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Foamed polystyrene (PS) is a prevalent material in consumer products and thus represents one of the largest
constituents of marine litter. PS may interact with and be ingested by various organisms, including insects, which
are starting to be used in biodegradation of plastic wastes. This study examines the physiological performances
and the potential oxidative stress related to dietary environmental PS exposure of Z. morio larvae. Experimental
groups were fed different diets: bran and oatmeal (control), weathered PS collected from the marine environ-
ment, and virgin PS. Over a 30-day feeding period, larvae growth, survival, and PS consumption were measured,
together with antioxidant enzymatic activities and gene expression profiles. Results showed that PS ingestion
supports larval growth similarly to bran, but the two PS-fed groups consumed a different amount of plastic,
suggesting that weathered PS might affect the patterns of PS consumption by larvae. We denoted that PS con-
sumption was associated with a decline in total antioxidant capacity, which showed the highest decrease in the
environmental PS group. Marked increases in oxidative stress biomarkers such as superoxide dismutase (SOD)
activity/mRNA levels and malondialdehyde content were also observed in the environmental PS-fed group,
indicating an elevated oxidative stress response, probably due to pollutants adsorbed/absorbed on PS. Differently
to SOD, catalase at both mRNA and enzyme activity levels was found to be significantly reduced by PS digestion,
regardless of PS type. The mRNA levels of glutathione s-transferase (GST) were significantly higher in the
environmental PS-fed larvae compared to the virgin PS-fed group. In addition, Principal Component Analysis
clearly distinguished between larvae fed different PS types, highlighting the enhanced oxidative stress caused by
the ingestion of PS collected from marine environments. These results support the potential of insects in plastic
biodegradation processes but also demonstrate the health hazards of using environmental PS as principal dietary
component in Z. morio larvae, thus questioning their use in downstream productions.

1. Introduction The main routes of marine environment contamination by foamed

plastic debris are represented by both internal waters and direct litter-

Foamed polystyrene (PS), a ubiquitous material used in a variety of
consumer products (e.g. protective and food packaging, appliances and
construction material), has emerged as a prominent component of ma-
rine litter and source of environmental microplastics (MPs). In this re-
gard, recent data show that only construction and packaging generate
about 530 000 tonnes of foamed PS waste produced in Europe (Turner,
2020). With its widespread distribution and persistence, foamed poly-
styrene particles are increasingly encountered in diverse ecosystems,
including soils, sediments, and aquatic habitats (Siddiqui et al., 2023).
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ing, especially in the littoral zone (Turner, 2020; Chelomin et al., 2023).
In this latter, foamed waste is widely and rapidly dispersed due to its
lightness and low-density properties and it is particularly difficult to
retrieve (Turner, 2020). Floating and fragmented foamed PS is exposed
to weathering that may produce significant quantities of MPs (Ho et al.,
2020; Moyal et al., 2023). Foamed PS MPs may then interact with and be
ingested by a range of organisms resulting in adverse health effects.
The potential consequences of plastic/microplastic ingestion on in-
sects are of particular interest because some species have been recently
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used as food ingredients for farm animals and humans (Dobermann
et al., 2017). In addition, insects play a key role in the actual strategy (i.
e. biodegradation of plastics) suggested for reducing the burden of
global plastic pollution (Siddiqui et al., 2024). The ability to digest
plastic, including PS, by insect larvae has in fact been suggested as a
promising sustainable approach for treatment of plastic waste. Plastic
degradation by insects proved to be highly efficient due to a variety of
gut microbiome-related mechanisms which allow to depolymerize and
mineralize the ingested plastics (An et al., 2023; Siddiqui et al., 2024).
Up to now different lepidopteran and coleopteran insect larvae have
been employed in biodegradation of plastic products (Siddiqui et al.,
2024). Among these, larvae of Zophobas morio have shown the capacity
of eating foams of expanded polystyrene (EPS) in a fully gut microbe
dependent way (Peng et al., 2020; Yang et al., 2020a; Tay et al., 2023).
However, this species seems to have some limitations in the PS depo-
lymerization process as demonstrated by the consistent quantities of
undigested polymers with high molecular weights found in egested PS
frass (Peng et al., 2020; Jung et al., 2023).

