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a b s t r a c t

Plastic pollution is a global crisis, with polystyrene (PS) among the most recalcitrant polymers owing to 
its stable aromatic structure and resistance to natural degradation. Although insect larvae such as 
mealworms and wax moth caterpillars can partially biodegrade PS through gut microbiota, reported 
rates remain low (0.08–0.24 mg per individual per day). The potential of cockroaches—with more stable 
gut microbiomes, longer lifespans, and greater biomass—for efficient, scalable plastic bioremediation 
has remained unexplored. Here we show that Blaptica dubia cockroaches rapidly biodegrade PS 
microplastics via a tightly integrated host–microbiota enzymatic network. Individuals ingested 
6.0 ± 0.2 mg PS daily, achieving 54.9 ± 2.3% mass loss over 42 days and a specific biodegradation rate of 
3.3 ± 0.1 mg per cockroach per day. Biodegradation was confirmed by substantial molecular-weight 
reductions (Mn 46.4%, Mw 25.9%) and isotopic mineralization signatures. PS exposure selectively 
enriched plastic-degrading taxa and enzymes while strongly upregulating host fatty-acid β-oxidation 
and tricarboxylic acid cycle pathways, enabling the host to directly metabolize microbial cleavage 
products and reconstruct a complete PS catabolic pathway. These findings reveal that B. dubia can far 
outperform other insects in plastic biodegradation through evolved metabolic cooperation, expanding 
the biological repertoire for tackling persistent anthropogenic polymers and offering new insight into 
insect adaptation to synthetic substrates in the Anthropocene.

© 2026 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin 
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access 

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plastic pollution has emerged as a severe global environmental 
challenge, with micro- and nanoplastics detected in almost all 
ecosystems [1,2]. Plastic fragments exposed to ultraviolet radiation 
and physical abrasion are transformed into microplastics (<5 mm) 
and nanoplastics (<1 μm). Owing to their hydrophobic surfaces, 
microplastics can efficiently adsorb and concentrate hydrophobic 
organic contaminants and accumulate heavy metals, thereby 
acting as vectors of priority pollutants and posing potential risks to 
human health [3]. Global plastic production has reached 400.3

million tons per year, with polyethylene (PE), polypropylene (PP), 
and polystyrene (PS) as the major products [4]. PS accounts for 
6.7% of plastics and is widely used in packaging and insulation due 
to its lightweight, low cost, and thermal properties [5]. Its 
benzene-ring backbone and stable C–C main chain render PS 
chemically inert and environmentally persistent, with natural 
degradation extremely slow—taking decades to millennia—even 
under the action of common environmental microbes from soil or 
marine systems [6]. Plastic debris accumulates in freshwater and 
soil systems and alters water properties, soil structure, nutrient 
cycles, and microbial communities [7–9]; recycling remains 
extremely limited due to economic and technical constraints [10]. 
Conventional treatments—including pyrolysis, photocatalysis, and 
solvent-based methods—face bottlenecks, such as high energy 
demand, slow kinetics, or toxic byproducts [11–14]. In contrast, 
biodegradation provides milder, low-pollution alternatives: envi-
ronmental microbes secrete oxidases and hydrolases that promote
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polymer chain scission, accelerate conversion into small mole-
cules, and integrate them into complex metabolic networks and 
biogeochemical cycles [15–17]. Certain functional microbial taxa 
play key roles in carbon cycling and energy metabolism, suggest-
ing that microplastics may undergo multistage biodegradation in 
natural environments [18,19]. These advances expand the under-
standing of plastic fate and provide theoretical foundations and 
technological strategies for polymer biodegradation.

An increasing number of studies have shown that insects 
possess unique advantages for plastic biodegradation, demon-
strating clear capacities for both the initial depolymerization of 
plastics and their subsequent metabolic conversion [20,21]. 
Representative plastic-degrading insect species have been re-
ported in the Coleoptera order, including Tenebrionidae (e.g., 
Tenebrio molitor, Tenebrio obscurus, Zophobas atratus, Plesioph-
thalmus davidis, Uloma sp., and Uloides dermestoides), Scarabaeidae 
(e.g., Protaetia brevitarsis), and in the Lepidoptera order, including 
Pyralidae (e.g., Galleria mellonella, Achroia grisella, Podia inter-
punctella, and Gryllodes sigillatus) [20,22–26]. Research on plastic 
degradation by insects is still in its early stages and includes only a 
limited number of insects [27,28]. Among these, T. molitor larvae 
are the most widely investigated plastic degraders, which ingest 
and biodegrade PS, PE, polyvinyl chloride (PVC), PP, polyethylene 
terephthalate (PET), and polyurethane (PUR), with gut microbial 
communities playing a key role [20,29–34]. G. mellonella and 
Z. atratus are also well investigated insect species for the biodeg-
radation of PS, PP, and PE; their gut microbial diversity, host 
digestive enzyme activities, and antioxidant stress pathways are 
all closely associated with the efficiency of plastic degradation 
[20,31,33,35]. Overall, the plastic degradation rate caused by these 
insects is much higher than that of isolated gut plastic-degrading 
strains in vitro, by hundreds of times, with the half-life of plas-
tics calculated in hours rather than weeks to months [20,27]. To 
date, relatively few insect species have been identified as plastic 
degraders or plastivores [20,23,33], and research has largely 
focused on Lepidoptera and Coleoptera. In general, the existing 
mechanistic studies are relatively fragmented and lack a system-
atic integration of host, microbial, and enzymatic contributions. 
This limitation highlights the need for multi-omics approaches to 
elucidate plastic-degradation mechanisms and underscores the 
importance of expanding investigations to additional insect 
models, such as T. molitor, Z. atratus, and G. mellonella.

Blaptica dubia (B. dubia) is a cockroach that belongs to the order 
Blattodea, which includes 4400 cockroach species and approxi-
mately 3000 termite species. B. dubia primarily feeds on fruits, 
grains, and decaying plant matter (both sexes as shown in 
Supplementary Fig. S1h); moreover, it shares a close evolu-
tionary relationship with termites [36], which are well known for 
degrading lignin and other complex aromatic polymers, such as 
cellulose, hemicellulose, and humic substances. Although B. dubia 
is a frugivore, it can digest the cellulose fiber found in its plant-
based diet. The ability to digest tough polymers, such as ligno-
cellulose (wood), is linked to the potential to break down plastics, 
which share similar chemical structures. Because both PS and 
lignin contain aromatic backbones, this structural similar-
ity—together with their evolutionary connection—suggests that 
B. dubia may possess an inherent capacity to process such aromatic 
polymeric substrates. Physiologically, the gut of B. dubia accounts 
for approximately 15–20% of its body mass—substantially higher 
than that of other commonly studied plastic-degrading insects 
(such as T. molitor)—thereby providing extensive spatial and 
functional capacity to support complex and diverse microbial 
communities [37]. This highly developed gut architecture not only 
facilitates stable host–microbe symbiosis but likely also enhances 
the processing of chemically and structurally recalcitrant

macromolecules. Combined with its broad diet breadth and strong 
environmental adaptability [38–40], B. dubia emerges as a 
compelling model for investigating host–microbe cooperative 
mechanisms underlying plastic biodegradation.

To elucidate the metabolic mechanisms underlying PS 
biodegradation in B. dubia, we established an integrated analytical 
framework focused on plastic biodegradation, gut microbial 
functions, host metabolic regulation, and key enzymatic activities. 
The research design encompasses three complementary di-
mensions. First, we assessed the occurrence and chemical char-
acteristics of biodegradation by quantifying changes in PS 
molecular weight, examining stable carbon isotope (δ 13 C) signa-
tures, and characterizing pyrolysis-derived products. Second, we 
applied metagenomic sequencing to resolve shifts in gut microbial 
community composition, functional gene profiles, and 
microbe–enzyme interaction networks, thereby enabling the 
evaluation of microbial and enzymatic contributions to PS degra-
dation. Third, we conducted transcriptomic analyses to charac-
terize host responses across pathways of energy metabolism, 
redox regulation, and digestion, with the aim of identifying host 
metabolic processes potentially involved in PS degradation. 
Through this multidimensional analytical strategy, a systems-level 
platform was constructed to evaluate the PS-degrading potential 
of B. dubia and provide a methodological basis for investigating 
plastic-degrading capacities in other insect species.

