Environment International 183 (2024) 108349

Contents lists available at ScienceDirect

Environment International

ELSEVIER journal homepage: www.elsevier.com/locate/envint

Full length article , 1) :

Check for

Establishment of plastic-associated microbial community from superworm [
gut microbiome

Yi-Nan Liu®"!, Sakcham Bairoliya ®"', Norazean Zaiden *", Bin Cao®""

@ School of Civil and Environmental Engineering, Nanyang Technological University, Singapore
Y Singapore Centre for Environmental Life Sciences Engineering, Nanyang Technological University, Singapore

ARTICLE INFO ABSTRACT

Handling Editor: Thanh Nguyen Gut microbial communities of plastic-munching worms provide novel insights for the development of plastic-
processing biotechnologies. Considering the complexity of worm maintenance and the gut microbial commu-

Keywords: nities, it is challenging to apply the worms directly in plastic processing. Harnessing the power of microbial
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communities derived from the worm gut microbiomes in vitro may enable a promising bioprocess for plastic
degradation. Here, we established stable and reproducible plastic-associated biofilm communities derived from
the gut microbiome of a superworm, Zophobas atratus, through a two-stage enrichment process: feeding with
plastics (HDPE, PP, and PS) and in vitro incubation of gut microbiomes obtained from the plastic-fed worms.
Plastic feeding exhibited marginal influence on bacterial diversity but substantially changed the relative abun-
dance of different bacterial groups, and intriguingly, enriched potential plastic degraders. More prominent shifts
of microbial communities were observed during the in vitro incubation of the gut microbiomes. Taxa containing
plastic-degrading strains were further enriched, while other taxa represented by lactic acid bacteria were
depleted. Additionally, the plastic characterization confirmed the degradation of the incubated plastics by the
plastic-associated microbial communities. Community functional inference for both gene abundance and com-
munity phenotype suggested that the in vitro incubation enhanced plastic-degrading potential. Deterministic
ecological effects, in particular, selection processes, were identified as the main driving force of the observed
community shifts. Our findings provide novel insights into plastic-munching-worm-inspired bioprocessing of
plastic wastes.

2017) have been developed. Among them, biodegradation has gained
increasing attention because of its environmental friendliness and high
cost-effectiveness (Wei et al., 2020). A wide range of microorganisms

. . . have been identified to be potential plastic degraders, most of which
Over the last 70 years, 8,300 million tonnes of plastic I.na.terlals have were isolated from various terrestrial and aquatic environments (Danso
been manufactured. However, apart from 2,500 tonnes still in use, only et al., 2018; Hajighasemi et al., 2018; Yoshida et al., 2016).

6 % of the manufactured plastic was recycled (Roser 2022). Due to their
resistance to degradation, these plastics accumulate continuously in the
aquatic (Jambeck et al., 2015) and terrestrial environments (Nizzetto
et al., 2016), posing substantial threats to the ecosystems (Amaral-Zet-
tler et al., 2020; Galloway et al., 2017) and human health (Leslie et al.,
2022; Schwabl et al., 2019). There is an imperative need for us to
manage used plastics in a more sustainable manner and create a valuable
circular economy for plastic products. To meet this need, various ap-

1. Introduction

In the past decade, the larvae of lepidopteran and coleopteran in-
sects, such as Tenebrio molitor (Brandon et al., 2018), Spodoptera frugi-
perda (Zhang et al., 2022c), Galleria mellonella (Sanluis-Verdes et al.,
2022), and Zophobas atratus (Kim et al., 2020), were found to be capable
of breaking down plastics. The gut microbiomes of these plastic-
munching worms serve as a new microbial source for plastic biodegra-
dation (Pivato et al., 2022). For example, the screening of worm gut
microbiomes has discovered new plastic-degrading bacterial strains

proaches involving biodegradation (Ellis et al., 2021), chemical recy- such as Klebsiella sp. EMBL-1 (Zhang et al., 2022¢), Massilia sp. FS1903
cling (Zhang et al., 2022a), and mechanical processing (Ragaert et al.,
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Abbreviations

HDPE High-density polyethylene

PP Polypropylene

PS Polystyrene

FTIR Fourier-transform infrared spectroscopy
ASV Amplicon sequence variant
NTI Nearest taxon index