These plastic fragments could bioaccumulate in the gut before being
excreted causing oxidative stress, a condition arising from an imbalance
between reactive oxygen species (ROS) production and antioxidant
defence mechanisms that leads to cellular damage and dysbiosis.
Biodegradation of PS has been found to induce oxidative stress responses
in mealworms resulting in negative physiological consequences (Peng
et al., 2023). These findings were supported by a significant increase in
the main oxidative stress biomarkers such as the activity of antioxidant
enzymes (i.e., superoxide dismutase, SOD), and lipid peroxidation (i.e.,
malondialdehyde, MDA, content). SOD, as first-line antioxidant defense,
was found to be up-regulated in mealworms that ingest MPs (Peng et al.,
2023). These results clearly indicate an involvement of antioxidant
systems in scavenging activity of free radicals produced by digestion and
biodegradation of MPs. Similarly, increases in the MDA content, indi-
cating oxidative damage, were reported in both plastic-fed mealworms
(Peng et al., 2023) and MP-exposed earthworms (Cheng et al., 2020;
Wang et al., 2022).

However, the majority of data on MP toxicity in plastivores are
referred to laboratory studies focused on using commercial plastics. In
this regard, laboratory experiments have exposed organisms to pre-
production MPs, usually referred to as “virgin” MPs. These MPs are
not representative of those found in the environment because they lack
the complex chemical cocktail and biofilm that are associated with
environmental MPs (Amariei et al., 2022; Bucci et al., 2022; Herrera
etal., 2022). In fact, preliminary data have demonstrated that persistent
organic pollutants (POPs), such as polycyclic aromatic hydrocarbon
(PAHSs), polychlorinated biphenyl (PCBs) and pesticides represent the
most common categories of contaminants found on the surface of
weathered MPs (Capriotti et al., 2021; Cormier et al., 2022; Wang et al.,
2022; Bao et al., 2024). MP-associated POPs are at levels giving rise to
both potential toxicity and transfer along the trophic web. It has been
shown that the interaction between MPs and POPs can result in syner-
gistic or antagonistic effects on organisms. A key factor influencing the
adsorption of POPs to MPs is the presence of biofilm, a consortium of
algae, bacteria, and other microorganisms that can increase the uptake
of adsorbed contaminants and exacerbate their potential ecological
impacts, creating a complex matrix of environmental contamination
(Scott et al., 2021; Arienzo et al., 2021).

To date, little is known about the potential negative effects of
weathered PS on insect larvae. Thus, the aim of the current study was to
identify the adverse effects related to ingestion of environmental PS
litter in Z. morio larvae by measuring oxidative stress biomarkers and
physiological performances. Our study begins with a preliminary
observation that superworms willingly eat weathered (i.e. environ-
mental) PS, without adverse consequences neither on survival nor on
growth. We then assessed the oxidative stress responses induced by a PS
diet through the analyses of the total antioxidant capacity (TAC) as well
as SOD, glutathione s-transferase (GST), and catalase (CAT) activities/
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transcripts and the concentration of MDA.
2. Materials and methods
2.1. Larvae and rearing condition

A total of 210 adult Zophobas morio larvae (initial average body
weight: 773.7 + 25.4 mg) were purchased from a commercial farm
(Factory serpens lepidoctera; F.S.L.; Frosinone, Italy) and cultured in-
doors with their common food bran (Yang et al., 2020b; Zielinska et al.,
2021; Fasce et al., 2022). Individuals were left to acclimate before the
experiment set up and then placed in a 60 x 60 x 30 cm Vision Cage.
Each Vision cage housed two boxes, each containing 35 larvae, assigned
to one of the following experimental groups: control, environmental
polystyrene (Env PS), and clean PS (PS). The cages were heated with a
28 W heating mat on the bottom using a Habistat pulse thermostat for
temperature stabilization and the environmental conditions within the
cages were kept constant (27.0 + 0.5 °C temperature and 70 + 10 %
humidity), as monitored by a digital thermo-hygrometer (Yang et al.,
2020a; Wang et al., 2022).

