworms fed with bran plus PS (data from Yang et al. [50])

Mealworms Mn Mw

Mn reduction
compared with
control PS (%)

Mw reduction
compared with
control PS (%)

PetCo Pet Store
Chain, Mountain
View, California (#1)

81,535 � 1,588 211,190 � 512 9.40 � 0.72 7.19 � 0.48

PetSmart Pet Store
Chain, Sunnyvale,
California (#2)

77,738 � 2,040 203,006 � 5,928 13.58 � 3.53 10.78 � 2.57

Timberline Fisheries,
Marion, Illinois (#3)

77,945 � 2,979 202,813 � 8,199 13.34 � 4.61 10.88 � 3.24

Exotic Nutrition Pet
Company, Newport
News, Virginia (#4)

75,894 � 3,836 205,549 � 3,977 15.64 � 4.73 9.66 � 2.14

Rainbow Meal-
worms, Compton,
California (#5)

77,151 � 1,512 204,113 � 5,533 14.27 � 0.13 10.29 � 2.73

A pet store in Belfast,
Northern Ireland, UK
(#6)

83,958 � 4,584 182,105 � 9,327 5.37 � 0.19 12.10 � 4.51

A pet store in Beijing
(#7)

78,397 � 3,770 214,922 � 3,164 12.92 � 2.51 5.55 � 1.12

A store in Harbin,
Heilongjiang Prov-
ince (#8)

77,800 � 2,062 212,239 � 1,133 13.50 � 4.08 6.72 � 0.79

A mealworm farm in
Tai’an County, Shan-
dong Province (#9)

81,849 � 1,535 212,780 � 5,798 9.05 � 0.18 6.50 � 2.06

A pet store in Xi’an
City, Shaanxi Prov-
ince (#10)

81,448 � 3,553 214,145 � 2,717 9.53 � 2.17 5.89 � 1.28

A pet store in Shang-
hai (#11)

77,325 � 2,279 215,754 � 3,410 14.08 � 1.48 5.18 � 1.72

A pet store in
Shenzhen City,
Guangdong Province
(#12)

82,531 � 1,512 230,797 � 1,960 11.19 � 1.48 9.02 � 1.09

Mealworms #1–#5, #7–#11, PS feedstock Mn ¼ 89,996 � 1,855, Mw ¼ 227,545 � 1,180; meal-
worms #6, PS feedstock Mn ¼ 88,725 � 19,710, Mw ¼ 207,155 � 2,437; mealworms #12, PS
feedstock Mn ¼ 92,949 � 2,534, Mw ¼ 253,675 � 914
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(HT-GPC) [52]. HT-GPC analysis of the residual polymers from the larvae fed with
PE and PE plus bran showed a significant decrease in weight-averaged (Mw) and
number-averaged (Mn) molecular weight compared to the PE feedstock (Mw

184,600, Mn 27,500). The residual polymer from PE-fed mealworms showed an
average reduction in Mw of 61.3% and reduction in Mn of 40.15%. The residual
polymer from mealworms fed with PE plus bran showed an average reduction in Mw

of 51.8% and reduction in Mn of 47.6%, indicating significant depolymerization of
PE occurred within the gut of the mealworms fed with PE and PE plus bran. Limited
depolymerization patterns were also found during plastic biodegradation e.g. a
decrease in Mw and increase in Mn occurred during PUR degradation by a mixed
microbial culture [77] and increases in both Mw and Mn was observed during
PS degradation by Galleria mellonlla larvae [78]. The mechanisms of the limited
depolymerization remains unknown. More studies are needed to understand the
factors influencing and/or controlling the pattern of depolymerization.