2. Materials and methods

2.1. B. dubia, plastic materials, and feedstock preparation

Additive-free PS powders (particle size <100 μm) were pur-
chased from Qianjing New Materials Co., Ltd. (Dongguan, China). 
They are additive-free with a weight-average molecular weight 
(M w ) of 283.0 kDa, number-average molecular weight (M n ) of 
107.0 kDa, and Z-average molecular weight (M z ) of 548.7 kDa. We 
tested the feasibility of biodegrading PS MPs because they not only 
widely occur in environments but are also more resistant to 
degradation than PS foams due to their rigidity and lower surface 
area. Cornmeal and wheat bran were sterilized prior to feeding. 
Experimental B. dubia roaches were obtained from the Harbin 
Insect Breeding Facility (Harbin, China). Upon arrival, cockroaches 
were acclimated in a light-free, artificial insect incubator at 
25–27 ◦ C and 60–70% relative humidity. Individuals selected for 
the experiments were approximately 3 months old and 20–25 mm 

in body length. The B. dubia control group was fed a standard diet 
of carrot, apple, cornmeal, and wheat bran (6:2:1:1, w/w).

2.2. Biodegradation of PS polymer in B. dubia

To assess the feasibility of PS biodegradation, the experimental 
sample was divided into four groups (50 individuals per group, in 
triplicate): starvation, control (normal diet), PS diet, and agar 
groups. The PS diet was prepared by mixing PS powder with agar 
and deionized water (1:5:49, w/w). Specifically, agar and deion-
ized water were heated in a water bath, cooled, and then combined 
with PS powder to form PS–agar gel sheets. Prior to the experi-
ment, all B. dubia individuals were fasted for 24 h to eliminate 
potential confounding variables, such as residual gut contents 
from previous diets, transient dietary metabolites, and short-term 

diet-induced fluctuations in gut microbial communities. Body 
weight was measured before testing. The experimental duration 
was 42 days, with weekly recordings of body weight, the number 
of surviving insects, the amount of food provided, and food con-
sumption. Except for the starvation group, all groups received 
unlimited food throughout the experiment. At the end of the trial,
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clean frass (excreta) was collected from each group, dried at 50 ◦ C 
for 24 h, stored in a desiccator for 12 h, and then sealed in glass 
tubes for subsequent analysis.

2.3. PS consumption rate and fecal characterization of B. dubia

We calculated the PS consumption rate as the mass of PS 
consumed per individual cockroach during the experiment (mg 
per cockroach). We determined the PS removal rate based on the 
total weight of PS consumed, the total weight of frass produced, 
and the residual PS content in the frass. To assess temporal trends 
in PS consumption, we recorded weekly PS consumption and the 
PS removal rate at the end of the 42-day trial. For the PS removal 
assay, cockroaches were provided with 3 g of diet (1 g PS, 9.8 mL 
water, and 0.2 g agar). Frass was collected, dried at 50 ◦ C for 24 h, 
cooled in a desiccator for 12 h, and then ground into a fine powder. 
The powder was washed with deionized water and 75% ethanol to 
remove water-soluble and ethanol-extractable substances. The 
dried residue was extracted using tetrahydrofuran (THF) and 
filtered. The filtrate was left to evaporate in a fume hood, and the 
resulting white solid residue was weighed and regarded as resid-
ual PS to estimate the PS removal rate. For frass composition 
analysis, 0.1 g of clean frass from the 42-day group was dried, 
ground, washed with deionized water, dried again, and then 
weighed to determine the inorganic salt content. The remaining 
material was extracted with 75% ethanol to recover ethanol-
soluble proteinaceous components. The dried solids were then 
extracted with THF and filtered to obtain the final chemical 
composition profile of the frass.

2.4. Characterization of residual PS polymers in B. dubia frass

2.4.1. Gel permeation chromatography analysis
We measured polymer molecular weight by gel permeation 

chromatography (GPC) using an Agilent GPC50 system equipped 
with two PLgel 10 μm MIXED-B columns and a refractive index 
detector. THF served as the mobile phase at 1.0 mL min − 1 , with the 
column temperature maintained at 30 ◦ C and an injection volume 
of 100 μL. We calibrated the system using narrow-dispersity PS 
standards. Samples were dissolved in THF (approximately 10 mg in
5 mL), filtered, and subjected to GPC analysis. After system stabi-
lization, we recorded the retention times and peak molecular 
weights of the PS standards and calculated the molecular weight 
and distribution parameters of the samples using the system 

software [41,42]. The polydispersity index (PDI) was calculated as 
PDI = M w /M n .

2.4.2. Fourier- transform infrared spectroscopy and proton nuclear 
magnetic resonance analysis

Prior to testing, all samples were dried and cooled to eliminate 
moisture interference. For Fourier-transform infrared spectros-
copy (FTIR) analysis, we prepared KBr pellets by grinding samples 
with potassium bromide (KBr) and pressing the mixture into 
transparent pellets using a tablet press [43]. We collected spectra 
on a Nicolet iS20 FTIR spectrometer (Thermo Fisher Scientific, 
USA) over 4000–400 cm − 1 to characterize the major functional 
groups in the original PS and fecal samples [44]. We used proton 
nuclear magnetic resonance ( 1 H NMR) analysis to confirm PS 
oxidation and degradation [45]. Dried samples were dissolved in 
deuterated chloroform and transferred to NMR tubes (4–5 cm fill 
height; ~500–600 μL). Spectra were acquired using a Bruker 
400 MHz NMR spectrometer (Germany) using the zg30 pulse 
sequence (400.15 MHz), with a 1.00 s relaxation delay, 4 s acqui-
sition time, and 16 scans per sample.

2.4.3. Thermogravimetric analysis
We performed thermogravimetric analysis using a simulta-

neous thermal analyzer (Rigaku TG-DTA8122, Japan) to determine 
the thermal decomposition characteristics of PS and fecal samples. 
Approximately 5 mg of each sample was placed in an alumina 
crucible and heated to 800 ◦ C at 20 ◦ C min − 1 under a high-purity 
nitrogen atmosphere (99.99%) at 10 mL min − 1 until complete 
decomposition was achieved.

2.4.4. Stable carbon isotope analysis
We measured stable carbon isotope ratios (δ 13 C) to evaluate PS 

biodegradation by comparing the isotopic signatures of pristine PS 
and residual PS in fecal samples [46]. δ 13 C was quantified using an 
elemental analyzer–isotope ratio mass spectrometer (EA-IRMS; 
Vario EL Cube–IsoPrime 100, Elementar, Germany). The δ 13 C shift 
(‰) was calculated as:

δ 13 C = 

(
R sample
R standard

− 1 
) 

× 1000; R =
13 C
12 C

The δ 13 C values were calibrated against the international car-
bon isotope standard Vienna Pee Dee Belemnite (VPDB). The 
overall measurement precision for δ 13 C was ±0.10‰.

2.4.5. Pyrolysis–gas chromatography/mass spectrometry analysis 
We performed pyrolysis–gas chromatography/mass spectrom-

etry (Py-GCMS) analysis using a pyrolyzer (EGA-PY-3030D) 
coupled with a GC–MS system (GCMS-QP2020NX, Shimadzu, 
Japan) [47]. Pyrolysis was conducted at 800 ◦ C for 0.2 min. Chro-
matographic separation was achieved on an HP-5MS capillary 
column (30 m × 0.25 mm × 0.25 μm). The injector was set to 
300 ◦ C, with high-purity helium as the carrier gas (1.0 mL min − 1 ) 
and a split ratio of 40:1. The oven program was specified in the 
following manner: initial temperature 40 ◦ C (3 min), ramped at 
10 ◦ C min − 1 to 140 ◦ C, then at 20 ◦ C min − 1 to 310 ◦ C (8 min). Mass 
spectra were acquired with an ion source temperature of 230 ◦ C 
and an interface temperature 310 ◦ C under electron impact ioni-
zation (70 eV), scanning range 29–600 m/z over 0–29.5 min. 
Samples were extracted with THF, dried, and analyzed.