2.2. PS-feeding test

Individuals within each group were fed ad libitum a different exper-
imental treatment diet over a 30-d exposure period, specifically: the
control group was provided with bran, oatmeal, and carrot slices for
hydration; the Env PS group was given a 10.00 g block of environmental
PS, along with carrot slices; the PS group received 10.00 g of clean,
synthetic PS together with carrot slices. The supplementation of bran
and oatmeal diet with fresh carrots improve access to certain essential
nutrients, positively affecting larvae growth in different darkling beetles
(Tenebrionidae).

Environmental PS was collected from the shoreline at one site along a
coastal area of the Marche region close to the Tronto river mouth (Italy;
42°53'43.4'N 13°54'57.6"E), which is known to be characterized by
agricultural runoff and urban discharges (Palermo et al., 2008; Anni-
baldi et al., 2015; Cocci et al., 2017). Fourier-transform infrared spec-
troscopic analysis was used for the rapid identification and
characterization of the PS. The clean PS was recovered from uncon-
taminated newly synthesised PS seed trays. Foods for the control group
were periodically replaced in order to prevent mould growth. In the PS
and Env PS groups, the block of PS was neither modified nor replaced
during the entire experimental period.

2.3. Superworms growth conditions and measurements

The larval monitoring period lasted specifically from June 26, 2023
to July 25, 2023. During this time, measurements were taken twice a
week to acquire data on the increasing weight of the larvae, the weight
loss of the growth substrate (i.e. PS), mortality, and the general health
status of the larvae involved in the experiment. A continuous visual
inspection was adopted in order to prevent the proliferation of mould.
Weight measuring of both PS and larvae were made with a digital
electronic high-accuracy scale (>0.001) laboratory balance. The un-
eaten PS block and small undigested PS particles resulting from the
superworms eating were subjected to a drying process at 40 °C for 2 h
before each weighing. This method was applied because the moisture
absorbed by the PS, due to environmental conditions, can increase its
weight, leading to not reliable weight measurements. The amount of PS
consumed was calculated as the initial weight of PS minus the combined
weight of residual PS block and undigested PS fragments found in the
boxes (Peng et al., 2022; Mapfumo et al., 2024; Lopes et al., 2024).

2.4. Molecular analysis of antioxidant-related genes

Total RNA was extracted from larval whole bodies using Trizol
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Table 1
List of primers used in this study.
Gene Primer Sequence (5°—3’) Size (bp) GenBank Efficiency (%)
CAT CCTCAACCGCAATCCCAAAA
CCCCATAGTTGAAAAGCCGG 128 XM_965010.4 91.3
SOD CAGGACAAAATGCCGACCAA
AGTCACATGAACCGGAGCTT 102 XM_064067465.1 94.9
GST GCGAAGGTTCTGCTTACGTC
AGACTGAAGACTCCCGCAAA 125 XM_064060641.1 95.2
GAPDH TCGTGCTTCTTTGGAACGTG
CAACCAAGAATCCACCTTCTGC 146 LC496554.1 98.8

Reagent (Thermo Scientific), according to the manufacturer’s in-
structions (Invitrogen). The concentration and quality of RNA was
achieved using a Qubit™ 4 Fluorometer (Thermo Fisher Scientific) with
the Qubit RNA HS Assay Kit and the Qubit RNA IQ Assay Kit. cDNA was
produced using the All-In-One 5X RT MasterMix according to manu-
facturer’s instructions (G592; abm). For the genomic DNA (gDNA)
removal the mixture was incubated at 37 °C for 15 min and cDNA
synthesis was obtained at 60 °C for 20 min. The reaction was stopped by
heating at 95 °C for 2 min.

