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Polystyrene-degrading bacteria in the gut
microbiome of marine benthic
polychaetes support enhanced digestion
of plastic fragments

Check for updates

Sufang Zhao1,2, Renju Liu1,3, Shiwei Lv1,3, Benjuan Zhang1,4, Juan Wang1 & Zongze Shao 1,2,3,4

Polystyrene foam, which is used as a buoyant material in mariculture, is a common constituent of
marine plastic debris. Here, we conduct analyses on polystyrene foam debris collected on the east
coast of Xiamen Island, China, and associated plastic-burrowing clamworms. We apply
interferometry, mass spectrometry and microscopy to polystyrene foam fragments excreted by the
benthic clamworms (Perinereis vancaurica). We find evidence of polystyrene digestion and
degradation during passage of the clamworm gut leading to the formation and accumulation of
microplastics, with amean diameter of 0.6 ± 0.2 mm. 16S rRNA gene sequence analysis of clamworm
intestines indicated diverse bacterial gut microbiome, dominated by Acinetobacter and Ruegeria
bacteria. Further characterization confirmed that polystyrene was degraded by representative gut
isolates of Acinetobacter johnsonii, Brevibacterium casei, and Ruegeria arenilitoris. During a 30-day
incubation, we observed a very slight decrease in polystyrene weight, changes in chemical group and
thermal characteristic, and production of polystyrene metabolic intermediates. Our findings indicate
that polystyrene-degrading bacteria in the gut microbiome of clamworms may influence plastic
fragmentation and degradation in marine ecosystems.

Polystyrene (PS) is composed of styrene monomers and is widely used in
packaging containers and construction materials. Approximately 390 mil-
lion tons of plastic were manufactured in 2021, with 5.3% of it being PS,
which is mostly produced in polystyrene foams, including expanded poly-
styrene (EPS) and extracted polystyrene (XPS)1. The low density, excellent
buoyancy and waterproof properties of EPS have led to its adoption in
aquaculture. Each year, a large amount of EPS, including items such as
abandoned fishing gear, construction and packaging materials, flows
through rivers into the sea and can float with currents to gather in plastic
garbage patches in oceanic areas2. EPS is more likely than expanded poly-
propylene (EPP) and polyethylene (EPE) to fracture into small fragments
owing to their soft texture and relative susceptibility to photolytic degra-
dation during wind/water current-assisted transport3. Microplastics are
considered to be plastic fragments that are larger than one micrometer and

smaller than five millimeters in any dimension4. PS microplastics can now
be detected on the surface of global oceans4–6. Based on conservative esti-
mates, more than 300millionmicroplastic particles (mostly < 1mm in size)
may be released annually into oceans through mariculture alone7,8. The PS
microplastics that spread across marine farms also tend to be taken up by
corals, planktonic organisms, crustaceans, mollusks and other marine ani-
mals, which may result in microplastic bioaccumulation in various food
chains9,10.

Although plastic pollutants are widely distributed in marine environ-
ments, little is known about their fate in the ocean or about the process of
generating microplastics in situ11. During our investigation of EPS-
degrading marine bacteria, we observed that EPS pieces previously float-
ing on the sea surface were attached to diversemarine invertebrates, such as
bivalves (mussels) and crustaceans (crabs, barnacles). Furthermore, hole-
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boring clamworms seemed to feed on white EPS and excrete brown debris,
forming tunnels inside the EPS and leading to microplastic accumulation
(Fig. 1). The gut microbes, digestive enzymes and enzymes in the saliva of
this clamworm may play important roles in this process. However, to the
best of our knowledge, marine polychaete-mediated plastic degradation has
never been reported, although the chewing of PE and EPS by terrestrial
insect larvae has been reported.

The first case of an EPS-chewing insect was the yellow mealworm
(Tenebrio molitor), and the PS-degrading bacterium Exiguobacterium sp.
YT2 was isolated from the gut of this insect12,13. Moreover, a PS-degrading
Acinetobacter bacterium was isolated from the larvae of Tribolium casta-
neum (Coleoptera; Tenebrionidae), which were shown to ingest EPS14;
Enterococcus was found in the gut of the EPS-feeding larvae of the greater
wax moth Galleria mellonella and Tenebrio obscurus (Coleoptera:
Tenebrionidae)15,16; these gut bacteria were shown to be involved in PS
degradation in vitro based on validation experiments of pure culture,
although their role in the degradation of EPS in situ remains to be further
determined, as they are common facultative anaerobes dominating the gut
of other invertebrates and numerous other animals, including fish and
human beings17,18.

Benthic invertebrates are key species in marine ecosystems and are
often used as indicators of environmental pollution19. Normally, the benthic
polychaetes of Perinereis inhabit marine surface sediments, and their life
activities include burrowing, construction and maintenance of galleries,
acting as bioturbators at the sediment–water interface, and in most cases,
inducing enhanced organic matter mineralization. Perinereis specimens are
divided into the head, trunk and tail, with a pair ofwarty feet and a bundle of
bristles on each segment of the trunk. The clamwormwas characterized as a
tropical and subtropical species of Perinereis vancaurica (Polychaeta:
Nereididae)20, which is widely distributed in the East China Sea, the South
China Sea and beaches in the Atlantic Ocean of North and South America.
This study aimed to understand the contribution of EPS-eating clamworms
to marine microplastic formation and the potential role of the gut micro-
biome in PS digestion. We characterized the gut microbiome and obtained

pure cultures of the predominant members of the gut with PS-degrading
potential. These results extend our knowledge concerning the roles of
marine benthic polychaetes and their associated gut microbiome in plastic
biodegradation processes.

Results and discussion
Identification of the clamworm based on phylogenetic
relationships
Morphological features of the EPS-eating clamworm were identical to the
polychaete invertebrate (Supplementary Fig. S2). To perform molecular
characterization of the clamworm, the mitochondrial 16S rRNA and COI
genes were amplified and phylogenetic trees were constructed21–23. The
mitochondrial 16S rRNA analysis revealed that the clamworm was closely
related to P. vancaurica (accession number NC_065095.1) with 99%
sequence similarity. The COI gene sequence similarity between the clam-
worm and P. vancaurica (MT511719.1) was 94%. The phylogenetic tree
based on the neighbor-joining (NJ)method generatedwith a comparison of
the mitochondrial 16S rRNA gene sequences showed that the clamworm
clustered with P. vancaurica (Supplementary Fig. S3).