KO KEGG Orthologies

NMDS  Nonmetric dimensional scaling
HeS Heterogeneous selection

HoS Homogeneous selection

DR Drift

(Jiang et al., 2021), Pseudomonas sp. EDB1, Bacillus sp. EDA4, and Bre-
vibacterium sp. EDX (Arunrattiyakorn et al., 2022). Despite the prom-
ising prospect, investigation into plastic-munching worms gut
microbiomes is in its infancy. Although different feeding strategies have
been reported to shape the gut microbial community structures and
influence the microbiome functions in worms (Brandon et al., 2018; Luo
et al., 2021; Peng et al., 2019), there has been no effective strategy to
control or engineer the gut microbiome in vitro for improved plastic-
degradation capability because of the limited understanding of the gut
microbial community succession in in vitro conditions. In addition,
considering the complexity of worm maintenance and the gut microbial
communities, it is challenging to apply the worms directly in plastic
processing (Billen et al., 2020). Harnessing the power of microbial
communities derived from the worm gut microbiomes in vitro may
enable a promising bioprocess for plastic degradation.

In this study, we aim to establish a stable and reproducible plastic-
associated biofilm community derived from the gut microbiome of a
superworm, Zophobas atratus. To achieve this, we applied a two-stage
enrichment process: (i) plastic-feeding to condition the gut micro-
biome of the worms and (ii) in vitro incubation of the gut microbiomes
with plastics. We examined the shifts of gut microbial communities in
response to plastic feeding and monitored the microbial community
succession during the in vitro incubation. We further identified the
deterministic ecological effects as the main driving force of the com-
munity succession. Our study demonstrates the establishment of plastic-
associated biofilm communities from the worm gut microbiome, which
will facilitate the development of plastic-munching-worm-inspired bio-
processing for plastic waste upcycling.

2 Extract gut microbiomes from
plastic-fed worms
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2. Methods
2.1. Maintenance of superworms and plastic feeding

Five-week-old superworms (Zophobas atratus) with an average
weight of ca. 0.7 g each were obtained from a local pet store. The worms
were fed with oatmeal for 30 days before being transferred randomly
into glass containers (40 worms each) and fed with 3 types of plastics
(HDPE, PP, and PS) with 3 biological replicates for each type of plastic.
The oatmeal-fed control group superworms continued to be fed with
oatmeal for one month. The plastic materials utilized in this study are
high-density polyethylene (HDPE) films (2.5 cm x 7.0 cm x 0.02 mm),
polypropylene (PP) strips (5 cm x 1 cm x 0.25 mm), and polystyrene
(PS) Styrofoam bars (1 cm x 1 cm x 5 cm). The frass was removed from
the containers every three days. Because of the stronger resistance of
HDPE and PP to worm chewing, the feedings of HDPE and PP lasted for
one month, while the feeding of PS lasted for two weeks (Fig. 1).

2.2. Extraction of superworm gut microbiomes

After plastic feeding, the worms were dissected to extract the gut
microbiomes. The worms were immersed in 75 % ethanol solution and
rinsed twice with deionized water before being dissected. The guts were
drawn out and vigorously vortexed in 0.9 % NaCl solution, filtered
through a 10-pm filter (pluriStrainer Mini 10 pm, PluriSelect) to remove
worm tissue, and centrifuged at 10000 rpm for 10 min to harvest gut
microbial communities.

2.3. Invitro incubation of superworm gut microbial communities

For each plastic-fed superworm group (HDPE, PP, and PS), gut
bacteria harvested from 30 superworms were inoculated into 30 mL of
Bushnell-Haas medium (Wright et al., 2020) with respective plastics.
Given the different densities of plastics, the amounts of added plastics
were 0.12 g for PS flakes (1.0 cm x 1.0 cm x 0.2 cm) and 0.20 g each for
HDPE (2.5 cm x 7.0 cm x 0.02 mm) films and PP (5.0 cm x 1.0 cm x
0.25 mm) strips. Before incubation, the plastics were sterilized with 75
% ethanol and dried in a biological safety cabinet. Gut bacteria of the
oatmeal-fed control group were also harvested and inoculated into 30
mL of Bushnell-Haas medium without plastics. The in vitro incubation
experiment was conducted in four replicates and lasted for six weeks at
25 °C in the dark (Fig. 1). Two mL of bacterial suspension and one piece
of plastic were collected weekly, and 2 mL of fresh Bushnell-Haas me-
dium was added to the Erlenmeyer flask to maintain the total volume of