Analysis of frass extracts by FTIR and 1H NMR is another approach to confirm
modification of egested PS associated with degradation [47, 49]. FTIR spectra
provide useful information of formation of new functional groups as evidence of
biodegraded intermediates. Figure 11a is an example. At the end of a test with
120 mealworms at 25�C, incorporation of oxygen was seen in the increase in signals
associated with carbonyl groups in residual PS from the frass [50]. By comparing the
FTIR spectra of the feed PS and PS in egested frass, it revealed bond changes and the
incorporation of oxygen previously associated with plastic degradation via aging,
irradiation, and biotransformation [79–81]. The intensities of the peaks at
625–970 cm�1 (ring-bending vibration) were strong in PS feedstock but much
weaker in frass samples. Characteristic peaks known to represent the PS benzene
ring (C¼C stretch, 1,550–1,610 and 1,800–2,000 cm�1) were dampened in frass
samples, providing evidence of ring cleavage. Further evidence of degradation was
the decrease in intensities of peak characteristic for PS [81] and the appearance of
carbonyl groups (C¼O stretch, 1,700 cm�1) [43]. PS oxidation was most extensive
for frass from mealworms co-fed with bran. The broadening of peaks at
2,500–3,500 cm�1 in all FTIR spectra of frass samples is associated with the
hydrogen bond of hydroxyl groups and/or carboxylic acid groups, suggesting a
shift from hydrophobic to more hydrophilic surface properties.

1H NMR spectra also provide information on biodegradation. Comparison of 1H
NMR spectra for PS to the spectra of frass extracts revealed new peaks in the frass
from mealworms fed with PS only and PS plus bran (Fig. 11b). These peaks were
detected in regions of chemical shift associated with –CH¼CH–, carbonyl
(H2C¼O), and hydroxyl (–OH) groups. Their presence in PS residues of frass, but
not in the control PS, is evidence of transformations and modifications to the PS
within the mealworm gut.

Thermal analysis characterized by using a TGA coupling with the FTIR spec-
troscopy method was used for characterization of PS biodegradation by T. molitor
larvae [47]. A typical analysis was identification of PS degradation by T. obscurus
versus T. molitor larvae [51]. Thermal modifications of ingested PS in T. molitor and
T. obscurus larvae fed with PS as sole diet were detected using TGA to compare the
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Fig. 11 Spectral analysis for the evaluation of PS degradation. (a) FTIR spectra and (b) 1H NMR
spectra of control (feedstock) and frass samples for mealworms fed with PS, bran plus PS, and bran
alone. Samples were obtained on day 32. During the test, a final B:PS ratio was 16:1 g/g with
120 mealworms at 25�C (figures from Yang et al. [48]). (c) TGA spectra of PS feedstock and frass
of T. molitor and T. obscurus larvae fed with PS only. Weight curve in solid line (left axis).
Derivative weight curve in dash line (right axis). Y T. molitor,D T. obscurus, AF antibiotics, B bran,
CF corn flour, PS polystyrene (figure from Peng et al. [51])
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PS feedstock and residual PS in frass (Fig. 11c). Only one maximum decomposition
rate (about 435�C) was detected in the PS sample. In contrast, for frass from
T. obscurus fed with PS only (PS D) and from T. molitor (PS Y), four maximum
decomposition rates (three under N2 ambience and one under air ambience)
appeared at 92.74�C, 341.86�C, 438.74�C, and 509.79�C, respectively (Fig. 11c).
The decomposed part under 100�C was possibly classified as volatile organics (gut
secretion, carboxylic acids compounds from PS biodegradation, etc.), while
decomposed parts from 100�C to 360�C might be attributed to other biological
wastes and biodegradation residue. The frass from both species decomposed in the
same way, suggesting production of new organic intermediates with different ther-
mal properties in the guts of the larvae. On the other hand, the mass loss ratio of the
frass of T. obscurus larvae in the stage of 360�C to 480�C was 35.15%, while that of
T. molitor larvae was 41.03%, in comparison with the PS feedstock of 96.32%. This
result implied that the PS polymer structure deteriorated as it passed via the guts and
that more PS was depleted or biodegraded in T. obscurus, suggesting that larvae of
T. obscurus worked more efficiently in PS biodegradation than larvae of T. molitor.