Excreted EPS frass was fragmented and biodegraded by
clamworms
Clamworm feeding on EPS causes fragmentation (Fig. 1). Under SEM, the
surface of the PS microplastics in the frass was altered (Fig. 2). A large
number of cavities were observed, whereas the pristine EPS was smooth
(Fig. 2a). The cavities in the EPS microplastics may be caused by gut
microbe-induced degradation, digestive enzymes and physical grinding in
the intestinal tract, which in turn enables gut microbes to colonize a large
area of the EPS surface (Supplementary Fig. S4). Stereomicroscopic obser-
vations and statistical analysis indicated that the EPS particles ranged in size
from 0.3 to 1.3mm (<5mm), with an average size of 0.6 ± 0.2 mm
(Fig. 2b, d). Light microscopic observation revealed that the EPS particles
included nanoplastics (<1 μm) with a size distribution between 0.5 μm and
15 μm (Supplementary Fig. S5).

Fig. 1 | EPS were uptake by P. vancaurica and
fragmented into microplastics. a The exposure
scene of P. vancaurica. b The EPS blocks collection
phenomenon. c, d The EPS were ingested by P.
vancaurica. e Microplastics in frass.
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Characterization of changes in EPS debris in the clamworm gut
and excreted EPS frass
As shown in Fig. 2c and Supplementary Fig. S4, we found unexcreted EPS
microplastics in the gut of clamworms and bacterial biofilms on the
microplastic surface. EPS fragmentation by clamworms can increase the
surface-to-volume ratio and promote degradation. GC‒MS analysis indi-
cated that long-chain fatty acids (FAAs) (peak 4; eicosanoic acid), benzene
ring-containing substances (peak 1; benzoic acid,3,5-bis(1,1-dimethy-
lethyl)-4-hydroxy) (peak 2; phenol,2,6-bis(1,1-dimethylethyl)-4-ethyl) and
long-chain carboxylic acid esters (peak 3; hexadecanoic acid, methyl ester)
were present in the gut of EPS-fed clamworm there exist (Fig. 3a). Benzene
ring-containing substances (peak5; 4-methyl-2,6-ditert-pentylphenol)were
also present in the frass (Supplementary Table S2).

Currently, the PS metabolites of T. molitor and G. mellonella larvae
have been reported. Tsochatzis et al. performed metabolite analysis of
Tenebrio molitor larvae feeding on PS in different diets, and no degradation
productswere observed in the intestinal tissue or in the insect biomass,while
in frass, PS monomers (styrene) and PS oligomers (dimers, trimers) were
identified13,24. The degradation products of these oligomers include 2,4,6-
triphenyl-1-hexene, 1,3,5-triphenylcyclohexane, 2,4-diphenyl-1-butene,
1,1-diphenyl cyclobutene, and trans-1,2-diphenycyclobutane13. The bioac-
tive compounds of fatty acids (hexadecanoic acid, octadecanoic acid, tet-
radecanoic acid), amides (oleamide, tetradecanamide, hexadecanamide),
and esters were identified in frass, in addition to several hydrocarbons24.
Three bacteria (Erwinia olea, Lactococcus lactis and Lactococcus garviae)
were found to be associated with PS biodegradation in the gutmicroflora of
T. molitor under different PS-feeding strategies13. In another study, PS

monomers (styrene,α-methylstyrene, acetophenone,α,α-dimethyl benzene
methanol, 2,4-di-tert butyl phenol, and methyl-9,12-octadecadienoate),
oligomers (2,4,6-triphenyl-1-hexene and 1,3,5-triphenylcyclohexane),
bioactivemolecules of fatty acids (myristic, palmitic, oleic, and undecanoic),
esters (methyl linoleate, ethyl linoleate, and ethyl palmitate) and amides
(tetradecanamide, hexadecanamide, and oleamide) were identified in the
extract of freeze-dried homogenates from T. molitor larvae fed a single PS
diet25.

Wang et al. and Lou et al. identified PS degradation metabolites in
G. mellonella larvae, and PS degradation products (styrene, phenyl acetate,
4-methylphenol, 2-hydroxyphenyl acetate, homoformate, 4-hydro-
xybenzaldehyde, 4-hydroxybenzoate, and derivatives of acetyl coenzymeA)
were found in intestinal tissue26; FFAs (oleic acid, octadecanoic acid, and
n-hexadecanoic acid) were identified in frass, and changes in the intestinal
microbiome suggested that Bacillus subtilis and Sarcocytophagus myr-
isticaulis were associated with the PS diet16. The presence of C =O- and
C−Ofunctional groups andFFAsare indicativeofmetabolic intermediates
of plastic depolymerization and biodegradation in relation to the increase in
enzymatic, biochemical and intestinal microbiota activities in the larval
gut24,25,27.

In our study, PS monomers, FFAs and esters were also identified in
the gut of EPS-fed clamworms, and PS monomers were present in the
frass; among which, Benzoic acid,3,5-bis(1,1-dimethylethyl)-4-hydroxy
(C15H22O3) and 4-methyl-2,6-ditert-pentylphenol (C16H26O) were structu-
rally similar to 4-hydroxybenzoate (C7H6O3) and 4-methylphenol (C7H8O)
in PS metabolites of G. mellonella, respectively26. We speculated that 4-
methylphenol–4-hydroxybenzaldehyde–4-hydroxybenzoate pathway could

Fig. 2 | Depolymerization characteristics of EPS through the digestion of P.
vancaurica. a SEM images showing surface modifications of EPS after biode-
gradation by the gut flora, ai–ii the EPS control and aiii–iv the biodegraded EPS by
the clamworms. Bar, 200 μmor 100 μm. bThe particle size of frass was observed by a

stereo microscope after 2% SDS washing. c i-ii The EPS debris in the gut of clam-
worm was examined under a stereomicroscope. d The distribution of microplastic
sizes of the extracted EPS frass.
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be an alternative route for PS metabolism in the intestine of clamworms,
which has been proposed for the gut of PS-fed G. mellonella26.

Subsequent µFTIR observation of the EPS microplastics in the gut
indicated enhanced -OH stretching absorption at approximately 3166-
3790 cm−1 (HI = 11.9) and C =O stretching absorption at approximately
1616-1727 cm−1 (CI = 0.59) compared to those of the EPS control (HI =
0.02; CI = 0.33) (Fig. 3b). The results confirmed that theEPS ingestedby the
clamworms was partially biofragmented into MPs and biodegraded into
various intermediates in the intestine.However, a percentage of the ingested
EPS remained undigested in the form of microplastics, which were released
into marine ecosystems.