2.5. Bioinformatics analysis of metagenomic sequencing

At the end of the experiment, B. dubia bodies were sterilized 
with 75% ethanol. Cockroaches were then dissected in a sterile 
biosafety cabinet, and intact intestinal tracts were removed and 
placed into sterile cryovials. Samples were snap-frozen in liquid 
nitrogen for 30 min and stored at − 80 ◦ C. We extracted DNA using 
the PF Mag-Bind Soil DNA Kit. DNA purity was measured with a 
NanoDrop 2000 spectrophotometer, and DNA concentration was 
determined using a TBS-380 fluorometer. DNA integrity was 
assessed by 1% agarose gel electrophoresis (5 V cm − 1 , 20 min). DNA 
was then sheared into ~400 bp fragments using a Covaris M220 
ultrasonicator.

We constructed libraries using the NEXTFLEX Rapid DNA-Seq 
Kit. The main steps included enzymatic ligation of DNA frag-
ments with specific sequencing adapters, followed by magnetic 
bead-based size selection to remove adapter dimers. Libraries 
were then amplified by PCR with a high-fidelity DNA polymerase 
and purified twice with magnetic bead purification to obtain the 
standard library products. Then, sequencing analysis was per-
formed on the Illumina NovaSeq platform. Library molecules were 
anchored to the flow cell surface via base pairing and underwent 
bridge amplification to form high-density DNA clusters. After 
linearization of the amplicons, paired-end sequencing was per-
formed using the sequencing-by-synthesis (SBS) method. This
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process employed a modified DNA polymerase and four-color 
fluorescently labeled dNTPs, thus enabling single-nucleotide 
extension cycles through reversible termination. After each cycle, 
fluorescence signals were captured using a laser confocal system, 
and the terminator groups were chemically cleaved to enable the 
next round of extension. Ultimately, raw sequencing data were 
obtained through multiple rounds of signal collection and bio-
informatic analysis.

2.6. Transcriptomic analysis

Tissue samples were ground in liquid nitrogen and transferred 
into pre-chilled Trizol lysis buffer for thorough lysis. The lysate was 
centrifuged at 13,000×g for 5 min at 4 ◦ C to remove impurities, 
and the supernatant was mixed with pre-chilled chloroform 

(chloroform: supernatant = 1:5, v/v) for phase separation. After 
centrifugation at 13,000×g for 15 min at 4 ◦ C, the aqueous phase 
was collected and mixed with an equal volume of isopropanol to 
precipitate RNA. The resulting pellet was collected by centrifuga-
tion at 12,000×g for 10 min at 4 ◦ C, washed twice with 75% pre-
chilled ethanol, air-dried at room temperature, and dissolved in 
0.1% diethyl pyrocarbonate -treated water. The total RNA was 
assessed for concentration (≥30 ng μL − 1 ) and purity (OD260/ 
280 = 1.8–2.2) using a NanoDrop 2000, while integrity was eval-
uated via agarose gel electrophoresis and the Agilent 5300 system 

(RNA quality number ≥6.5). RNA samples meeting the criteria 
(total yield ≥1 μg) were used to construct sequencing libraries 
using the Illumina TruSeq™ RNA Sample Prep Kit. mRNA was 
enriched using Oligo dT magnetic beads, then randomly frag-
mented into ~300 bp segments using a fragmentation buffer. 
Double-stranded cDNA was synthesized using reverse transcrip-
tase with random primers. After end repair, 3’ adenylation, and 
ligation of Y-shaped adapters, target fragments (300 ± 50 bp) were 
selected using magnetic beads and enriched by PCR amplification. 
The libraries were quantified with a Qubit 4.0 fluorometer, fol-
lowed by bridge PCR amplification on a cBot system to generate 
DNA clusters. Thereafter, paired-end sequencing was performed 
on the Illumina NovaSeq X Plus platform using the SBS technology, 
which involves single-base cyclic extension using four-color fluo-
rescently labeled dNTPs and reversible termination reactions. 
Fluorescence signals were captured by a laser confocal imaging 
system and decoded through multiple sequencing cycles.

2.7. Statistical analysis

Experimental data are presented as mean ± standard deviation 
(SD) from three independent replicate experiments. Statistical 
analyses were conducted using GraphPad Prism 9 (v 9.0.0) and 
Origin 2021 (v 9.8.0). Differences between groups were assessed 
using a two-sample Student's t-test. P < 0.05 was considered sta-
tistically significant (α = 0.05).

3. Results and discussion

3.1. PS consumption, biodegradation, and bioassimilation

We tested the biodegradation efficiency of PS in B. dubia 
cockroaches (50 individuals, n = 3). Over 42 days, the cockroaches 
ingested an average of 12.3 g of PS, corresponding to an individual 
consumption rate of 6.0 ± 0.2 mg per day. As the feeding period 
progressed, cockroaches gradually adapted to the PS diet, and the 
PS consumption rate progressively increased from 36.7 to 57.3 mg 
per individual cockroach per week (Supplementary Fig. S1a). By 
day 42, the average body weight of cockroaches in the PS group 
stabilized at 0.6 ± 0.02 g per cockroach (Supplementary Fig. S1b),

which was 80.7% higher than that of the starvation group 
(0.3 ± 0.01 g per cockroach), but slightly lower than the agar 
(0.6 ± 0.02 g per cockroach) and control groups (0.7 ± 0.03 g per 
cockroach) (Fig. 1b). This indicates that although PS is not an ideal 
nutritional source, B. dubia can still partially utilize a PS-
containing diet to sustain basic metabolic activity. Further, the 
results of survival rates (Fig. 1a) revealed that the PS group's sur-
vival rate (95.3 ± 3.1%) was 15.3% higher than that of the starvation 
group (82.7 ± 8.1%), but slightly lower than that of the control 
group (97.3 ± 1.2%) and agar group (96.0 ± 2.0%). Survival rate and 
body weight data indicate that B. dubia can survive to some extent 
on a PS-based diet, but the PS diet alone is insufficient to support 
its normal growth and development.

Mass balance calculations revealed that B. dubia removed 
54.9 ± 2.3% (Supplementary Fig. S1d) of ingested PS MPs over the 
42-day period (n = 3), thus indicating an average specific PS 
removal rate of 3.3 ± 0.1 mg per cockroach per day. This indicates 
that approximately half of the ingested PS underwent biodegra-
dation in the insect's digestive system, potentially involving 
physical fragmentation, chemical oxidation, and partial 
mineralization.

Further, the half-life of ingested PS MPs was estimated at 
27.7 ± 2.0 h based on a digestive time of 24 h that is consistent 
with most investigators in the extant literature. The specific PS 
removal rate per individual was much greater than that of meal-
worms (T. molitor larvae), which ranges from 0.08 to 0.24 mg per 
larva per day [30,48], likely due to the larger body size of B. dubia 
[24]. To further determine the composition of cockroach frass, a 
series of separation and quantification methods was applied, 
revealing mass proportions of 2.8%, 2.1%, 56.1%, and 39.1% for 
inorganic salts, proteins, residual plastic, and other substances, 
respectively (Supplementary Fig. S1d). These data suggest that, 
despite 42 days of degradation, the frass still contained a signifi-
cant amount of undigested PS polymer, indicating that PS 
biodegradation persisted. The remaining insoluble substances that 
could not be dissolved in THF were classified as other impurities, 
which may include insoluble microbial metabolites, chitin frag-
ments, and other unidentified organic or inorganic components. 
Frass excreted by B. dubia after feeding on PS was collected, dried, 
and examined using scanning electron microscopy. Compared to 
raw PS, the processed material exhibited an irregular, porous 
structure (Supplementary Fig. S2c and f). Energy-dispersive X-ray 
spectroscopy elemental analysis indicated that the carbon content 
decreased to 81.0% from 99.3% in the original PS, while the oxygen 
content increased from 0.7% to 18.9% (Supplementary Fig. S2g and 
h), thus confirming the presence of PS degradation intermediates 
with oxygen-containing functional groups in the frass.