In vitro incubation to build plastic-associated
microbial community
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Fig. 1. Schematic illustration of experimental design for the establishment of plastic-associated microbial communities from superworm gut micro-
biomes. (a) First, superworms were fed with plastics (HDPE, PP, and PS) for half to one month. Then, their gut microbiomes were extracted and further incubated in
the flasks containing culture media and respective plastics. (b) Timeline of the two-stage microbiome enrichment.
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30 mL. All the samples were stored at —20 °C before DNA extraction.
2.4. Characterization of plastic samples

Physicochemical properties of the original plastics and the plastic
samples taken at the late stage of incubation were characterized. Before
surface characterization, the plastic samples were immersed in 2 % so-
dium dodecyl sulfate solution for 4 h. Then, the soaked plastics were
washed with deionized water and dried at 60 °C overnight. The Fourier-
transform infrared (FTIR) spectra of plastic samples were acquired on an
FTIR spectrometer (Frontier, Perkin Elmer Instrument, Waltham, USA)
in the attenuated total reflectance mode. The spectral resolution was set
as 1 cm ™!, and the scanning range was from 600 to 4000 cm™'. The
scanning of both the original and incubated plastics (with or without
microbial inoculum) were repeated 16 times to improve the signal-to-
noise ratio. The water contact angles of the plastic surfaces were
quantified by a video contact angle system (VCA-optima, AST Inc., USA).
For each sample, the measurement was repeated at least 6 times.
Thermal stability analysis of plastic samples was conducted by using a
thermogravimetric analyzer (TGA4000, Perkin Elmer, Netherlands),
during which original and incubated plastic sample was heated from
ambient temperature to 800 °C with a rate of 20 °C/min in nitrogen
atmosphere.

2.5. DNA extraction and 16S rRNA gene amplicon sequencing

The DNA from the plastic (biofilm) and bacterial suspension
(planktonic bacteria) samples was extracted using the DNeasy Powersoil
Kit (Qiagen, Germany) and cleaned up using the Genomic DNA Clean &
Concentrator (ZymoResearch, USA) following the manufacturers’ pro-
tocols. The V4 and V5 regions of 16S rRNA genes were amplified using
the primers 515F (5-GTGCCAGCMGCCGCGG-3) and 907R (5-
CCGTCAATCMTTTRAGTTT-3") (Yang et al., 2020). PCR was carried out
in a 25-uL reaction volume containing 2 pL. DNA template (10 ng/pL),
0.5 pL forward primer solution (10 pM), 0.5 pL reverse primer solution
(10 pM), 9.5 pL nuclease-free water (New England, USA), and 12.5 pL
KAPA ReadyMix (HiFi HotStart, Roche, Switzerland). The amplicons
were purified using the AMPure XP beads (Beckman Coulter, USA) and
quantified using the Qubit dsDNA HS assay kit (Thermo Fisher Scienti-
fic, USA). Following library preparation and quality control, pair-end
sequencing (300 bp x 300 bp) was carried out on an Illumina MiSeq
platform.

2.6. Processing of sequencing data

Amplicon sequences were processed using the DADA2 pipeline
(version 1.8) and aligned to the SILVA 132 database in R (version 4.1.1)
(Callahan et al., 2016). The obtained amplicon sequence variant (ASV)
tables were utilized to analyse the shift in microbial communities. The
ASV tables were resampled to the same library size with the R package
Vegan (Oksanen et al., 2022). The a- and p-diversities of the microbial
communities were calculated with the R package phyloseq (McMurdie
and Holmes 2013). Nearest taxon index (NTI) and p-NTI were calculated
by using the R package picante (Kembel et al., 2010). The relative
importance of different ecological processes in the community assembly
was quantified by using the R package iCAMP(Ning et al., 2020). The
differential abundance between microbial groups was analysed by using
the STAMP software (White’s non-parametric t-test with BH correction)
(Parks et al., 2014). The statistical analyses of community dissimilarities
were performed using permutational multivariate analysis of variance
(PERMANOVA; R packages vegan and pairwise Adonis). The statistical
analyses of Shannon indices, NTI, and null model results were conducted
by the Kruskal-Wallis test and the pairwise Wilcoxon test (with BH
correction). The 68 % confidence ellipses were presented on the two-
dimensional non-metric multidimensional scaling plots to illustrate
the one standard deviation regions of the mean values.
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Potential functions of the microbial communities were predicted by
using PICRUSt2 and FAPROTAX (Douglas et al., 2020; Louca et al.,
2016). Abundances of KEGG Orthologies (KO) and MetaCyc pathways
were predicted based on the amplicon sequencing data by PICRUSt2.
Ecologically relevant phenotypes were inferred based on the default
database and a plastic-degrading microorganism database (PlasticDB)
(Gambarini et al., 2022) by FAPROTAX.