The biodegradation of excreted EPS was examined using FTIR. The
FTIR spectra of the digested frass excreted by the clamworms were com-
pared with those of the EPS control. Consequently, the new enhanced
functional group at 1670 cm−1 is attributed to the -C =O carbonyl group
conjugated to aromatic rings, and the weak band at 3310 cm−1 is attributed
to -OH bond stretching (Fig. 3e). The formation of new C =O and R-OH
functional groups was similar to previous reports on the modification of
egested frass from Achatina fulica, T. molitor, Z. atratus, Plesiophthalmus
davidis, and G. mellonella during PS biodegradation28–31. Here, FTIR ana-
lysis indicated that EPS were biodegraded by clamworms or bymicrobes in
the gut via oxidation.

GPCanalysis confirmed that theMwof EPS in frass decreased by 2.1%
from 216.9 kDa to 212.3 kDa, while the Mn decreased by 12.5% from
73.5 kDa to 64.3 kDa when compared to that of the EPS control. Because
Mn (12.5%) encompassed a wider range than Mw (2.1%), the molecular
weight of the frass decreased, and depolymerization of the frass produced
lower-molecular-weight fragments. A negative shift in themolecular weight
distribution (MWD) indicated a shift in molecular weight towards a lower
molecular weight after EPS passed through the clamworm gut, suggesting
that more oligomeric products may be produced (Fig. 3c). The PDI of the
EPS control (3.3) was greater than that of the frass control (2.95), suggesting
a decrease in the molecular weight of the residual polymer and that the

molecularweight reduction ismore extensive for short-chain polymers than
for long-chain polymers.

A similar depolymerization pattern of decreases in Mn andMw and a
shift in MWD towards lower molecular weights were observed during the
biodegradation of PS by the larvae of Z. atratus (strain G larvae) (39.0% and
45.3%), T. obscurus (26.0% and 59.2%), T. molitor (11.7% and 29.8%), P.
davids (4.1% and 3.3%) and Acinetobacter sp. AnTc-1 (13% and 25%)
isolated from T. castaneum14,15,29,32. However, the pattern of PS depoly-
merization was broad, as was the pattern of PS degradation in G. mellonlla
larvae, A. fulica and Z. atratus (Strain M), which resulted in an increase in
Mn and Mw, as well as a shift in the MWD towards a higher molecular
weight16,28,32. Inour study, thedecreases in theMnandMwofEPSconsumed
by P. vancaurica were lower than those of T. molitor and T. obscurus but
were similar to the decreases in Mn and Mw and the negative shift in the
MWD caused by P. davidis15,29. This indicated that T. molitor and T.
obscurusmighthave superiorPSdepolymerization andbiodegradation than
P. vancaurica. Despite living inside the EPS block, clamworms may ingest
organic matter attached to the EPS block surface or in seawater rather than
feed with EPS as the sole carbon source, resulting in limited depolymer-
ization of EPS, which corresponds to the limited weight loss caused by the
isolates from the gut.

The chemical alteration of the frass was also confirmed by 1H NMR
analysis (Fig. 3d). Compared to the NMR spectrum of the EPS control, that
of the frass showed 2 new peaks at 1-2 ppm, and 1 new peak appeared in the
aromatic portions of the 6-7 ppm signal region14. The presence of additional
peaks in the frass indicated that chemical structural changes occurred.

The physical (smaller particle size, increased surface-to-volume
ratio) and chemical characteristics ofmicroplastics from clamworm frass
are different from those of uningested EPS, although the majority of
ingested EPS are undigested by the clamworm as EPS frass found in
clamworm holes in EPS blocks. A percentage of the microplastics
retained in clamworm frass will eventually reach the ocean. These find-
ings suggest that marine burrowers facilitate the generation of

Fig. 3 | Characterization of depolymerization of EPS debris changes in the gut of
clamworms and excreted EPS frass. a Gas chromatography-mass spectrometry
(GC-MS) analysis of the plastic samples (EPS control), the intestine and fresh frass of
EPS-eating clamworms. Compounds in figure: 1. Benzoic acid,3,5-bis(1,1-dime-
thylethyl)-4-hydroxy (C15H22O3) 2. Phenol,2,6-bis(1,1-dimethylethyl)-4-ethyl)
(C16H26O); 3.Hexadecanoic acid, methyl ester) (C17H34O2); 4. Eicosanoic acid
(C20H40O2); 5. 4-methyl-2,6-ditert-pentylphenol (C16H26O). b µFTIR

transmittance spectra of the EPS control and the EPS debris in the gut after digestion
from 500-4000 cm−1. cMolecular weight distribution shifts of EPS control and EPS
frass. d (i-ii) 1HNMR analysis of EPS frass showed it had a increase in the number of
peaks in the aliphatic signal region (1-2 ppm) and aromatic portions (6-7 ppm)
versus the EPS control. e FT-IR transmittance spectra of the EPS control and the
extracted EPS frass from 500-4000 cm−1.
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microplastics and increase the negative effects of EPS blocks. Thus, the
plastic chewing and eating behaviours of P. vancaurica generate micro-
plastics that may amplify endocrine disruption and other toxic effects on
marine animals by releasing plastic additives and/or adsorbing other
environmental chemicals33. Plastic-eating polychaetes are also at the
lower end of the marine animal food chain and can be consumed by fish,
shrimp and crabs, thus bringing microplastics into the food chain. In the
future, the laboratory feeding conditions of clamworms should be opti-
mized for sustained biodegradation of EPS, and further studies should be
carried out to investigate the EPS bioconsumption rate.

Gut bacterial diversity specialization for EPS consumption
To explore the effect of a plastic diet on the gut microbiome, we sequenced
bacterial 16 S rRNA genes from the guts of clamworms from both the
plastic-fed (P1) and nonplastic-fed (P0) groups. Sequencing revealed dif-
ferences in the diversity of the clamworm gut microbiome between the two

groups. The results showed that in the nonplastic-fed gut microbiome, the
dominant members were affiliated with Marinobacteraceae (49.51%),
Vibrionaceae (17.92%), Beijerinckiaceae (4.68%), and Pseudoalter-
omonadaceae (3.03%) at the family level (Fig. 4a). In contrast, the EPS-fed
group was dominated by the familyMoraxellaceae (80.98%), in addition to
the presence of Rhodobacteraceae (3.60%) and unclassified_c_Bacilli
(3.40%). The Marinobacteraceae and Vibrionaceae, which were dominant
in the nonplastic-fed group, only exhibited very low abundances—0.78%
and 0.39%, respectively—in the plastic group (Fig. 4a).