SYBR green-based real time PCR with cross-species primer pairs
(Table 1) was used for evaluating transcription profiles of CAT, SOD,
GST target genes. Data were normalized to GAPDH levels as the most
stable reference gene for each assay run (Tables S1, 2). The optimized
reaction included: 5.0 ul yourSIAL® Green Mix 2X, 0.5 pl each of for-
ward and reverse primers (10 pM) and 2 pl template cDNA, 2 ul DEPC-
H>0. Thermal-cycling temperatures were at 95 °C for 2 min, followed by
40 cycles at 95 °C for 5 s and 60 °C for 30 s. Dissociation-curve analysis
indicated the production of a single amplification product. The products
were confirmed by gel electrophoresis in 2.0 % agarose gels and visu-
alized with a non-toxic dye (SafeView Classic, abm).

2.5. Antioxidant enzyme analysis and oxidative stress indices in the whole
body

A portion of whole bodies from individual larva was homogenized on
ice with a phosphate buffer solution (0.1 M; pH 7.5). Then, the ho-
mogenate was centrifuged at 10,000 rpm for 15 min at 4 °C, and the
resulting supernatant was stored at -80 °C for biochemical assays. Total
protein concentrations in crude enzyme extract were determined ac-
cording to the Bradford Protein Assay (Biorad). Commercial kits were
used for the determination of the activities of superoxide dismutase
(Total Superoxide Dismutase Activity Assay Kit; MyBioSource
MBS2540402), catalase (Catalase Assay Kit; MyBioSource
MBS2540413) and glutathione S transferase (Glutathione S-transferase
Microplate Assay Kit MBS8243172). The cumulative effect of all anti-
oxidants was analysed by using a colorimetric assay kit (Total Antioxi-
dant Capacity,T-AOC, Colorimetric Assay Kit; MyBioSource,
MBS2540515) by measuring the absorbance at 520 nm. Quantitative
measurement of MDA was achieved with a competitive inhibition
enzyme immunoassay technique (General Malondialdehyde, MDA

ELISA Kit; MyBioSource MBS2700234).
All procedures and sample dilutions were performed following the
protocol described in the respective operating manuals.

2.6. Statistical analyses

To examine the normality and homoscedasticity of the data, the
Shapiro-Wilk W-test and Levene’s test were applied. One-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was used to detect
significant differences between the treatments. Values of p < 0.05 were
considered significant. Principal component analysis (PCA) was per-
formed to assess the differences in composition profiles of all the
oxidative stress markers in Zophobas morio larvae grouped by
treatments.

2.7. Results and Discussion

As in previous studies (Yang et al., 2020a; Sun et al., 2022; An et al.,
2023), exclusively PS-fed superworms easily approach the styrofoam
blocks producing hollows as result of intense chewing and burrowing
activities. The two PS-fed groups consumed a different amount of plas-
tic, suggesting that weathered PS might affect larvae consumption pat-
terns (Fig. 1). Indeed, the mass loss of PS was 54.9 + 1.9 %, and 64.9 +
7.4 % for the PS-fed and Env PS-fed, respectively, by the end of the
experiment. However, the observed differences were not significantly
different. Overall, our findings are slightly different to existing literature
suggesting increased levels of Env PS foam mass loss in our study. The
accumulated loss of the Env PS foam mass was close to that observed in
previous studies with Z. atratus larvae fed PS plus bran over 33 days
(Peng et al., 2020). The latter study has shown that co-feeding of both
Z. atratus and T. molitor larvae with bran and PS significantly increases
their PS consumption (Brandon et al., 2018; Yang et al., 2018; Peng
et al.,, 2020). In this regard, our findings suggest the potential of PS,
particularly the Env PS in stimulating the feeding behaviour of super-
worms. Survival rate and average body weight of superworms were
monitored during the experiment and are reported in Fig. 1.