The raw sequencing data have been deposited in the NCBI SRA
database (BioProject ID: PRJNA948638). The R scripts used in the
processing of the sequencing data are available in the GitHub repository
(https://github.com/liuyinan19922/Worm-gut-microbiome).

3. Results

3.1. Plastic-specific shift in the gut microbiome in response to plastic
feeding

With the ultimate goal of enriching potential plastic-degrading
microbiomes, we fed the superworms with different plastics (HDPE,
PP, and PS) for half to one month (Fig. 1). The amount of consumed
plastics increased with time, causing apparent damage on the edges of
the plastics (Fig. S1). After plastic feeding, the a-diversity metrics of gut
communities remained stable with no significant change compared to
that of the plastic-free group (P > 0.05, Kruskal-Wallis test; Fig. S2). All
the gut microbiomes had a Shannon index around 4 (Fig. 2a), suggesting
a comparable taxonomic diversity. Consistent with this observation, the
NTIs of plastic-fed microbiomes were also close to that of plastic-free
group microbiome (P > 0.05, Kruskal-Wallis test; Fig. 2b), suggesting
a limited influence of the plastic feeding on the diversity of worm gut
communities. In addition, all these gut microbiomes had an NTI larger
than 2 (away from the 2-fold standard deviations of null expectation, P
< 0.05), implying that the gut microbiomes were phylogenetically more
clustered than a random community. Based on the Bray—Curtis dissim-
ilarity, the nonmetric dimensional scaling (NMDS) analyses show a
significant difference in the microbial community structures among the
plastic-fed and plastic-free groups (P = 0.001, PERMANOVA test),
where different feeding groups form distinct clusters (Fig. 2c). However,
the 68 % confidence ellipses (one standard deviation confidence regions
of mean values) of HDPE, PP, and plastic-free groups overlapped. Cor-
responding pairwise PERMANOVA tests show no significant difference
among them (P > 0.05) and a slight shift of microbiomes after feeding
with PP and HDPE. The plastic-fed and plastic-free microbiomes con-
tained similar dominant genera and shared 8 out of the 10 most abun-
dant genera (Table S1 and Fig. 2d): Chryseobacterium (32.93-55.58 %),
Enterococcus (9.03-17.38 %), Dysgonomonas (12.91-8.33 %), Lacto-
coccus (1.91-21.02 %), Pseudomonas (4.78-10.30 %), Morganella
(4.33-5.47 %), Lactobacillus (0.82-1.55 %), and Enterobacter (0.74-1.53
%).

However, the relative abundances of the dominant genera varied
substantially with certain genera being enriched or depleted in the
plastic-fed groups compared with the plastic-free gut microbiome
(Fig. 2e~g and Table S2). The enriched ones were plastic-type-specific.
For example, Pseudomonas was enriched in the gut microbiomes of
worms fed with HDPE and PP, while Morganella and Enterobacter were
enriched in the gut microbiomes of PP- and PS-fed worms. Moreover, in
the gut microbiomes of the plastic-fed worms, many of the enriched
genera, such as Pseudomonas, Enterobacter, Chryseobacterium, and Cit-
robacter, are known to contain plastic-degrading bacterial strains
(Table S3 and Fig. 2e-g). This result suggests the selection effect of
plastic diets on worm gut microbiomes. The enrichment of some genera
has also been reported in previous studies: Citrobacter and Enterobacter
were found to be enriched in the gut microbiome of PP-fed superworms
(Yang et al., 2021), and Pseudomonas was found to be enriched in the gut
microbiome of PS-fed greater wax moth larvae (Lou et al., 2020). In
contrast, the depleted genera were similar in the three plastic-feeding
groups. For example, Lactococcus was depleted in all the plastic-
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Fig. 2. Plastic-specific shift in the gut microbiome in response to plastic feeding: (a) The Shannon indices and (b) NTIs of gut microbial communities from
plastic-fed worms. The error bars represent the standard deviations. (¢) NMDS ordinations of gut microbial communities based on the Bray-Curtis dissimilarity. The
ellipses indicate the 68 % confidence regions. (d) Gut microbiome compositions after plastic feeding at the genus level. The four columns in each box represent the
results of four biological replicates under each feeding condition. (e-g) Differential abundance analysis of plastic-fed gut microbiomes (e: HDPE group; f: PP group; g:
PS group) compared to that of the oatmeal-fed control group at the genus level (proportion change > 1 % and P < 0.05 (White’s non-parametric t-test)). * in the
figures indicates the genus that contains reported plastic-degrading strains.
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feeding groups, and Lactobacillus was depleted in the HDPE and PP
groups. Both Lactococcus and Lactobacillus are lactic acid bacteria
contributing considerably to carbohydrate fermentations (Hatti-Kaul
et al., 2018; Pessione, 2012). Their depletion could be attributed to the
diet change from carbohydrate-rich oatmeal to plastics. Collectively, our
results show that plastic-feeding exhibited marginal influence on bac-
terial diversity but substantially changed the relative abundance of
different bacterial groups, and intriguingly, enriched potential plastic