At the genus level (Fig. 4b), in the nonplastic-fed group, the dominant
memberswereMarinobacter (49.5%),Vibrio (17.8%),Acinetobacter (1.8%),
andPseudoalteromonas (3%).However, afterfifteendays ofEPS feeding, the
plastic-fed groupwas dominated by the genusAcinetobacter (80.8%), which
belongs to Moraxellaceae, in addition to Ruegeria (2.3%) of Rhodobacter-
aceae, unclassified_c_Bacilli (3.3%), Chryseobacterium (1.1%), Alcanivorax
(1.2%), and Vibrio (0.38%).

Fig. 4 | Changes of the gut microbial community of P. vancaurica after
feeding EPS. a Column diagram of bacterial percent of gut flora microbial com-
munity of P. vancaurica at the family level. bColumn diagram of bacterial percent of
gut flora microbial community of P. vancaurica at genus level. c Discriminant

analysis of genus abundance difference between the nonplastic-fed group (P0) and
the EPS-fed group (P1). d Column diagram of bacterial percent of frass flora at
genus level.
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The gut bacterial diversity was further compared using the chi-square
test (two-tailed test)withmultiple validation-correctedPvalues.Confidence
intervals were calculated using the “Diff Between Prop Asymptotic CC” CI
method with a confidence level of 0.95. Compared with animal feed con-
sumption, EPS consumption caused a shift in the relative abundance of the
genera Acinetobacter, Ruegeria, and unclassified_c_Bacilli among the
clamworm gut microbes (Fig. 4c). In addition, to observe the microbial
diversity in clamworm frass in vitro, DNA was extracted from the frass in
the clamwormholes for 16 S rRNA gene sequencing. The bacterial diversity
at the genus level showed that the predominantAcinetobacter species in the
gut disappeared from this environment, as did the unclassified_Bacilli
(3.3%). Instead, the bacteria associated with the frass in vitro were domi-
nated by unclassified_f_Rhodobacteraceae (11.8%), Ruegeria (6.8%),Vibrio
(4.6%), norank-Chloroplast (6.2%), and norank-Actinomarinales (5.2%)
(Fig. 4d), which may promote further degradation of EPS outside of the
clamworm.

A comparison of G. mellonella, T. molitor, Z. atratus, T. obscurus, A.
fulica and P. davidis revealed that PS feeding led to an increase in the
abundance of Enterococcus and Enterobacteriaceae, indicating that these
genera are associated with PS degradation15,16,28,29,31,34–37. Other bacterial
genera closely associated with PS degradation include Bacillus and Serratia,
whichwere isolated fromthegut ofG.mellonella;Serratia,Exiguobacterium,
Citrobacter,Klebsiella,Pseudomonas,Bacillus,Lactococcus andCronobacter,
which were isolated from the gut of T. molitor; Pseudomonas, Lactococcus,
Kluyvera, Acinetobacter and Sphingobacterium, which were isolated from
the gut ofZ. atratus; andLactococcus and Serratia, whichwere isolated from
the gut of P. davidis29,31. In contrast, the genera Enterococcus, Serratia,
Pseudomonas and Lactococcus commonly reported in previous studies were
not found in the gut of our clamworms; instead, the genera Acinetobacter
andBacilli dominated as potential PS degraders. Both have been reported to
be involved in plastic biodegradation31. For example, an increase in Acine-
tobacter abundancewas observed during the progression of PS feeding byT.
castaneum larvae, in addition to an increase in Enterococcus abundance14.

These results suggest that the ingestion of EPS by clamworms leads to
changes in the gut microbiome, and the establishment of newmicrobiota is
likely involved in the biodegradationof EPSby clamworms.Wehypothesize
that gut microbes with increased abundance after EPS feeding, such as
Acinetobacter, Ruegeria, and unclassified_c_Bacilli, could play a role in the
biodegradation of EPS in clamworm guts, although the mechanism of
biodegradation needs further investigation.

In previous studies, PAHs could be transformed in another clamworm,
Perinereis aibuhitensis, by metabolic enzymes (cytochrome P450 enzymes
(CYPs) and glutathione S-transferases (GSTs)), and the increase in the GST
enzyme under xenobiotic exposure in P. aibuhitensis suggested the role of
GST indetoxification andbiotransformation38. From the digestive tract ofP.
aibuhitensis, diesel-utilizing bacterial strains of Pseudomonas and Vibrio
have been isolated39. In these studies, P. aibuhitensis were collected at low
tide and then temporarily reared in sterile seawater for direct isolation of gut
microorganisms or with in situ sediment and seawater for long-term
domestication, which required strict management of aeration, water tem-
perature, salinity, photoperiod, and feeding with commercially formulated
diets during domestication and subsequent experiments38,39. In the future,
we also need to further explore the EPS-feeding conditions in the laboratory
to verify the degradation ability of P. vancaurica and the specific con-
tribution of gutmicrobes toEPSdegradation, aswell as additional studies on
other species of Perinereis and their gut microbes in different geographic
locations to determine the ubiquity of plastic degradation.

Identification of PS-degrading microorganisms in the gut
To characterize additional heterotrophic gut bacteria thatmay contribute to
EPS digestion in clamworms, intestinal bacteria were isolated via two agar
media and further characterized.Consequently, a total of 28 bacterial strains
were isolated (Supplementary Table S3). Molecular characterization of the
16S rRNA gene sequences revealed that the bacteria belonged to Gamma-
proteobacteria, Alphaproteobacteria, Actinomycetia, Flavobacteriia,

Sphingobacteriia, and Bacilli. Among Gammaproteobacteria, most bacteria
belonged to the genera Acinetobacter and Vibrio, whereas the others
belonged to the genera Litorilituus, Marinobacterium, Photobacterium,
Pseudoalteromonas, Pseudomonas, and Shewanella.