3.2. Characterization of PS biodegradation

We used 13 C isotopic analysis to verify PS biodegradation. In the 
biogeochemical cycle of carbon, the lighter isotope 12 C is prefer-
entially oxidized or enzymatically degraded, while the heavier 
isotope 13 C tends to be retained and excreted during metabolism. 
We therefore measured stable carbon isotope ratios (δ 13 C) for the 
pristine PS MPs and the residual PS in the excreta. The δ 13 C value of 
the pristine PS sample and was − 28.1 ± 0.04‰, whereas δ 13 C for 
residual PS in the frass increased to − 25.2 ± 0.27‰ (Fig. 1c). The 
increased δ 13 C indicates that during the biodegradation process in 
the gut of B. dubia, chemical bonds containing 12 C were prefer-
entially consumed, thereby leading to a relative enrichment of 13 C 
in the residual PS in the frass. This result provides a unique 
perspective on the PS metabolic pathway in B. dubia and confirms 
that substantial PS biodegradation occurs within the cockroach. 
These results are consistent with those of δ 13 C analysis conducted
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during plastic biodegradation (PS, PE, PP, or PET) by T.monior 
[32,49–51], Uloides dermestoides [24], and Protaetia brevitarsis 
[23]—that is, the δ 13 C values of residual polymers increased 
significantly after biodegradation, supporting that δ 13 C analysis is 
an effective and reliable tool for the characterization of plastic 
biodegradation.

Gel permeation chromatography analysis revealed that after 
degradation by B. dubia, the number-average molecular weight 
(M n ) of PS in fecal samples decreased from 107.0 to 57.3 kDa, the 
weight-average molecular weight (M w ) decreased from 283.0 to 
209.8 kDa, and the Z-average molecular weight (M z ) decreased 
from 548.7 to 465.0 kDa (Fig. 1d). M n , M w , and M z decreased by 
46.4%, 25.9%, and 15.3%, respectively, thereby revealing typical 
broad depolymerization pattern [20]. The analysis of the cumu-
lative molecular-weight fraction and molecular-weight distribu-
tion revealed that the residual PS in the frass exhibited a markedly 
broadened distribution with a pronounced shift toward lower 
molecular weights, as shown by PDI increasing from 2.6 to 3.7 
(Supplementary Fig. S1e and f). The reduction in molecular weight 
indicates that PS underwent chain scission by B. dubia during 
biodegradation at a high rate, with macromolecules being broken 
down into smaller oligomers [20].

Thermogravimetric (TG) analysis revealed a new decomposi-
tion peak in the fecal samples of B. dubia, ranging from 265 to 
387 ◦ C, with the residual mass being approximately 10% lower 
than that of the original sample (Supplementary Fig. S1c). This 
thermal instability suggests that the PS backbone structure was 
damaged, likely due to the cleavage of long-chain polymers into 
low-molecular-weight oligomers.

Fourier-transform infrared spectroscopy (FTIR) analysis 
revealed significant changes in the vibrational spectra: compared 
to the original sample, the PS surface functional groups in the fecal

sample revealed alterations. The intensity of the ring-bending vi-
bration peaks in the range 625–970 cm − 1 decreased, while a new 

C=O functional group appeared around 1700 cm − 1 , and a new –OH 
group was observed at 3500–3300 cm − 1 (Fig. 1e). These findings 
indicate loss of PS structural features and the formation of oxygen-
containing functional groups during gut-mediated biodegradation, 
consistent with previously reported insect-mediated degradation 
processes [29].

1 H NMR analysis of the original PS and PS degraded by cock-
roaches after 42 days revealed significant structural changes. 
Compared to the original PS, the PS treated by B. dubia exhibited 
new characteristic signals: a distinct OCH 2 proton peak at 4.1 parts 
per million (ppm) indicated the formation of ether or ester 
oxygen-containing functional groups during oxidation. The 
enhanced CH 3 proton signal at 2.21 ppm may result from methyl 
groups binding with oxidation products or participating in sec-
ondary metabolic reactions. The appearance of a CH 2 proton signal 
at 5.3 ppm is likely due to the reduction of C=C double bonds or 
oxidative ring-opening, which leads to the formation of methylene 
structures (Fig. 1f).

Py-GC/MS was employed to analyze the pyrolysis products of 
B. dubia fecal samples to further validate the degradation path-
ways of PS in the insect gut. The results revealed that, compared 
with the control group, the experimental group showed the 
emergence of novel alcohols, aldehydes, esters, and ethers 
(Supplementary Fig. S1g). This indicates that the PS backbone 
underwent substantial oxidative cleavage during digestion, thus 
generating a greater abundance of oxygenated low-molecular-
weight derivatives. Notably, the emergence of these oxygen-
containing functional products is highly consistent with the 
structural changes revealed by FTIR and NMR analyses, thus 
indicating that PS was oxidized via a chain-scission process in the

Fig. 1. Characterization of polystyrene (PS) degradation by Blaptica dubia. a, Survival rate of B. dubia in the PS-fed, standard-diet control, agar, and starvation groups. b, Weight 
changes of B. dubia across the same treatments. c, Changes in the δ 13 C value of residual PS in the original PS and PS recovered from frass after ingestion (PS-frass). d, Gel 
permeation chromatography-derived molecular-weight metrics, including number-average molecular weight (M n ), weight-average molecular weight (M w ), and Z-average mo-
lecular weight (M z ), were measured for pristine PS and PS recovered from frass (PS-frass) at Day 42. Error bars represent mean ± standard deviation (n = 3). ***P ≤ 0.001. e, 
Fourier-transform infrared spectra comparison of PS and PS-frass. f, Comparison of 1 H NMR spectra of PS and PS-frass.
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gut of B. dubia, accompanied by subsequent depolymerization that 
generated a variety of low-molecular-weight oxygenated de-
rivatives. As reported previously [52], similar to PS degradation by 
Plesiophthalmus davidis—a member of the darkling beetle family-
—this oxidation process is likely driven by the combined actions of 
gut microbial activities and host enzymatic reactions. On the one 
hand, microbial catalysis facilitates scission of the styrene back-
bone; on the other hand, host enzyme systems further convert the 
intermediates into small oxygenated molecules, thereby reducing 
the polymer's chemical stability and environmental persistence.

3.3. Diversity of the gut microbiota and structural differences

Metagenomic sequencing was performed on the gut microbiota 
of B. dubia from the control and PS-fed groups to investigate trends 
in microbial community changes. The sequencing results revealed 
that the Shannon diversity index (Fig. 2a) decreased from 5.3 ± 0.2 
(control group, CD42) to 4.6 ± 0.1 (experimental group, PS42), 
thereby indicating that 42 days of a PS-based diet may have 
exerted selective pressure, favored the more adaptable dominant 
species, and significantly reduced both species richness and

evenness in the gut microbiota. This finding was further supported 
by an increase in the Simpson diversity index (Supplementary 
Fig. S3a), which rose from 0.02 in the CD42 group to 0.03 in the 
PS42 group. In addition, the principal component analysis (PCA) 
results (Fig. 2c) revealed that the PS42 and CD42 samples clustered 
into two distinct groups, thus indicating a significant difference in 
the gut microbial composition between the two sample sets. This 
pronounced separation suggests that PS feeding substantially 
reshaped the gut microbiota of B. dubia, leading to a systematic 
restructuring of the microbial community. These changes reflect 
the host's modulation of its gut microbiota to adapt to the meta-
bolic demands imposed by the ingestion of an exogenous carbon 
source. A heatmap of sample distances based on the Bray-Curtis 
dissimilarity coefficient (Fig. 2b) showed greater intergroup dis-
tances than intragroup distances, further confirming the systemic 
impact of PS on microbial community composition. We quantified 
the relative contributions of deterministic versus stochastic pro-
cesses in community assembly using the normalized stochasticity 
ratio (NST), a beta-diversity-based null-model metric. NST values 
above 50% indicate stochastic assembly, whereas values below 50% 
indicate deterministic assembly. According to the NST results