a 4.4+ K f 0.6 u
ke ek -
x 0.4+
I 8404 -
o £ o 0.2+
0§ 364 I 2 =]
T £ J. | 2 oo
©
® 3.2+ EE 0.2+
B 0.4+
2.0 T T T
gource p\aﬂ“m“ B‘oﬁ\ﬂ\
b g 0.50-
4.4
*k ek
% — 0.254
3 4.01
a £ . ® o "
o = . g 000
2 3.6+ =
£ . Z .0.25-
£
o 3.2 i
: .
S ! ' 05 0.0 05
50“‘°ep\a““‘°“‘ giof™ DS .
c h o.s0
edede
* ek sk N
8 44 0.25-
1=
9 2 g |
E 0 . 2 0.00
© 2 5 ¢ A x
& 36- " | | @son
“7| siress=0.008  P=0.001
= 5 : 0.0 05 10
o g ) ]
50U KO ot NMDS1
d, .- ” I o4
— x
O 3§40 == o< 0.27
= £ &
[=4 LR 3
S 2 36 A S 0.1
=z
O &
& 3.2- -0.2-
=0.071 P 0.001
2 . : 0.0 0.3 0.3
sou® o ankton . NMDS1 '
€ J
4.4 .
Biofilm
g, - 40 Planktonic 0.25+ .
8 40
O £ o~ @
- @ 0.00-4
B 5 50| il e oy
@® £ =z .
= 8 $ ‘F -0.25-
3.2+
| 7]
-0.50 stress= 0428 P=0001
2-8 T 1 I I T T T
ControlHDPE PP PS 0.4 0.0 0.4 0.8
NMDS1

Incubation condition

Environment International 183 (2024) 108349

degraders in the gut microbiomes.

3.2. Microbial community succession during in vitro incubation of gut
microbiomes

Following plastic feeding, we extracted the gut microbiomes from
the plastic-fed worms and inoculated them into flasks with a carbon-free
medium and plastics (Fig. 1). We hypothesize that the in vitro
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*** indicate P < 0.05, P < 0.005, and P < 0.001, respectively.

** and



Y.-N. Liu et al.

incubation facilitates the enrichment of potential plastic-degrading
strains, resulting in a reduced complexity of the microbiome. Consis-
tent with our hypothesis, the in vitro incubation resulted in a significant
change in the taxonomic richness and evenness of microbial commu-
nities (Fig. 3a—c and S2). The obtained planktonic and biofilm commu-
nities, except for PP-associated biofilms, displayed significantly lower
Shannon indices than those of the inoculation sources (i.e., the obtained
plastic-fed gut microbiomes in the first-stage enrichment). For HDPE
and PS groups, the Shannon indices of the plastic-associated biofilm
communities exhibited even lower than those of corresponding plank-
tonic communities (P < 0.05, Kruskal-Wallis test). At the late stage (the
5th and 6th weeks), the incubated communities showed a Shannon
index ranging from 3.38 to 3.72 (Fig. 3e), which is lower than that of the
plastic-free worm gut microbiome (3.94 + 0.14).