To verify the PS degradation ability of the strains, each isolate was
inoculated into MMC liquid media supplemented with PS films. After
30 days of incubation, ten isolates were positive for PS degradation; these
isolates were Acinetobacter (three strains), Brevibacterium (one strain),
Gaetbulibacter (three strains),Ruegeria (two strains), andVibrio (one strain).
The most effective degraders were A. johnsonii, B. casei, and R. arenilitoris,
whichwere designatedM1-3, R3-1D, andM3-42, respectively. These strains
aremost closely related toA. johnsoniiATCC17909T,B. caseiATCC35513T,
and R. arenilitoris KCTC 23960T, with similarities of 99.34%, 99.14%, and
99.98%, respectively. The phylogenetic tree of the three bacterial species
based on the NJ method using the 16S rRNA gene sequences is shown in
Supplementary Fig. S6. Acinetobacter is also enriched in the gut of T. cas-
taneum throughPS feeding; furthermore, the isolateAcinetobacter sp.AnTc-
1 candegradePS14.Recently, a strainofA. johnsonii JNU01was isolated from
soil and confirmed to degrade PS40. In vitro culture of the gut from G.
mellonella, T. obscurus and Z. atratus larvae previously fed PE led to the
isolation of Acinetobacter spp. However, Acinetobacter sp. strain NyZ450
and Bacillus sp. strain NyZ451 were isolated from the yellow mealworm T.
molitor, and coculture assays exhibitedbetter results forPEbiodegradation41.

Acinetobacter species have been confirmed to degrade a variety of
organic pollutants, such as alkanes, polycyclic aromatic hydrocarbons,
creosotes42, and 4-hydroxybenzoic acid43. Thus, Acinetobacter species are
often found in activated sludge, sewage, creosote-polluted groundwater, and
oil-contaminated soil44–46. Acinetobacter species are highly adaptable to
various environments, partially because of their genomic plasticity andopen
pangenome47, and their adaptation to the invertebrate gut for PS con-
sumption and degradation requires further investigation. In addition to
Acinetobacter, both gut bacterial 16 S rRNA gene sequencing and isolation
revealed that the isolates B. casei R3-1D and R. arenilitoris M3-42 were
active in PS. The Ruegeria genus belongs to the Roseobacter clade and is
frequently isolated from marine environments48–50, and these bacteria have
been reported to be n-alkane degraders and found in relatively high abun-
dance on the surface of microplastics5,51,52. To the best of our knowledge, R.
arenilitoris M3-42 was the first identified Ruegeria species to degrade PS.
Members of theBrevibacterium genus are diverse andwidespread inmarine
environments, though they are not as predominant as the other two bacteria
(Fig. 4b). Consistently, a gut isolate of Brevibacterium from superworm
(Z. atratus) larvae was recently confirmed to degrade PS36.

We selectedA. johnsoniiM1-3, B. casei R3-1D, and R. arenilitorisM3-
42 for further investigations. These species were deposited in the Marine
Culture Collection of China (MCCC) under the accession numbers
1A18346, 1A1836, and 1A18356; their corresponding GenBank accession
numbers of the partial 16S rRNA gene sequence are 0P854692, 0P854691,
and 0P854690, respectively.

PS film biodegradation caused by the activity of the three
bacteria
SEM analysis was performed to observe whether the PS surface was coated
with bacteria. After incubating each strain with the PS film for 30 days, a
piece of plasticwas randomly selected for observationunder SEM.As shown
in Fig. S7, a large number of bacterial cells attached to the surface of the PS
film formed a dense biofilm (Supplementary Fig. S7a). The attachment of
bacteria to a plastic surface is the first step in carrying out subsequent
biodegradation53. The viability of the bacteria attached to the biofilm was
measured using a fluorescencemicroscope after staining. A large number of
living cells (green) colonized the PS plastic film as biofilms (Supplementary
Fig. S7c). At the colonizing sites, the surface of the PS films showed many
cavities and pits, indicating that bacterium-induced PS degradation and
fragmentation were underway (Supplementary Fig. S7b). In the parallel
control without bacterial inoculation (CK), the surface of PS film remained
smooth, and no morphological alterations were observed.
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To evaluate the degradation capacity of these bacterial species, the
weight loss of the PSwasmeasured after 30 days of incubation. Initial plastic
weights of 3.7 ± 0.07%, 3.3 ± 0.06%, and 3.4 ± 0.18% were lost by the
degradation of the gut isolates A. johnsonii M1-3, B. casei R3-1D, and R.
arenilitorisM3-42, respectively, in the control treatment, with a final weight
of 0.015 ± 0.003% (Fig. 5a). The reduction in the PS film weight suggested
that the three strains can degrade and utilize PS as the sole carbon and
energy source. Comparatively, our three isolates showed weaker degrada-
tion at 30 days, while the terrestrial gut isolates Acinetobacter sp. AnTc-1
and Exiguobacterium sp. YT2 resulted in 12.14 ± 1.4% and 7.4%, respec-
tively, of theweight loss of PSafter 60days.This differencemaybe attributed
to the variations in the PS materials used, culture media and conditions12,14.
However, their contribution to EPS digestion in marine hosts is undoubt-
edly due to their dominance in the gut microbiome of the clamworm.

Changes in the chemical functional groups of the PS plastic after
biooxidation were studied using FTIR analysis (Fig. 5b). The plastic films
degraded by the strainsM1-3 (CI = 18.33), M3-42 (CI = 24.17), and R3-1D
(CI = 20.6) showednewabsorptionpeaks at 1725 cm−1 in comparison to the
PS control (CI = 1.55), which represents the carbonyl (C=O stretch) group.
The peak at 1060 cm−1 represents C-O stretching, which implied the for-
mation of a new ester or carboxylic acid from the degradation of the PS
polymer. The presence of carboxyl and carboxylic acid groups is considered
to be an essential step in the oxidation and biodegradation of PS54.

The change in hydrophobicity of the washed PS film after bacterial
incubation can also indicate chemical alteration. After incubation with the
M1-3,M3-42, orR3-1Dstrains, theWCAwas significantly lower (P < 0.005;
Student’s t test) than that of the control group (93.9° ± 0.2), by 63.2° ± 0.4,
72.4° ± 0.2, or 73.5° ± 0.2 (n = 3), respectively (Fig. 5c). The PS surface
became more hydrophilic due to the generation of polar functional groups
by these strains, which further increased the susceptibility of the PS to
further degradation. The thermal stabilities of the PS films were examined
using TGA. In comparison with the endothermic temperature of the PS
control at 421 °C, the bacterially treated PS films (Fig. 5d) had a lower
endothermic temperature at 413 °C–414 °C, indicating that the PS control
was relatively thermally stable and that a composition change occurred in
the bacteria-treated PS. Diverse gut bacterial isolates showed PS-degrading

potential, which extended the diversity of PS-degrading bacteria and pro-
vided insights into the interactions of marine benthic invertebrates with
plastic-degrading bacteria in association with EPS contaminants.