Fig. 2. Metagenomic profiling of the gut microbiome. a, Shannon diversity index. ***P ≤ 0.001. CD: control group, B. dubia individuals were fed a conventional diet; PS: the 
experimental group fed a PS-based diet. b, Sample-to-sample distance heatmap. Samples labeled with _1, _2, and _3 represent three independent biological replicates for each 
treatment group. c, Principal component analysis. d, Species-level community composition. e, Differentially abundant species between the two groups (two-sided Student's t-test 
with Benjamini–Hochberg correction; adjusted P < 0.05, *P ≤ 0.05, ***P ≤ 0.001). Bars represent mean relative abundances ± standard error of the mean, and error bars in the 
difference plot indicate 95% confidence intervals.
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(Supplementary Fig. S3b), the CD42 group had an NST of 
62.9 ± 1.2%, indicating a stochastic community, whereas the PS42 
group had an NST of 23.2 ± 5.0%, suggesting a deterministic 
community. This indicates that the PS diet induced a deterministic 
shift in the gut microbial community of B. dubia.

The Venn diagram results (Supplementary Fig. S3c) revealed 
that the CD42 and PS42 groups shared 8069 species, with 698 
species unique to the PS42 group. Phylum-level analysis revealed 
that the dominant phyla in both groups were Pseudomonadota, 
Bacillota, and Bacteroidota, but with significant differences in their 
relative abundance (Supplementary Fig. S3d). In the PS42 group, 
Pseudomonadota accounted for 49.3%, which was markedly higher 
than 23.3% in the CD42 group. Bacillota constituted 13.1% and 
29.6% in the PS42 and CD42 groups, respectively, while Bacter-
oidota decreased from 24.3% in the CD42 group to 9.9% in the PS42 
group. Notably, the relative abundance of Actinobacteria—a 
phylum known to include strains capable of degrading aromatic 
compounds [53]—was higher in PS42 (4.1%) than in CD42 (1.4%), 
thus suggesting a potential role in PS metabolism.

Further, species-level analysis revealed that 14 species with 
increased abundance were enriched in the PS42 group (Fig. 2d). 
Among these, Staphylococcus aureus showed a 4.4% increase in 
abundance in the PS42 group compared to the CD42 group. This 
species, in cooperation with Pantoea sp.—a plastic-degrading 
bacterium with strong decarboxylase activity [53,54]—can 
jointly degrade benzene compounds [55]. The abundance of 
Klebsiella pneumoniae—which is capable of degrading vinyl com-
pounds [56], benzoic acid, and aromatic compounds 
[57]—increased by 2.2%. Known PS-degrading bacteria—such as 
Citrobacter sp [58]. and Pseudomonas aeruginosa [59]—also 
revealed increased abundance. Additionally, the abundance of the 
symbiotic bacterium, which can oxidize alcohols into aldehydes 
[60], rose from 0.8% to 1.8%.

Significant difference analysis between the two groups 
revealed that the bacterial taxa enriched in the PS42 group 
exhibited remarkable performance across multiple functional 
categories (Fig. 2e). In addition to plastic degradation and hydro-
carbon metabolism, differential microbial communities were also 
involved in symbiotic metabolism (e.g., Solemya velum gill sym-
biont [61]), host immune regulation (e.g., Propionibacterium freu-
denreichii produces antimicrobial peptides and activates anti-
inflammatory processes [62]), and co-metabolism of pollutants 
(e.g., Enterobacter cloacae complex sp [63]. and Burkholderia con-
taminans [64]). For example, the plastic-degrading bacterium 

Stenotrophomonas sp. was significantly enriched in the PS42 group. 
This bacterium not only degrades compounds such as styrene but 
also participates in the biodegradation of unsaturated fatty acids 
into their derivatives [65,66].

Linear discriminant analysis effect size discriminant analysis 
revealed that the gut microbiota of the control group was domi-
nated by the core taxa associated with dietary fiber and poly-
saccharide degradation (Supplementary Fig. S3f), such as 
Bacteroides, Clostridium sp., and Ruminococcus [67–69]. These 
bacteria harbor diverse glycoside hydrolases and fermentation 
pathways, thus enabling the efficient breakdown of complex 
polysaccharides and production of short-chain fatty acids, thereby 
supplying energy to the host and maintaining intestinal homeo-
stasis. In contrast, plastic feeding markedly reshaped the microbial 
community, thus enriching taxa with broad substrate utilization 
capacities and the potential to transform diverse organic com-
pounds. For example, Salmonella enterica, Staphylococcus aureus, 
and Klebsiella pneumoniae can metabolize aromatic hydrocarbons, 
alcohols, and fatty acids, thus suggesting a role in the further 
decomposition and utilization of intermediates derived from 

plastic degradation [56,57,70–73]. In addition, several taxa closely

associated with polymer oxidation and organic compound degra-
dation were significantly enriched. For example, Pseudomonas 
aeruginosa and Acinetobacter baumannii have been reported to 
possess substantial plastic-degrading capabilities [59,70,74–76], 
whereas Citrobacter sp. and Pantoea sp. exhibit strong redox 
metabolic potential, which may further facilitate the energy con-
version of small-molecule intermediates [54,55,58,77].

Notably, the significant enrichment of Propionibacterium freu-
denreichii in the experimental group suggests that its roles in 
propionic acid fermentation and vitamin biosynthesis may pro-
vide nutritional compensation to the host [66,78], thereby allevi-
ating metabolic and nutritional stress under conditions where 
plastic is the primary carbon source, for example, during plastic-
dominated feeding conditions or in nutrient-poor environments 
with limited bioavailable organic carbon.

In summary, PS intake selectively enriched specific functional 
bacterial species and reshaped microbial interactions, trans-
forming the gut microbiota of B. dubia cockroaches from a struc-
ture primarily focused on basic metabolism toward a functional 
community with PS-degrading capabilities.

3.4. Functional differences in gut microbiota based on 
metagenomic analysis

To obtain deeper insights into the functions of the gut micro-
biota, a multidimensional functional annotation and comparative 
analysis approach was employed to systematically investigate the 
significant functional differences between the PS42 and CD42 
groups. At the clusters of orthologous groups (COGs) functional 
classification level (Supplementary Fig. S3e), the PS group revealed 
significant enrichment in two major categories: energy production 
and conversion (COG0843, COG1622, and COG1005), and carbo-
hydrate transport and metabolism (COG2814). This indicates that 
PS intake drove shifts in the metabolic patterns of the B. dubia gut 
microbiota from conventional nutrient utilization toward efficient 
PS decomposition as a carbon source. This shift was achieved by 
enhancing pathways related to carbohydrate transport and energy 
metabolism, thereby providing the necessary substrates and en-
ergy for PS degradation. Further, Kyoto encyclopedia of genes and 
genomes (KEGG, a bioinformatics database used for genome, 
metabolic pathway, and functional annotation analysis) enzyme-
level analysis (Supplementary Table S1) revealed that the PS42 
group was significantly enriched in key enzymes, including redox-
related translocases (EC 7.1.1.2), alkyl or aryl group transferases (EC 
2.5.1.18), oxidoreductases acting on CH–OH groups and aldehyde 
groups (EC 1.1.1.216, EC 1.2.1.84), oxidases acting on paired donors 
with the incorporation or reduction of molecular oxygen (EC 
1.14.18.2), and hydrolases acting on ester bonds (EC 3.1.26.4). The 
upregulation of these enzymes may facilitate the oxidative cleav-
age of the benzene ring and the modification of side chains during 
PS degradation, suggesting that the microbial community can 
achieve metabolic breakthroughs in degradation by regulating 
enzymatic activity.