The survival rates of groups fed with PS appeared both slightly lower
than those of the control group during the feeding trial but were not
significantly different neither from each other nor from control
(Fig. 1A). Overall, these results seem in contrast to a previously reported
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Fig. 1. Survival indices of Zophobas morio larvae and polystyrene (PS) consumption rate over the test period. (A) Survival rate (%), (B) weight change (%) and (C) PS
consumption (%) by superworms Zophobas morio fed virgin PS or environmental PS (Env PS).
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Fig. 2. Changes in the total antioxidant capacity (TAC) of superworms

(Zophobas morio) after dietary exposure to virgin PS (PS) or environmental PS
(Env PS). Different letters denote a significant differences (*p < 0.05).

survival rate of ~90 % after 35 days, observed at similar experimental
settings but with significantly lower larvae densities (Peng et al., 2020).
Our recorded survival rates are quite close to that (~70 %) reported by
Yang et al. (2020b) which used a similar population density and that
(>80 %) of Zhong et al. (2023) which however used a younger larval
stage of T. molitor. The average weights of PS fed and control super-
worms were not statistically different at the end of the feeding trial
(Fig. 1B). These findings suggest that ingesting PS as an exogenous food
source could sustain growth and life activities of superworms as much as
bran. However, data on the survival rates could indicate a potential
influence of larval age on the safety of plastic biodegradation process in
Z. morio. Basically, our results are in line with those reported in previous
studies with different species of plastivores (Brandon et al., 2018; Yang
et al., 2018; Peng et al., 2020).

PS consumption was previously associated with increased endoge-
nous oxidative damage to superworms (Zielinska et al., 2021; Chen
et al.,, 2023). Interestingly, herein we observed that the increase in
oxidative stress levels was paralleled by a decrease in TAC activity. TAC
displayed a significant reduction in both PS feeding trial groups,
showing the highest decrease in the Env PS group (Fig. 2).

After 30 days of continuous plastic feeding, both the activities and
mRNA levels of antioxidant and detoxifying enzymes (i.e. SOD/CAT/
GST) were found differently and significantly modulated in PS-fed
superworms (Fig. 3). Notably, both gene expression and activity of
SOD were all significantly higher in Env PS-fed than the bran-fed control
or (see the mRNA levels) the PS-fed group (Fig. 3A). This data points out
very clearly that the oxidative stress response is mainly driven by what
accumulates and potentially leaches from Env PS (e.g. POPs) producing
higher levels of HyO». Differently to SOD, CAT was found to be signifi-
cantly modulated by PS digestion, regardless of PS type, at both mRNA
and enzyme activity levels (Fig. 3B). Muhammad et al. (2021) reported a
strong size-dependent induction of SOD, but not CAT, gene expression in
response to PS in silkworms, highlighting a defence mechanism that
prevents oxidative stress. Changes in CAT activity following micro-
plastic exposures were reported in earthworms suggesting the increase
of HyO4 through disproportionation reaction (Chen et al., 2020).
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Fig. 3. Gene expression (left panel) and activity (right panel) of the enzyme
superoxide dismutase (A; SOD) catalase (B; CAT) and glutathione S transferase
(C; GST) in Zophobas morio larvae fed different diets: bran and oatmeal (con-
trol), weathered PS collected from the marine environment, and virgin PS.
Lowercase letters indicate a statistical significant (p<0.05) difference in mRNA
levels and uppercase letters denote a statistical significant (p<0.05) difference
in the enzymatic activity among groups.



P. Cocci et al.

MDA

200

150

nmol/ml/mg prot

A\
& <P 4‘.29
Q}\

00

Fig. 4. The effect of PS feeding on malondialdehyde (MDA) content in Zophobas
morio larvae after 30-d dietary exposure to virgin PS (PS) or environmental PS
(Env PS). Lowercase letters indicate a statistical significant (p<0.05) difference
in MDA levels among groups.