PS degradation intermediates of the three gut bacteria indicated
by GC‒MS
To confirm the occurrence of PS biodegradation by the three gut isolates
M1-3, R3-1D, and M3-42, the metabolites of PS biodegradation and the
medium from the control group (CK) were analyzed using GC‒MS. The
degradation products of the three strains all contained benzene ring
substances, unlike those of the control, including diverse PS monomers
(blocks) in the form of ethylbenzene (peak 2), o-xylene (peak 3), ben-
zaldehyde (peak 4), 4-phenylbut-3-ene-1-yne (peak 5), butylated
hydroxytoluene (peak 14), 3-butynylbenzene (peak 15), pentanoic acid,
2-phenylethyl ester (peak 16), and 1,2-benzene dicarboxylic acid, butyl-
m (peak 17). Apart from the identified PS oligomers, fatty acids and fatty
acid esters were identified in the degradation products, including buta-
noic acid (peak 1); carbonic acid; dodecyl prop-1-en-2-yl ester (peak 7);
and methoxyacetic acid, 2-tetradecyl ester (peak 8). The remaining
intermediates were hydrocarbons and alcohols, including decane, 2,3,5,8-
tetramethyl- (peak 6); nonadecane, 2,3-dimethyl- (peak 9); 2-butyl-1-
octanol (peak 10); 2-isopropyl-5-methyl-1-heptanol (peak 11); tetra-
decane (peak 12); and eicosane, 2-methyl- (peak 13). A representative
scheme of the identified PS monomers and substances resulting from
their degradation/reaction is presented in Supplementary Fig. S8 and
Supplementary Table S4.

In our study, PS oligomers, fatty acids, and fatty acid esters were
structurally similar to the extractedmetabolites of frass, intestine tissue, and
biomass of G. mellonella and T. molitor larvae of PS-feeding
treatments13,16,24–26. The substances identified in the above studies were
similar in structure to the individual bacterial PS degradation products,
including styrene (C8H8) and ethylbenzene (C8H10) (peak 2), α-methyl
styrene (C9H10) and o-xylene (C8H10) (peak 3), acetophenone (C8H8O) and
benzaldehyde (C7H6O) (peak 4), and 2,4-di-tert butyl phenol (C14H22O)
and butylated hydroxytoluene (C15H24O) (peak 14). Hexadecanoic acid,
methyl ester (C17H34O2) and 4-methyl-2,6-ditert-pentylphenol (C16H26O)

Fig. 5 | PS depolymerization and degradation intermediates by the gut bacterial
isolates B. casei R3-1D, R. arenilitorisM3-42 and A. johnsoniiM1-3. a PS weight
loss after incubation with three gut bacterial isolates in 30 days (mean value ± SD,
n = 3). b FTIR analysis of degraded polystyrene showed surface chemical mod-
ifications, (CK) non-inoculated PS, (M1-3) (M3-42) (R3-1D) corresponding strains

incubated PS had a increase in the number of peaks in the black curved box area.
cWCA values of (CK) the negative control PS film (n = 3) and (M1-3, M3-42 and
R3-1D) the biodegraded PS film by the isolated three bacteria (n = 3). d After the
incubation of three strains, the PS thermal stability decreased compared to the
control.
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in the gut of EPS-fed clamwormswere structurally similar tomethoxyacetic
acid, 2-tetradecyl ester (C17H34O3) and butylated hydroxytoluene
(C15H24O) in thePSmetabolites of our three gut isolates, respectively, which
reconfirmed that gut microbes play an important role in EPS degradation.
The formation of benzaldehyde (peak 4)55 and 2-isopropyl-5-methyl-1-
heptanol (peak 11)56 in this study was previously reported and likely
occurred from chain depolymerization and oxidation of PS. Potential
metabolic pathways involving PS in the gut of plastic-feeding insects have
been proposed previously. In this study, the styrene oxide-
phenylacetaldehyde pathway was validated by the positive detection of
corresponding metabolites, such as benzaldehyde, ethylbenzene and pen-
tanoic acid, 2-phenylethyl ester13,26. In summary, our results are consistent
with previous reports on PS metabolic pathways based on degradation
products.

However, the presence of butanoic acid in the PS metabolite of the B.
caseiR3-1Dstrain has not beenpreviously reported. Butyric acid is themain
energy substrate for colonocytes and stimulates the absorption of sodium
and water in the colon57. We speculated that interactions between the
bacterium B. casei and the host P. vancaurica occur during the PS digestion
process. In summary, the presence of low-molecular-weight oligomers and
other metabolites strongly supports PS biodegradation by gut bacteria
in vitro.

Although gut microbes and clamworms have been confirmed to be
involved in the biodegradation of plastics, the specific enzymes involved in
the degradation of EPS by host-secreted bacteria and gut bacterial isolates
have not yet been identified. The contributions of specific physicochemical
processes during insect chewing and digestion may also contribute to EPS
biodegradation in the host58. The multienzyme system and other detox-
ification pathways used by the host to address oxidative stress may play a
role in the detoxification of depolymerization products and plastic
additives59–61. In the future, degradative enzymes from gut bacteria
and clamworms could be explored for use in bioengineering the
degradation of PS.

Conclusion
To the best of our knowledge, we reported the first EPS-eating marine
benthic polychaete P. vancaurica and its gut microbiome involved in PS
biodegradation. EPS was fragmented into MPs through ingestion and
biodegradation in the gut. This biological process is notable considering the
prevalence of clamworms in marine environments and their close asso-
ciation with EPS. EPS biodegradation, at least partially, within the clam-
worm gut is attributed to the activity of the gut microbiome, as
Acinetobacter, Ruegeria, and other potential degraders were enriched in the
gut of clamworms fed EPS, with Acinetobacter being the predominant
member. The microbial-mediated degradation of the strains was recon-
firmed with pure cultures of the gut isolates of A. johnsonii, B. casei, and R.
arenilitoris. The formation of degradation products and changes in physical
and chemical properties were observed in response to the PS bacterial
treatments, in addition to a weight loss of 3.3–3.7% in 30 days, although
these values are lower than those for the terrestrial larval gut isolates of T.
molitor andT. castaneum.Overall, theboring andplastic chewingbehaviour
of the clamworm contributes to EPS fragmentation and biodegradation,
possibly causing microplastic accumulation in marine ecosystems, and the
specialized microbiome of the clamworm gut has a capacity for PS degra-
dation in vitro.