The KEGG module-level analysis (Supplementary Table S2) 
revealed that the PS42 group had significantly increased gene 
abundance in modules related to Nicotinamide Adenine Dinucle-
otide Health (NADH) dehydrogenase (M00143), fatty acid biosyn-
thesis (M00082, M00083), cytochrome c oxidase (M00154), 
triacylglycerol biosynthesis (M00089), β-oxidation (M00861, 
M00862, M00087), and fatty acid elongation (M00085). These 
findings are consistent with the Transporter Classification Data-
base results (Supplementary Table S3), which also highlighted 
enrichment in NADH dehydrogenase and cytochrome c oxidase. 
The gut microbiota of the PS42 group exhibits pronounced 
enhancement of energy and lipid metabolism, thereby providing
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abundant reducing power and metabolic intermediates for 
degradation. Unlike previous reports that primarily focus on the 
upregulation of individual oxidases or monooxygenases, multiple 
metabolic modules reveal systematic upregulation. Specifically, 
enhancing NADH dehydrogenase and cytochrome c oxidase 
modules significantly increases the efficiency of the electron 
transport chain and Adenosine Triphosphate (ATP) synthesis, 
thereby supplying energy for high-energy-demanding processes, 
such as backbone cleavage and side-chain oxidation. Concurrently, 
the coordinated activation of fatty acid biosynthesis, tri-
acylglycerol synthesis, and β-oxidation modules enables the 
reutilization and storage of carbon chain fragments generated 
during degradation, thereby forming a dynamic “degrada-
tion–reuse–storage” cycle. Overall, the gut microbiota demon-
strates a comprehensive adaptive strategy toward unconventional 
carbon sources, not merely through isolated enhancement of en-
ergy or lipid metabolism, but via an integrated “energy–material 
metabolism linkage,” thereby highlighting its unique capacity for 
plastic degradation. In addition, Gene Ontology (GO) functional 
annotation revealed that at levels 3 (Supplementary Fig. S4) and 4 
(Fig. 3a), the PS42 group showed significant upregulation of 
functions such as organic cyclic compound binding, heterocyclic 
compound binding, cellular aromatic compound metabolic pro-
cess, heterocycle metabolic process, and organic cyclic compound 
metabolic process. This suggests that the gut microbiota in the 
PS42 group enhanced its capacity to bind and metabolize cyclic 
compounds, thereby enabling targeted adaptation to PS, a syn-
thetic polymer containing aromatic ring structures. The benzene 
ring structure of molecules generates various aromatic and het-
erocyclic intermediates during degradation. The upregulation of 
these functions enables the microbial community to efficiently 
recognize and bind these cyclic substrates, thereby promoting 
their ring-opening cleavage and functional group modification by 
activating downstream metabolic pathways. This coordinated 
upregulation reveals that the gut microbiota adopts a “substrate-
specific response” strategy to systematically reconstruct its 
metabolic network, thereby enabling B. dubia to efficiently 
metabolize and its intermediates. In summary, PS intake drives the 
cockroach gut microbiota to metabolically adapt to synthetic 
polymers through multilevel functional remodeling—upregulat-
ing key degradative and redox enzymes at the gene expression 
level and enhancing aromatic compound metabolic modules at the 
pathway level.

3.5. Microbe-enzyme ecological Co-occurrence network analysis

To further investigate the internal interactions of the gut 
microbiota and their adaptive mechanisms toward PS, we per-
formed ecological co-occurrence network analysis. We con-
structed an unifactorial Spearman correlation network using the 
top 20 most abundant species (species-level profiles; P < 0.05). 
The results revealed that the CD42 group comprised 20 nodes and 
98 edges, with 72.5% positive correlations, whereas the PS42 group 
contained 20 nodes and 78 edges, with 75.7% positive correlations 
(Fig. 3b), thus indicating that high-abundance species in both 
groups predominantly exhibited positive (cooperative) in-
teractions. Notably, although the overall positive correlation 
pattern remained unchanged, PS feeding led to a clear shift in the 
core functional network of the gut microbial community: the CD42 
network was centered on polysaccharide-degrading and fermen-
tative taxa, whereas the PS42 network was dominated by species 
with broad carbon utilization capabilities and the potential for 
organic compound degradation, thereby forming a stable cooper-
ative community adapted to the metabolism of the xenobiotic 
carbon source—PS. Modular analysis further revealed that the

PS42 network could be divided into three functional modules. The 
first module was centered on the symbiont Candidatus Thio-
diazotropha taylori [60], which served as the core hub and 
exhibited strong positive correlations with Enterobacter cloacae 
complex sp. [63], Klebsiella pneumoniae [56], and Burkholderia 
contaminans [64]. These species were primarily associated with 
“vinyl- and aromatic compound degradation” and “symbiotic 
metabolism,” thus suggesting that this module may coordinate 
metabolic interactions to activate surrounding microbes, collec-
tively contributing to PS degradation and symbiotic metabolic 
regulation. The second module was dominated by Pantoea sp. 
[54,55,79], with strong decarboxylase activity, and by Citrobacter 
sp. [58], focusing on carbon-chain cleavage and PS degradation 
intermediates. The third module, centered on the symbiont Sol-
emya velum gill symbiont [61], primarily facilitated symbiotic 
metabolism and, thus, provided energy and material support to 
maintain the stability of the host–microbiota system. This finding 
is consistent with previous studies on T. molitor, in which a plastic-
based diet induced significant restructuring of the gut microbiota, 
accompanied by pronounced positive interactions among micro-
bial taxa and enhanced functions related to nitrogen fixation and 
organic carbon degradation [32,51,80]. The enrichment of these 
metabolic functions further supports the notion that the microbial 
community cooperatively utilizes xenobiotic carbon sources, 
thereby suggesting that the gut microbiota of B. dubia may simi-
larly reinforce cooperative networks upon PS ingestion, thereby 
improving plastic degradation and host adaptability. Moreover, the 
modular division of labor and collaborative network patterns in 
the PS42 group enable the efficient integration of polymer 
degradation and symbiotic metabolism, thus facilitating both 
stable PS decomposition and the maintenance of ecological 
homeostasis.

The species–enzyme bifactorial correlation network further 
elucidated the molecular basis of microbial metabolic functions by 
integrating species-level microbial abundance with key enzyme 
correlations in the PS42 group. The network comprised 30 nodes 
(20 microbial species and 10 key enzymes) and 89 edges, with 
69.7% positive correlations (Fig. 3c), thereby indicating that func-
tional associations between microbes and enzymes in the PS group 
are predominantly synergistic. Among the identified key enzymes, 
EC 2.5.1.18 (transferase, transferring alkyl or aryl groups) and EC 
7.1.1.2 (NADH: quinone oxidoreductase) exhibited strong positive 
correlations with Candidatus Thiodiazotropha taylori (a symbiotic 
bacterium) and Citrobacter sp. (a PS-degrading bacterium). These 
enzymes can catalyze alkyl side-chain transfer reactions during PS 
degradation, thereby facilitating exposure of the aromatic ring for 
subsequent oxidation while maintaining electron transport chain 
activity. EC 1.2.1.84 (oxidoreductase acting on aldehyde or oxo 
groups of donors) and EC 1.14.18.2 (oxidoreductase acting on 
paired donors with the incorporation of molecular oxygen) 
exhibited significant positive correlations with Pantoea sp. (ben-
zene- and plastic-degrading bacterium) and Klebsiella pneumoniae 
(vinyl-degrading bacterium), thus suggesting that these strains 
likely participate in the initial hydroxylation of PS main and side 
chains via enzyme activity regulation. Meanwhile, EC 1.1.1.216 
(oxidoreductase acting on CH–OH groups) was positively corre-
lated with Stenotrophomonas sp. (aromatic compound-degrading 
bacterium), and EC 3.1.26.4 (ester bond hydrolase) was positively 
correlated with Pseudomonas aeruginosa (PS-degrading bacte-
rium); this indicates that these enzymes likely act synergistically 
to further oxidize PS degradation intermediates into small-
molecule metabolites. In addition, EC 7.6.2.4 (ATP phosphohy-
drolase) was closely associated with Austropuccinia psidii, thus 
suggesting that this organism may provide energy for the overall 
metabolic network via ATP hydrolysis. This collaborative
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microbe–enzyme system is highly consistent with observations in 
other plastic-degrading insects, such as T. molitor [80], and also 
observed in other and plastic-feeding insects. For example, in the 
Black soldier fly (BSF) larvae do not reliably biodegrade common 
plastics (PE, PS,PP, PET PVC ec.) but plastic feeding has been shown 
to significantly increase the abundance of alkane hydroxylases, 
monooxygenases, multicopper oxidases, and laccases in the gut 
microbiome, highlighting the pivotal role of oxidases in the initial 
oxidation of aromatic rings [81]. Similarly, in T. molitor, PS feeding 
induced gut community remodeling and enrichment of fatty acid 
degradation, aromatic compound metabolism, and multiple 
oxidoreductase genes [82]. This cross-species evidence further 
supports the “microbe–enzyme–host” synergistic degradation 
model, thus suggesting that the gut microbiota of B. dubia may 
reinforce collaborative networks upon PS ingestion, thereby 
enhancing the degradation of exogenous carbon sources. Further, 
both unifactorial and bifactorial network analyses, from comple-
mentary perspectives, revealed the ecological interactions and 
metabolic regulatory mechanisms of the PS42 gut microbiome. 
The community forms a tightly connected network centered on 
degradative bacteria and achieves functional integration through 
modular organization; key species including Citrobacter sp., Kleb-
siella pneumoniae, Pantoea sp., and Stenotrophomonas sp., specif-
ically regulate the activity of alkyl transferases, oxidoreductases, 
and other functional enzymes, thus establishing a “microbe-
–enzyme–substrate” coordinated response system.