The NMDS analysis shows that the plastic-associated biofilms and the
planktonic communities formed distinct clusters (P = 0.001, PERMA-
NOVA test; Fig. 3f-i). The microbial communities of different plastic-
incubation groups at the late stage also separated from each other (P
< 0.05, pairwise PERMANOVA test with BH correction, Fig. 3j and S4),
suggesting that the addition of different plastics diverged the successions
of the microbial communities. For each plastic-incubated group, the
microbial community composition changed substantially at the early
stage and stabilized at the late stage (Fig. 3k—o and S5, Tables S4 and
S5). Compared with the inocula, although Chryseobacterium was still the
most abundant genus (51.11-58.16 %), the other dominant genera in
the inocula were replaced at the late stage of incubation. There are only
4 common genera among plastic-incubated and plastic-free groups in the

ten most abundant genera: Chryseobacterium (51.11-58.16 %),
a
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Dysgonomonas (8.46-14.38 %), Pseudomonas (8.71-14.29 %), and Mor-
ganella (2.23-5.66 %). Meanwhile, Stenotrophomonas (1.38-5.89 %) and
Ochrobactrum (0.82-7.61 %) emerged as the dominant genera in the
plastic-incubated microbiomes.

To further evaluate the community structure changes, we analysed
the differentially abundant genera in the incubated microbiomes
(Fig. 4a—c and S6, Table S6 and S7). Compared with plastic feeding,
more genera were enriched or depleted after the in vitro incubation in
both the biofilm and planktonic communities. The enriched genera in
different plastic incubated groups contained common members. For
example, Stenotrophomonas and Ochrobactrum were enriched in all bio-
film communities, while Stenotrophomonas and Alcaligenes were
enriched in all planktonic communities. Meanwhile, different plastic
groups also have their specific enriched taxa. Pseudomonas, Chrys-
eobacterium, Acinetobacter, Morganella, Dysgonomonas, and Methyl-
obacterium were only enriched in one or two plastic incubation groups.

Notably, regardless of biofilm or planktonic communities, nearly all
the enriched genera contain previously reported plastic-degrading
strains (Table S3, Fig. 4a—c and S6). In contrast, in the plastic-free
group, only one third of the enriched genera contain plastic-degrading
strains (3 out of the 9 enriched genera), and their abundance in-
crements were limited (0.79 %, 1.07 %, and 3.36 % for Citrobacter,
Alcaligenes, and Pseudomonas, respectively; Fig. 4d and Table S7). The
depleted genera were similar among the plastic-incubated communities:
Enterococcus and Lactococcus were depleted in all incubated commu-
nities, and Lactobacillus was depleted in the biofilm communities of
HDPE and PP groups. All these depleted genera are lactic acid bacteria.
From the gut environment to a carbon-free medium, the concentrations
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Fig. 4. Differential abundance analysis of microbial communities after in vitro plastic incubation. (a-d) Enriched and depleted genera in biofilm communities
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degrading strains.
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of organic nutrients decreased severely, which may have further
inhibited fermentative bacteria.

In addition, we also compared the differentially abundant genera
between the biofilm and planktonic communities in each group
(Fig. 4e—g and Table S8). Although the dominant genera of biofilm and
planktonic communities within a specific group are similar, their rela-
tive abundance differs. The distribution of taxa between biofilm and
planktonic communities can be attributed to the different ecological
niches of plastic surfaces and suspension. Some genera can be selectively
enriched in biofilms by their plastic-degrading or adhesion ability.
Moreover, the differentially abundant taxa varied with plastic types, and
both the enriched and depleted genera contained reported plastic-
degrading strains. For instance, Ochrobactrum was enriched in PP-
associated biofilms but depleted in the HDPE- and PS-associated bio-
films. In contrast, Pseudomonas was depleted in the PP-associated bio-
films but enriched in the HDPE- and PS-associated biofilms. In addition,
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both the planktonic and biofilm communities enriched genera that
contain reported plastic-degrading strains (marked with * in Fig. 4e-g).
These results imply that biofilm-suspension distributions of taxa did not
solely depend on whether the given taxon is a plastic degrader, and can
also be associated with the physiochemical properties of plastics or
substrate preferences of degrading strains.