The biodegradation of LDPE foam in T. molitor was confirmed using FTIR and
1H NMR analyses [52]. Evidence of chemical modifications in the residual PE
polymer was obtained by FTIR analysis. FTIR spectra from the residual polymers
from the larvae fed with PE and PE plus bran revealed incorporation of oxygen as
indicated by the appearance of peaks associated with C–O stretching
(1,000–1,200 cm�1) and alcohol groups (R–OH bend, 1,300–1,450 cm�1; R–OH
stretching, 3,000–3,500 cm�1). Using 1H-NMR analysis, comparison of the control
PE spectra to the spectra of the residual polymer from the larvae fed with PE and PE
plus bran revealed a new peak around 5.3 ppm in a region associated with alkene
bonds (C¼C–H). The results indicated formation of intermediates due to
biodegradation.

In addition, due to limited reports on the research on biodegradation of PVC, PP,
and PET, the analytical methods for evaluation of their biodegradation are still under
development.

4.3 Stable Isotopic Tracer

Stable isotopic 13C tracer is a useful tool to investigate biodegradation. Isotopic
studies using 13C-labeled PS materials have shown that PS was mineralized to 13CO2

and incorporated into lipids [47]. The T. molitor larvae were continuously fed a 3%
solidified jelly containing each of two 13C-labeled PS (0.4 mg/mL) and bran (0.2 mg/
mL) over a 16-day period. The mean δ 13C values of CO2 released by mealworms fed
with α and β 13C-labeled PS diets were 3.3% and 3.9%, respectively. The released
13C-labeled CO2 from the mealworms fed with α 13C-labeled and β 13C-labeled PS
further confirmed the partially biodegradation and mineralization of PS at the end of
the 16-day period. Analysis of the 13C CP/MAS NMR, which is usually applied to
identify directly the native composition of the solid substrate without separation of
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components [82, 83], was further conducted to identify functional groups indicative
of depolymerization and oxidation. Compared with the spectrum of the PS feed-
stock, the new aromatic C (δ 140, 154, and 160) resonance signals could be ascribed
to phenyl derivatives, as reported by Gilardi et al. [83]. The phenyl derivatives are
possible proxies for the fragments or smaller molecules produced during depoly-
merization/oxidation of PS [62].

14C tracer was widely used for the research on biodegradation of plastics during
the 1970s–1980s [62]. However, this technique has been limited by the availability
of radioisotope materials such as 14C PE and 14C PS.

5 Plastic-Degrading Microbial Communities
and Functional Bacteria

5.1 The Role of Gut Microbes in Plastic Degradation

It is important to understand whether gut microflora play an indispensable role in the
biodegradation of plastics, i.e., gut microbe-dependent or gut microbe-independent
biodegradation. Antibiotics, such as gentamicin, nystatin, and ampicillin, suppress
gut microbiota in mealworms and provide insight into the role that gut microbiota
play in digestive processes, such as the digestion of cell walls and glucoside
detoxification [84]. In the studies to test PS degradation, gentamicin has been used
to depress or inhibit gut microbes in T. molitor and T. obscurus larvae [48–51]. Gen-
tamicin is effective to treat mostly Gram-negative bacteria and some Gram-positive
bacteria. The results showed that the microbial communities were inhibited and
depressed by 102–103 in the presence of gentamicin (Fig. 12a), and the larvae fed
with antibiotic gentamicin almost lost their ability to depolymerize PS (Fig. 12b),
indicating that the gut bacteria impaired the ability of the mealworm to depolymerize
long-chain PS molecules. GPC analyses indicated inhibition of depolymerization
when T. molitor larvae from five sources in the USA were fed with gentamicin-
containing WB, but depolymerization remained elevated in the control treatment
(without gentamicin addition). No statistically significant differences were observed
in Mw and Mn values between PS feedstock and residual polymers extracted from
frass samples of mealworms receiving the gentamicin treatment for all five US
sources (Fig. 12b, c). On the other hand, significant differences were observed in
Mw and Mn values between PS feedstock and residual polymers extracted from
control and gentamicin treatments. In tests to investigate PS degradation by
T. obscurus larvae versus T. molitor larvae (Fig. 12d), gentamicin depression of
gut microbes also inhibited PS depolymerization in Tenebrio obscurus larvae
[51]. This is evidence that gentamicin suppressed gut microbiota and inhibited PS
depolymerization. The depolymerization of PS is likely gut microbe dependent.