3.6. Transcriptomic analysis

Transcriptomic sequencing was employed to deeply investigate 
gene expression differences between the PS42 treatment group 
and the CD42 control group. The upregulation and downregulation 
were induced by gut microbiota, host, or both. PCA revealed a clear 
separation between the PS42 and CD42 samples along PC1 and PC2 
(Supplementary Fig. S5a), thus indicating that the PS diet signifi-
cantly altered the transcriptome of the B. dubia host. The volcano 
plot further visualized the distribution of differentially expressed 
genes (Fig. 4a), with 7242 significantly different genes identi-
fied—6036 upregulated and 1206 downregulated (Supplementary 
Fig. S5b)—thus suggesting that under PS stress, B. dubia activates 
specific gene expression programs to cope with environmental 
pressure. Further, EggNOG functional annotation of the upregu-
lated gene set revealed significant enrichment in functions related 
to metabolism and protein regulation. Notably, 170 and 169 genes 
were categorized under “Carbohydrate transport and metabolism” 
and “Energy production and conversion,” respectively (Fig. 4b), 
thus indicating that PS, as a carbon source, triggered metabolic 
remodeling. It is also worth noting that 420 genes were enriched in 
the category “Translation, ribosomal structure, and biogenesis,” 
suggesting that the upregulation of these genes may enable the 
maintenance of the appropriate activity of key metabolic enzymes 
and functional proteins by regulating protein folding, modifica-
tion, and degradation.

GO level-3 functional annotation analysis revealed significant 
upregulation in categories such as “transferase activity,” “carbo-
hydrate derivative binding,” “hydrolase activity,” “heterocyclic 
compound binding,” “small molecule binding,” and “organic cyclic 
compound binding” (Supplementary Fig. S5c), thus suggesting 
that B. dubia under PS stress enhanced their capacity for cata-
lyzing, binding, and metabolizing complex compounds. Further 
analysis at the GO level 4 revealed a similar trend, with notable 
upregulation in functions such as “organic cyclic compound 
metabolic process,” “cellular macromolecule metabolic process,” 
“cellular nitrogen compound metabolic process,” “macromolecule 
metabolic process,” “organic nitrogen compound metabolic

process,” and “ATP binding” (Fig. 4d). These results are highly 
consistent with the characteristics of PS as a high-molecular-
weight polymer containing benzene rings. The activation of the 
“organic cyclic compound metabolic process” indicates that the 
host has specifically enhanced its metabolic capacity to degrade 
the benzene ring structure of PS. Additionally, the upregulation of 
the “cellular macromolecule metabolic process” and the “organic 
nitrogen compound metabolic process” may likely be involved in 
the reutilization of PS degradation intermediates and integration 
of nitrogen sources.

The GO functional enrichment bubble chart visually illustrates 
the enrichment characteristics of differentially expressed genes 
across biological processes, molecular functions, and cellular 
components. The results reveal that, in addition to “organic ni-
trogen compound metabolic process” and “small molecule meta-
bolic process,” we observed significant enrichment of “oxoacid 
metabolic process,” “carbohydrate derivative binding,” “organic 
acid metabolic process,” and “carboxylic acid metabolic process” 
(Fig. 4c). The prominent enrichment of the “oxoacid metabolic 
process” suggests that organisms likely convert intermediates 
produced during PS degradation into oxoacid compounds via 
oxidation reactions, thus enabling further integration into the 
tricarboxylic acid (TCA) cycle.

The activation of the “organic acid metabolic process” and 
“carboxylic acid metabolic process” indicates that the host can 
effectively incorporate organic acids produced from PS degrada-
tion into its metabolic network, enabling carbon source reutiliza-
tion via pathways such as β-oxidation. Based on iPath pathway 
analysis, pathways related to carbohydrate metabolism, energy 
metabolism, β-oxidation, and the TCA cycle were significantly 
enriched (Supplementary Fig. S6), thereby indicating that B. dubia 
systematically remodels its core metabolic network under PS 
stress.

The results of transcriptomic analysis revealed that, under PS 
stress, the gut of B. dubia exhibited a more complex metabolic 
reprogramming compared with.

The results of transcriptomic analysis revealed that under PS 
stress, the gut of B. dubia exhibited a more complex metabolic 
reprogramming compared with the T. molitor. This remodeling 
encompassed not only the recognition of aromatic structures, 
energy supply, and reintegration of degradation intermediates but 
also the marked upregulation of functional categories—such as 
“organic cyclic compound metabolism,” “nitrogen metabolism,” 
and “ATP binding”—accompanied by coordinated coupling across 
multiple metabolic modules. At the same time, both energy 
metabolism and intermediate reutilization pathways were rein-
forced, thereby highlighting the pivotal roles of nitrogen fixation 
and nitrogen cycling in B. dubia when consuming a carbon-rich but 
nitrogen-deficient plastic diet.