Materials and methods
EPS plastic foam and clamworm sampling
Dense mariculture, such as oyster aquaculture, has developed for several
decades along thewest coast of the Taiwan Strait and the coastline in China.
EPS is widely used in mariculture as a buoyant material, and microplastics
have been reported to exist along the strait10,62–66. The collection site was
located on the east coast of Xiamen Island, China (118◦.20′ E, 24◦.49′ N),
where broken EPS floating devices used in mariculture were pounded by
waves on the beach at high tide and collected at low tide (Supplementary

Fig. S1). EPS blockswith visible holes on the surface for clamworms to crawl
through were selected, placed in disposable bags, and brought back to the
laboratory.After collecting three samples in September2021, theEPS blocks
were disintegrated using scissors, and a group of clamworms was removed
from the smaller EPS blocks with forceps in the lab immediately.We found
approximately twenty clamworms (length 5-12 cm) living inside the EPS,
chewing on the EPS, and forming tunnels filled with brown frass (Fig. 1).
Theoriginal EPS around the clamworm tunnelswas preserved in the dark as
an EPS control for subsequent experiments.

To determine the phylogenetic position of the clamworm, 0.02 g of
muscle tissue from the tail of the clamworm was excised and crushed in
sterile potassium phosphate buffer (pH 7). DNA was extracted using a
marine animal DNA column extraction kit (BTN130401, Co. Beijing Baiao
Leibo Technology, Ltd., China). The mitochondrial-based cytochrome C
oxidase subunit I (COI) and mitochondrial 16 S rRNA gene sequences
commonly used for genetic diversity and genetic structure analysis of
Perinereis species were amplified using the primers listed in Table S1
(Supporting Information). To construct the phylogenetic tree (MEGA-7),
the mitochondrial 16 S rRNA gene sequences of clamworms and their
relatives were retrieved from the National Centre for Biotechnology
Information (NCBI, http://www.ncbi.nlm.nih.gov/) and aligned using
ClustalW67. We used a stereomicroscope (Leica M80) to observe the mor-
phological features of the clamworms.

To obtain the best view and clarity of the clamworm placed on the
carrier stage, the eyepiece, magnification and light source of the stereo-
microscope were adjusted.

Microscopy and size analysis of the EPS frass excreted by
clamworms
0.2 g of excreted frass and EPS control were digested using 10% KOH
solution (24 h, 50 °C) followed by H2O2 (24 h, 50 °C), and filtered as
described in Supplementary Note S1 for subsequent analysis of particle size
and chemical component changes. The size and the morphology of EPS
microplastics in the clamworm frass were observed under a stereomicro-
scope (M205A, Leica, German), lightmicroscope (80i, Nikon, German) and
scanning electron microscopy (SEM) (LEO-1530, Germany)68. Detailed
procedures for observing frass using a stereomicroscope were described in
Supplementary note S2. EPS debris in the gut were observed using a ste-
reomicroscope (LEICA M80), followed by observation of the surface bio-
films using an all-in-one fluorescent microscope (BZ-X810, Keyence) after
stained with the LIVE/DEAD BacLight Bacterial Viability Kit (USA).

Changes in the chemical properties of EPS debris in the intestine
and the excreted frass
Clamworm individuals were randomly selected and immersed in 75%
ethanol for 1min and then washed with filtered seawater (0.22μm, Millex-
GP) three times to remove bacteria and frass attached to the body surface.
Clamworm guts, mainly the intestine, were removed with a sterile scalpel,
scissors, and forceps. To obtain the degradation products of EPS in the gut,
gas chromatography-mass spectrometry (GC-MS) analysis was subse-
quently performed on the intestine and fresh frass. Briefly, 0.05 g of fresh
brown frass in parallel with EPS test control was extracted with 5mL tet-
rahydrofuran (THF) and the intestines of five clamworms were extracted
with 5mL THF: methanol (2:1)16. Evaporated the solvent and then redis-
solved in 1mL 100% hexane for GC-MS analysis. GC-MS was performed
using an Agilent GC/MS-QP2010 with a DB-5MS UI (60m× 0.25mm×
0.25 μm) column with helium as the carrier gas. The oven temperature
started at 50 °C and increased to 250 °C at a rate of 10 °
C/min, and a 20-minute hold. Compounds were identified using the
NIST14 database and selected for ≥70% similarity.

The cleaned clamworms and EPS test control were processed using the
same digestion and filtration methods as previously described in Supple-
mentary note S1. To observe whether the functional group of the EPS had
been altered in the gut, we used micro-Fourier transform infrared spec-
troscopy (µFTIR: Nicolet iN10, Thermo Fisher Scientific) to discern EPS
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fragments in the gut. Through 16 scans, the spectral with a range of 670-
4000 cm−1 and a resolution of 8 cm−1 was obtained. In this study, the car-
bonyl index (CI) and hydroxyl index (HI) were used to assess the degree of
oxidation on the surface of EPS debris in the gut, which were calculated as a
ratioof carbonylbandareaandhydroxyl groupbandarea tomethylenepeak
area, respectively, as reference described69,70.

The digested frass and the EPS control were analyzed using FTIR
(Nicolet iS50, Thermo Fisher Scientific, USA). The molecular weight dis-
tribution (MWD), weight-average molecular weight (Mw) and number-
average molecular weight (Mn) of the EPS were tested by Gel permeation
chromatography (GPC) (Agilent 1260 Infinity II, AgilentTechnologies Inc.,
USA) with a flow rate of 0.7 mL/min using THF (1 g·L−1) as a solvent28. The
MWD calculation and presentation methods are described in the relevant
literature29. Polymer dispersity index (PDI) is a polymer dispersion index
used to describe the molecular weight distribution of a polymer. Poly-
dispersity Index (PDI) was calculated as PDI = Mw/Mn71. Proton nuclear
magnetic resonance (1H NMR) (Avance, Bruker, Germany) spectroscopy
was conducted at 400MHz to analyze the altered chemical composition of
frass. The 20mg frass was dissolved in deuterated chloroform
(purity ≥99.9%)34.

Gut microbiome analysis
Samples were divided into two groups. In the nonplastic-fed group (P0), the
clamworms (5-20 cm) were purchased from fishing shops nearby the
sampling site where they were artificially fed with animal feed containing
fish and soybean meal, whereas in the EPS-diet group (P1), small blocks of
EPS, that contained clamworm (5-12 cm), were broken down from the EPS
from at sampling site using scissors and forceps and placed in plastic con-
tainers with filtered seawater (0.22um,Millex-GP) at room temperature for
15 days. The animal intestines were acquired using the same methods as
previously described. The analysis procedures for bacterial community
structures are described in Supplementary note S3.