The effect of antibiotics on PE degradation in Tenebrio larvae has not yet been
reported. However, addition of antibiotics did not inhibit the metabolism of beeswax
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and LDPE film by greater wax moth larvae (Galleria mellonella), indicating gut
microbe independence [45]. Research is needed to identify whether biodegradation
of PE in Tenebrio larvae is dependent or independent on gut microbes.

5.2 Plastic-Degrading Microbial Communities

Microbial communities of T. molitor in relation to PS degradation have been
investigated [50, 52]. Comparing the great variations in different original bacterial
communities between source populations due to differences in diet at different
geographic locations (China, UK, and USA) and strain-specific properties, the
microbial community analyses demonstrated significant taxonomic shifts for meal-
worms fed with diets of PS alone and WB plus PS [50]. The dominant bacterial

Fig. 12 Effect of antibiotics gentamicin on depolymerization of PS by Tenebrio larvae. (a)
Depression of gut microbes by counting CFU in guts of five T. molitor larvae fed with gentamicin
for 7 days in comparison with control. (b) Comparison of Mn in the PS residues from frass of five
T. molitor larvae. (c) Comparison of Mw in the PS residues from frass of five T. molitor larvae. The
five T. molitor larval sources are described in Table 3 (#1–#5). (d) Comparison of Mw and Mn of PS
feedstock. PS polymers extracted from frass of T. obscurus fed with PS only without and with
gentamicin. The larval source was from Shandong, China (data from Peng et al. [51])
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phyla across mealworm samples fed with PS and WB plus PS, representing greater
than 99% average relative abundance in the measured bacterial communities, were
Actinobacteria, Firmicutes, Proteobacteria, and Tenericutes (Fig. 13a). The six
most abundant families (>98% total relative abundance on average) were
Bacillaceae, Enterobacteriaceae, Enterococcaceae, Lactobacillaceae,
Leuconostocaceae, and Streptococcaceae, representing a diverse range of mostly
aerobic and/or facultative bacteria (Fig. 13b). At the genus level (Fig. 13c), when the
diet of the mealworms shifted from bran to PS only or PS plus bran, the gut
microbiota shifted to a community with improved capabilities for PS degradation.

Brandon et al. [52] performed differential abundance analysis of the gut
microbiome in T. molitor larvae and found that several minority OTUs strongly
associated with the plastic diets (Fig. 14). The larvae were fed with respective diets,
i.e., PE, PS, bran, and PE plus bran, for 32 days. This analysis revealed that two
OTUs were strongly associated ( p < 0.05) with both the plastic diets (PE and PS):
Citrobacter sp. and Kosakonia sp. Both OTUs are members of the
Enterobacteriaceae, a family known to contain PE-degrading member Enterobacter
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asburiae YT1 isolated from the gut of the larvae of Indian meal moth [43, 85]. Both
OTUs can utilize oxygen (Citrobacter sp. are aerobic; Kosakonia sp. are facultative
anaerobic), which could be further evidenced for their involvement in plastic
degradation, as incorporation of oxygen is key in the accelerated biodegradation of
both PE and PS [22, 57, 68, 72]. Both Citrobacter sp. and Kosakonia sp. were more
abundant (based on relative abundance) in both of the plastic-only diets than the
plastic plus bran fed diets and were also more abundant than the other OTUs
identified via differential abundance analysis.