In particular, a modulation of CAT, specifically attributable to PS
fragments, has been observed in different animals including crustaceans
and fish (Lei et al., 2018; Liu et al., 2019). The combination of increased
SOD and decreased CAT in the gut of superworms thus suggests an
imbalance in antioxidant defence, a condition that could cause DNA
damage. The antioxidant response is completed by the detoxification
action of GST that is one further biomarker of MPs-induced oxidative
stress (Fig. 3C). Similarly to SOD, feeding of PS induced a significant
increase in GST gene expression with respect to bran dieting. Notably,
the mRNA levels of GST were significantly higher in the Env PS-fed
larvae compared to the virgin PS-fed group. The GST expression pro-
files were consistent with the activity patterns only in larvae exposed to

(A)

1
i
1
2- i
1
1
1
i
1.
<
X Group
; Control
<\\ll 0=---- In Env.PS
O PS
o
-1-
1
1
-2- !
|

0
PC1 (36.6%)

PC2 (19.9%)

Environmental Advances 17 (2024) 100593

Env PS. This outcome suggests that the well-known effects of PS diges-
tion on ROS production in mealworms (Peng et al., 2023) could be
amplified by the presence of chemical pollutants absorbed/adsorbed on
PS. In this regard, significantly elevated levels of GST activity were
found in adult beetles, Leptinotarsa decemlineata, exposed to pesticides
(Clements et al., 2018). Transcriptomic analysis of mealworms (Tenebrio
molitor) after long-term exposure to plastic feeding revealed an upre-
gulation of GSTs in the plastic-fed groups suggesting that intermediates
of PS degradation could act as xenobiotics (Zhong et al., 2022). As the
role of GST is pivotal for detoxifying lipid peroxidation products, we
evaluated the oxidative damage in lipids by assessing MDA content
(Fig. 4).

Feeding of PS significantly increased MDA levels within superworms
when compared to control individuals. These results are consistent with
the accumulation of MDA content found in both mealworms and
earthworms under exposure to plastics (Cheng et al., 2020; Peng et al.,
2023). However, the observed effect is again significantly higher in
larvae from the Env PS group compared to “virgin” PS specimens. These
observations corroborated that digestion and biodegradation of
polluted-PS would overwhelm the ability of the GST system to cope with
oxidative stress induced by lipid peroxidation even more than virgin PS.

Finally, we carried out a Principal Component (PCA) analysis with
vectors using values of all the oxidative stress markers assessed to test
whether the major groups could be distinguished, and which variables
would affect such distinction (Fig. 5). Control larvae were mostly
grouped on the right part of the biplot, and all of the Env PS-fed speci-
mens were spread in the left part of the biplot. Interestingly, Fig. 5 shows
that PS-fed and control superworms could not be differentiated with the
adopted biomarkers. The vector analysis suggested that increased levels
of MDA, SOD (both transcripts and activity) and GST expression were
more associated with Env PS-fed larvae, whereas the values of TAC and
CAT expression were negatively associated with the PS-fed group. This
finding highlights the induction of oxidative stress following PS con-
sumption, with a higher expression of oxidative markers (i.e. MDA and
SOD activity) being able to distinguish Env PS (i.e. polluted PS) from
virgin PS.

3. Conclusion

The present work supports previous studies showing that

(B)

PC1 (33.2%)

Fig. 5. Principal component analysis (PCA) results for all the oxidative stress markers in Zophobas morio larvae grouped by treatment (Black: Control; Red: PS-fed;
Blue: Environmental PS-fed. (A) PCA with polygons demarcating the treatment and control groups. (B) PCA correlation biplot between the two PS treatments. Dots
represent samples and arrows represent variables. Ellipses correspond to the confidence interval in each case.
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superworms can be profitably used in reducing PS waste (Gan et al.,
2021; Jung et al., 2023; Quan et al., 2023). However, our results illus-
trate that Env PS may have adverse biochemical effects on Z. morio,
which provides a reference for studying the effect of marine litter on the
health status of insects. In particular, downstream applications such as
animal or human feed production using plastic-eating superworms
might not be achievable due to the toxicity of PS to insect organisms.
The study that has been carried out also confirms that feeding of “virgin”
PS may be much less impactful for insects. In contrast, PS waste may
adsorb and concentrate other toxic pollutants (e.g metals, PAHs, pesti-
cides, pharmaceuticals) from the surrounding environment. These sor-
bed pollutants can be released from Env PS once they are ingested by
superworms, thus triggering a synergistic effect with plastic ingestion.
Understanding toxicity of Env PS on plastivores is therefore critical for
developing sustainable plastic waste biodegradation and downstream
processing.
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