3.7. Proposed mechanism of PS degradation mediated by gut 
microbiota and host interaction

Plastic degradation requires the enzyme-catalyzed depoly-
merization of polymers and metabolism of degraded in-
termediates [28]. Based on the above results and discussion, we 
proposed that the overall metabolic mechanism of PS biodegra-
dation via microbe-host enzymatic interaction in the gut of 
B. dubia drives PS degradation in the PS42 group, based on the 
integration of metagenomic, transcriptomic, and microbe-enzyme 
interaction network analyses (Fig. 5). Candidatus Thiodiazotropha 
taylori and Citrobacter sp. likely participate in the oxidative 
cleavage of the PS backbone by secreting EC 2.5.1.18 (alkyl/aryl 
transferase) and EC 7.1.1.2 (NADH: quinone oxidoreductase), 
thereby fragmenting the polymeric carbon skeleton into shorter
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chains. Pseudomonas aeruginosa likely secretes EC 3.1.26.4 (ester 
bond hydrolase) to act on aromatic side chains, thus initiating the 
opening of benzene rings and triggering the aromatic degradation 
pathway. Moreover, PS may generate styrene monomers via 
radical scission [83,84]. These styrene intermediates are further 
oxidized by Pantoea sp. and Klebsiella pneumoniae through EC 
1.2.1.84 (aldehyde/oxygen oxidoreductase) and EC 1.14.18.2 
(oxidoreductase acting on paired donors with incorporation of 
molecular oxygen). Stenotrophomonas sp., via EC 1.1.1.216 (CH–OH 
group oxidoreductase), likely also accelerates this oxidative 
cleavage process. This process has been reported in multiple 
studies on PS biodegradation. For example, in the degradation of 
PS by G. mellonella, styrene structures were shown to be oxidized 
to produce phenolic and carbonyl intermediates, thus indicating 
the involvement of relevant oxidoreductases [85]. Similarly, 
studies on T. molitor have demonstrated that benzene rings can 
undergo auto-oxidation within the digestive tract, involving side-
chain opening of styrene and subsequent oxidation [21,31,80,86]. 
Moreover, based on environmental microbial genomic data, 
certain researchers have predicted that P450 monooxygenases, 
aromatic ring dioxygenases, and other oxidoreductases could 
catalyze the oxidation of styrene into oxidized molecules. such as 
phenolic acids and benzoic acid, which then enter central meta-
bolic pathways [87]. Notably, the synergistic interaction between 
Austropuccinia psidii and EC 7.6.2.4 (ATP phosphohydrolase) may 
provide the energetic drive required to sustain the entire meta-
bolic network, thereby ensuring the continuous progression of PS 
degradation. Meanwhile, the small-molecule intermediates 
generated by gut microbes during PS degradation can be trans-
ported into host cells via transmembrane transporters, where they 
activate core metabolic pathways such as β-oxidation and the TCA 
cycle. Through oxidative phosphorylation, these intermediates 
enable efficient ATP synthesis, thereby establishing a “microbial 
degradation–host metabolism” synergistic cascade.

4. Environmental implications and future studies

The improper disposal of plastic waste has become a global 
environmental and ecological concern. In natural environments, 
the degradation of plastics not only releases toxic substances, such 
as persistent organic pollutants and heavy metals, but also forms 
microplastics and nanoplastics through fragmentation. These 
particles can be transferred through the food chain, thus posing 
widespread risks to biological systems.

Over tens of millions of years of natural evolution, ancient 
members of the Blattodea order—cockroaches—have developed a 
digestive system that is highly adapted to diverse carbon sources 
and complex organic substrates. This study revealed that under the 
current environmental pressure of escalating plastic pollution, the 
gut microbiota of cockroaches exhibits remarkable “xenocarbon 
adaptability,” which is capable of utilizing synthetic polymer-
s—such as PS—as potential carbon sources. This study reveals the 
biodegradation mechanism of PS by B. dubia and its associated 
microbe–host enzymatic interaction network. Through integrated 
metagenomic and transcriptomic analyses, it was confirmed that a 
multilayered metabolic collaboration exists between the cock-
roach's gut microbiota and host cells during PS degradation. The 
microbial community initiates extracellular oxidative breakdown

Fig. 3. Functional shifts and co-occurrence networks of the gut microbiome. a, 
Fold change in Gene Ontology (GO) level 4 functional categories between groups 
(two-sided Student's t-test with Benjamini–Hochberg correction; adjusted P < 0.05,

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). b, Univariate co-occurrence network of the 20 
most abundant species inferred using Spearman correlations (|ρ| ≥ 0.5; P < 0.05) in 
the control (CD) and polystyrene (PS) group. c, Bifactorial network analysis integrating 
the 20 most abundant species and 10 key enzymes. Node color denotes phylum, and 
edges indicate positive or negative associations. Node size represents species or 
enzyme abundance, with larger nodes indicating higher abundance.
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of PS by enriching specific degradative bacteria and functional 
enzyme systems. The resulting small-molecule metabolites are 
subsequently absorbed by host cells and processed through 
β-oxidation, the TCA cycle, and other pathways for efficient carbon 
reutilization. Ultimately, this leads to the formation of a synergistic 
cascade model of “microbial degradation–host metabolism.” This 
discovery provides a novel direction for the development of sus-
tainable biodegradation technologies for petroleum-based plastics 
and significantly expands existing understanding of the molecular 
mechanisms underlying insect-mediated plastic degradation.

In the present study, B. dubia was tested only for PS biodegra-
dation. Further research will be conducted to investigate other 
major plastics (PE, PP, PVC, PET, PUR, etc.) to determine whether 
B. dubia possesses broad plastic-degrading ability, which is likely 
based on microbiome and transcriptomic analyses. B. dubia cock-
roaches are not wood-feeding cockroach species, and it remains 
unclear whether their plastic-degrading capacity is comparable to 
that of specific wood-boring cockroaches in the cockroach family, 
such as Panesthia angustipennis and Salganea taiwanensis [48]. The 
American cockroach (Periplaneta americana) and German cock-
roach (Blattella germanica) belong to the omnivorous feeding 
group and naturally consume a wide variety of plant and animal 
matter as well as plastic debris [88,89]. Further investigations 
should explore plastic degradation across different cockroach 
species.

Although B. dubia exhibits excellent PS-degrading capacity 
under laboratory conditions, the direct release of B. dubia and 
other cockroaches into natural environments for biodegradation

Fig. 4. Transcriptomic responses to polystyrene (PS) feeding. a, Volcano plot of differential gene expression. Genes are classified as upregulated (Up), non-significant (No sign), 
or downregulated (Down). The vertical dashed lines indicate the fold change thresholds, whereas the horizontal dashed line indicates the threshold for statistical significance. b, 
EggNOG functional classification bar chart of significantly upregulated genes in the PS42 group. c, Gene Ontology (GO) enrichment analysis. d, GO level 4 functional classification 
of the differentially expressed gene set. ATP, adenosine triphosphate.

Fig. 5. Proposed mechanism of polystyrene degradation under the microbe–host 
enzymatic interaction system in Blaptica dubia. ATP, adenosine triphosphate; TCA, 
tricarboxylic acid cycle; β-oxidation, fatty acid β-oxidation pathway.
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applications remains questionable, and more research is needed in 
this area. A comprehensive analysis and evaluation of multiple 
impacts—such as environmental effects, potential health risks, 
and public acceptance—associated with the potential release or 
application of B. dubia in natural or semi-natural environments 
should be conducted.

5. Conclusion

B. dubia is a newly identified plastic-degrading cockroach 
species in the order Blattodea and exhibits a specific PS degrada-
tion rate of 3.3 ± 0.1 mg per cockroach per day and a PS half-life of 
27.7 ± 2.0 h on the basis of a digestive time of 24 h. Biodegradation 
is strongly supported by broad depolymerization, increases in δ 13 C 
values, and the formation of various oxidized intermediate 
products.

Metagenomic sequencing analysis provides evidence of the 
shift in gut microbes to adapt to PS feeding during in vivo 
biodegradation. PS intake remodels the gut microbial community, 
thus enabling the coordinated enrichment of key plastic-
degrading microbes and their functional enzymes, while host 
β-oxidation and TCA cycle pathways are significantly upregulated. 
This establishes a tightly coupled system, jointly driven by mi-
crobes, enzymes, and host metabolism, that continuously facili-
tates polymer chain cleavage and the downstream degradation of 
intermediate products.

Compared with single microbial strains or isolated enzyme 
systems, the higher degradation efficiency of B. dubia arises from 

the functional integration and systemic plastic-degrading strategy 
conferred by the tripartite host–microbe–enzyme collaboration, 
thus surpassing the limitations of conventional microbial or 
enzyme-based degradation and highlighting the evolutionary 
potential of insects to process aromatic polymer PS.

However, this study has several limitations and further 
research is needed. While metagenomic and transcriptomic 
sequencing can reveal the types and potential functions of plastic-
degrading enzymes, they are insufficient to fully resolve the spe-
cific enzymatic reactions and degradation mechanisms involved. 
Moreover, the intermediate products and their structures formed 
during plastic degradation in B. dubia were not systematically 
identified or characterized in this study. To address these limita-
tions, future research should integrate metabolomic analyses, gene 
cloning, enzymatic characterization, and dynamic tracing ap-
proaches to systematically explore cooperative host–microbe 
degradation processes, thereby providing a more comprehensive 
understanding of the underlying mechanisms and enabling a more 
robust comparison of plastic degradation ability with other cock-
roach species.
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