Two OTUs, both minority members of the microbial community, were signifi-
cantly associated ( p < 0.05) with PE-fed microbiomes: Sebaldella termitidis and
Brevibacterium sp. (Figs. 14a–c). Sebaldella termitidis is phylogenetically isolated
within the phylum Fusobacteria, is anaerobic, and is a known inhabitant of the
posterior end of the termite gut track. Brevibacterium sp. is aerobic bacteria known
to be associated with hydrocarbon degradation, including n-alkanes.

Seven OTUs, all minority members of the microbial community, were signifi-
cantly associated ( p < 0.05) with the PS-fed gut microbiome: Listeria sp.,
Nitrospira defluvii, Pedomicrobium sp., Aquihabitans sp., unclassified
Xanthomonadaceae, unclassified Saprospiraceae, and unclassified Burkholderiales
(Figs. 14c, d). Most of these PS-associated OTUs are aerobic, which is important
when considering their possible role in the degradation of polystyrene. The increase
in OTUs associated with the PS microbial community could be indicative of a more
diverse suite of daughter products created in PS degradation, likely due to the more
complex chemical composition of PS and the presence of benzene rings that could
degrade into a variety of daughter products. It is still unknown that the changes in the
PS microbial community were also affected by the presence of trace amounts (<1%)
of a chemical flame retardant which is present in most commercially available PS
products.

The gut microbial community of T. obscurus that shifted to that of high PS
degradation capacity compared to T. molitor was proved in a recent study [51]. A
ternary analysis suggested that the families Enterococcaceae, Spiroplasmataceae,
and Enterobacteriaceae were strongly associated with the PS diet in T. obscurus,
which was consistent with the result in relative abundance distributions. At present,
however, it is difficult to prove which microbial genera or families are responsible
for enhanced PS degradation because only a few PS-degrading bacteria have been
isolated.

5.3 Plastic-Degrading Gut Microbes

PS-degrading bacterial strains have been isolated from T. molitor larval gut. A
PS-degrading bacterial strain (Exiguobacterium sp. strain YT2, phylum: Firmicutes)
was isolated from the larvae fed with PS as diet and was verified to degrade PS
polymer [48]. Exiguobacterium is a genus of bacilli and a member of the low GC
phyla of Firmicutes. This bacterial strain YT2 grew on the PS film by forming
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opaque colonies visible, but did not grow on the agar medium (Fig. 15). After a
28-day incubation, the molecular weight of the residual PS pieces was decreased
based on GPC analysis, and the release of unknown water-soluble daughter products
was detected on gas chromatography/mass spectrometry (GC/MS). The single
culture of strain YT2 (108 cells/mL) removed PS by 7.4 � 0.4% in liquid medium
containing 2,500 mg/L PS pieces during a 60-day period. Analyses of GPC, X-ray
photoelectron spectroscopy (XPS) scanning, and C 1s spectra of residual PS con-
firmed PS depolymerization by strain YT2. This proved that PS-degrading micro-
organisms are present in the gut T. molitor larvae and supported the gut microbe
dependence of PS biodegradation. However, the isolated bacterial strain YT2 out-
side the living host appears to show much lower PS degradation efficiency than that
demonstrated in the gut system. This suggests that the mechanism of PS degradation
in mealworms’ gut could be more complicated than gut microbial activities.

Isolation of plastic-degrading bacteria from T. molitor larvae was also reported by
Suh and Lee [86]. They examined colonization on four different plastic (PS, PET,
PP, and PVC) films as indication of plastic biodegradation and claimed ten isolated
bacterial strains belonging to Escherichia fergusonii, Bacillus toyonensis, and Kleb-
siella oxytoca. Tang et al. [87] isolated unknown aerobic strains TM1 and ZM1 from
T. molitor and Z. morio using yeast extract on agar plates and claimed their growth
on PS plates which were prepared by adding PS emulsion (in chloroform solvent)
into agar basal medium.