Isolation and identification of PS-degrading microorganisms
from the clamworm gut
To obtainmore heterotrophic bacteria in the gut of the clamworms for later
validation experiments of PS degradation, the gradient dilution of ground
intestinal tissue solution was spread on Marine Broth 2216 and R2A (BD
Difco) agar plates. The isolation of strains and the building of phylogenetic
trees were detailed in Supplementary note S4. To assess the utilization of PS
by different strains, individual strains were inoculated into 50mL liquid
carbon free mineral medium (MMC) for preliminary screening, which
contained three (1 × 1 cm) sterile PS films (GF94795701, thickness
0.19mm, size 150 × 150mm, purity ≥99.9%, Sigma, USA) as the sole car-
bon at 28 °C for 30 days (150 rpm/min) in the dark. All PS films used in this
study were treated with 75% ethanol and rinsed three times with sterile
water and dried at 50 °C for two hours. The composition of MMC is
described in the literature68. The mineral medium was autoclaved at 121 °C
for 20min. The PS films were added as a control (CK) to the MMC liquid
medium without bacteria inoculation. Bacterial growth was evaluated by
biomass and cell density was re-examined under light microscope. The
composition of themedium is described in the reference68. The same culture
conditions were used for all subsequent PS degradation validation experi-
ments. Out of 28marine bacterial isolates, three isolates (M1-3, R3-1D, and
M3-42) were found promising for PS degradation during screening.

Characterization of biodegradation of PS film by isolated gut
bacteria
The degradation defects and biofilm of the isolated strains on the PS surface
were observedusingSEM(LEO-1530,Germany), as describedpreviously by
Zhao et al.68. After 30 days of inoculation of the strainsA. johnsoniiM1-3,B.
caseiR3-1D, andR. arenilitorisM3-42, respectively, PSfilmswere randomly
removed from the culture. To analyze changes on the PS surface after
bacterial degradation, 2% w/v sodium dodecyl sulfate (SDS) solution was
used to remove the bacteria attached to PS films incubated for 4 h at 50 °C,

then washed with sterile ddH2O to remove SDS and then dried at room
temperature29. The remaining washed PS films were used for the experi-
ments below. To determine the bacterial survival status on PS films, the
biofilm on PS films was stained with the LIVE/DEAD BacLight Bacterial
Viability Kit (USA), afterwashingwithMMC liquidmedium to remove the
free-living cells72. Finally, the PS films were observed using a fluorescent
microscope (Nikon 80i). The control (CK) was three pieces of PS film in
MMCliquidmediumwithoutbacterial inoculation, inparallelwithbacterial
treatments from medium preparation to incubation and observation.

To determine PS degradation by the pure gut bacteria, the PS weight
loss wasmeasured after 30 days of incubation in flasks loadedwith 50mLof
MMC at an initial pure bacterial cell density of 0.5. The reduction of the
weight of PS was measured as described previously by Liu et al.72. The PS
films (CK) were also treated using the same procedure. Weight loss was
calculated using Ref’s formula73. Percentage of weight loss = 100 × [(Initial
PS weight − Final PS weight)/Initial PS weight].

The altered chemical structure of the PS surface was characterized
using an infrared spectrometer (Thermo Scientific iS50, USA) operating in
attenuated total reflection (ATR) mode for FTIR analysis. After drying,
bacteria-treated PS films and CK were recorded and spectra across
500–4000 cm−1 were acquired with a spectral resolution of 4 cm−1 over an
average of 32 scans using OMSNIC software. The water contact angle
(WCA) (OCA20, Dataphysics, Germany) was used to characterize the
change in PS surface hydrophilicity after degradation. To measure the
WCAs, distilled water (2 μL) was dropped on dried PS films at 2 μL/s. The
WCAs were calculated using the SCA20 software and averaged over three
replicated measurements29. The change in thermal stability of bacteria-
treated PS films compared to the CK was measured using thermogravi-
metric analysis (TGA) (TGA2,Mettler Toledo, USA). Sampleswere heated
from 30 to 550 °C at a rate of 10 °C /min under a high-purity nitrogen
ambience35.

Analysis of PS-degradation intermediates with GC‒MS
GC‒MSwas performed to investigate the intermediate and end products of
plastic biodegradation by M1-3, R3-1D, and M3-42. After 30 days of
incubation with 3 (1 × 1 cm) sterile PS films in Erlenmeyer flasks, 50ml
liquid culture of three different strains was centrifuged (8000 rpm/min,
10min, 4°C) and 0.22-μm filtered (Millex-GP) to obtain the supernatant.
Then supernatant was extracted three times with 50mL chloroform:
methanol (v: v, 2:1)24. The solvent was evaporated and then redissolved in
1mL 100% hexane. The same medium without bacterial inoculation was
used as a control group (CK), in parallel with bacterial treatments from
medium preparation, cultivation and extraction. As with the analysis of
degradation products of EPS in the gut, the GC‒MS analysis followed the
same procedure.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Raw sequencing reads for bacterial diversity analysis have been deposited at
Genome Sequence Archive (https://ngdc.cncb.ac.cn/gsa/) (accession num-
bers: CRA010201).

Code availability
No custom code was developed for the results in this manuscript.

Supplementary Information
Tables (S1–S4) on information of primers for the PCR amplifica-

tionofCOI andmitochondrial 16S rRNAgene, identified compounds in the
extract of intestine and frass resulting from biodegradation of EPS by
clamworm, isolation andcharacterizationofPS-degradingbacteria from the
gut of Perinereis vancaurica, identified compounds in the extract of the
culture supernatants resulting frombiodegradation of PS by isolated strains.
Figures (S1–S8) on information of map of the sampling site, stereo
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micrograph of P. vancaurica, phylogenetic relationships of P. vancaurica,
observation of the biofilm on the surface of EPS debris in the intestine, light
micrograph of the particle size of EPS frass, phylogenetic tree of PS-
degrading bacteria, SEM images of the biodegraded PS film by the isolated
bacterium, and GC-MS analysis of the culture supernatant with isolated
strains and control group (CK). Note (S1-S4) on information of procedures
of digestion, for observing frass, sequencing bacterial community structure,
isolation of strains and establishment of phylogenetic trees.
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