Fig. 15 Biofilm formation and deterioration of PS film surface topography after a 28-day incuba-
tion with strain YT2. (a) Fluorescent microscopic image of biofilm showed the presence of active
cells after a 28-day incubation. Live cells are green, and dead cells are red. (b) SEM observations of
the physical surface topography of the PS film incubated with strain YT2 after 28 days (figures from
Yang et al. [48])
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6 Mechanism on Biodegradation of Plastics in Insects
and Research Prospects

The mechanism of rapid biodegradation of PS and PE in Tenebrio larva is still under
investigation. Recent studies indicated that T. molitor larvae also have unique
capacity of degrading lignin material in wheat straw, rice straw, and corn straw
[88, 89]. Lignin is a class of complex cross-linked phenolic polymers and resistant to
biodegradation. The mechanism of biodegradation of lignin in T. molitor larvae is
also unknown since we do not know if the gut microbes or the larvae or both could
secret ligninolytic enzymes (heme peroxidases, laccase, etc.). Through the action of
unidentified enzymes in the termite gut, lignocellulose polymers are broken down
into sugars and are transformed into hydrogen. The bacteria within the gut turn the
sugar and hydrogen into cellulose acetate, an acetate ester of cellulose on which
termites rely for energy. It is not clear whether the capacity of degrading lignocel-
lulose in the larvae also works on various plastics.

Based on the research results on biodegradation of plastics in insects reported and
the conceptual model proposed by Yang et al. [47], a primary schematic diagram for
symbiotic degradation of plastics (PS and PE) in Tenebrio larvae is proposed in
Fig. 16 as follows. First, plastic materials (foam, film, powders, or fragments) are
chewed into small particles and ingested into the gut. Chewing reduces the size of
plastic particles and increases the contact surface area of particle exposure to
microbes, bacterial extracellular enzymes, and digestive enzymes. During the inges-
tion, oxygen in air also enters the intestinal tract and then serves as electron acceptor
for aerobic and facultative microbes as well as enzymatic reactions. In the gut, the
ingested plastic particles are further fragmented due to mixing, stirring, and moving
in the intestinal tract. The fragmented particles are further mixed with gut microbiota
that excretes extracellular enzymes and digestive enzymes from the insect to catalyze
the depolymerization of the particles into small molecule products. Biodegraded
intermediates are further produced via various enzymatic oxidations after depoly-
merization. Some biodegraded intermediates were further mineralized into CO2 and
H2O by multiple functional microbes and/or the mealworm host. Limited carbons of
the intermediates are further incorporated into biomass. A part of H2O produced is
utilized by T. molitor larvae as water source. The biodegraded products including
intermediates and CO2 and undigested residual plastic polymers with some gut
microbes are egested as frass. The frass contains plastic-degrading microbes and
can be recycled back to the intestinal tract again.

The discovery of biodegradation of plastics, especially PS and PE in insects and
their larva, has opened a new door to reach the fate of plastic wastes in the
environment and the potential solutions to plastic pollution. To date, the published
results of plastics degradation are still limited to PS and LDPE. The feasibility of
biodegradation of other recalcitrant plastics such as PP, PVC, and PET in insects
should be investigated. The fate of additives in plastics such as plasticizer and flame
retardant should also be addressed. Fundamental research topics on biodegradation
of plastics with Tenebrio larvae and other insects should be considered including
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(a) factors impacting and limiting biodegradation of plastics (polymer types, molec-
ular weight, and structure); (b) the enzyme(s), protein sequences, and genes of
functional microbes related to plastic degradation; (c) the interaction or synergistic
effect between host intestinal tract and gut microbes; and (d) the plastic degradation-
related or assistant digestive enzyme(s), protein sequences, cofactor(s), and genes of
the insects. Understanding the mechanisms of the insect-related plastic biodegrada-
tion could greatly benefit to management of plastic wastes and recovery of resource
from used plastics, production of new generation of plastics products, as well as
development of innovative technologies for bioremediation of existing plastics
pollution sites.
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