3.3. Plastic surface characterisation and potential microbial functions

To gain functional insight into the plastic-associated microbiomes,
we characterized the interfacial properties of plastics and predicted the
potential functions of the enriched communities. We used FTIR spectra
to infer the changes of different functional groups. To ensure the infer-
ence is reliable, we rinsed the samples to avoid the interference of
biomass with FTIR spectra, followed the general interpretation process
for infrared spectra, and referred to the peak assignments reported in
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recent studies on plastic biodegradation. In addition, we included
plastics in Bushnell-Haas medium without microbial inoculum as an
abiotic control, allowing us to confidently assign emerging peaks
attributed to microbial processes (Fig. S7). After a 6-week in vitro gut
microbiome incubation, we observed several new peaks in the FTIR
spectra of all the three types of plastics, but not in the abiotic incubated
samples without inoculum addition (Fig. 5a-c and S7). The emerging
peaks exhibited similar wavenumbers: ~3250, ~1650, and ~ 1070
cm’l, corresponding to O-H, C = O, and C-O stretching vibrations,
respectively (Brandon et al., 2018; Coates, 2006; Kim et al., 2020; Yang
et al.,, 2014). We also compared the hydrophobicity of these plastic
samples. For all the three types of plastics, the water contact angles
decreased significantly after the incubation (P < 0.05, Kruskal-Wallis
test; Fig. 5d). The reduced hydrophobicity suggests an elevated content
of hydrophilic functional groups on the plastic surfaces, which is
consistent with the results of FTIR spectra. Additionally, we quantified
the thermal stability of the plastic samples before and after the in vitro
incubation. All the weight loss curves of plastic samples exhibited only
one pyrolysis. After in vitro incubation, the weight loss curves shifted to
a lower temperature (Fig. S8a—c). Correspondingly, the first derivative
curves of the weight loss curves showed one pyrolysis peak and the
incubated plastic samples exhibited a lower pyrolysis peak temperature
than those of the original plastics (Fig. S8d—f). The left-shifted weight
loss curves and the lower pyrolysis peak temperature suggested a
reduced thermal stability of the incubated plastics, which can be
attributed to the depolymerization of plastic during in vitro incubation.
Taken together, the presence of newly formed oxygen-containing func-
tional groups, the increased surface hydrophilicity, and reduced thermal
stability confirmed the plastic-degrading capability of the plastic-
associated microbial communities.

To investigate the functional evolution of the microbiomes during
the two-stage enrichment, we inferred their community functional
profiles based on the amplicon sequencing data. We analyzed the p-di-
versity of PICRUST2-predicted KO and found that the change in com-
munity KO compositions share a similar trend with that of taxonomic
compositions. During the first-stage enrichment (plastic-feeding), only a
slight shift in functional profiles was observed. Although the overall
statistical test reveals different distributions among community KO
compositions (P = 0.0131, PERMANOVA test), the subsequent pairwise
comparison indicates no significant difference between specific plastic-
fed gut microbiome and the oatmeal-fed control group (P < 0.05, pair-
wise PERMANOVA test with BH correction, Fig. 5e). However, during
the second-stage enrichment (in vitro incubation), the shift was found to
be more prominent (P = 0.0001, PERMANOVA test; Fig. 5f and S9). All
the microbiomes at the late stage of the incubation exhibited a signifi-
cantly different functional profile compared with that of the plastic-free
control group (P < 0.05, pairwise PERMANOVA test with BH
correction).

The accuracy of amplicon-based functional prediction depends on
the quality of sequencing data, the completeness of reference databases,
and the complexity of microbial communities (Djemiel et al., 2022). To
improve the quality of our sequencing data, we used the DADA2 pipeline
to de-noise the raw data and infer exact amplicon sequence variants. The
obtained worm gut microbiomes were well annotated, with 94.23 % of
reads annotated to the genus level. For a wide coverage reference
database, we utilized PICRUSt2 for functional gene prediction because
of its larger database (IMG database) (Douglas et al., 2020). Addition-
ally, we supplemented the FAPROTAX reference database with a plastic-
degrading microorganism database (PlasticDB) for the community
phenotype prediction. In addition, our analysis revealed that the
superworm gut and incubated microbiomes exhibited a comparatively
simple structure with less than 10 genera with an abundance of over 1 %
(Tables S1, S4, and S5), which facilitated the community functional
predictions.

FAPROTAX-predicted functions revealed distinct phenotypes be-
tween the incubated communities (biofilm and planktonic communities)
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and the inoculum source samples (Fig. 5g). The samples before and after
the in vitro incubation could be divided by hierarchical clustering. After
the in vitro incubation, the potentials for plastic degradation, aromatic
compound degradation, and nitrogen respiration were significantly
enhanced, while those for fermentation and general chemoheterotroph
were weakened (P < 0.05, Kruskal-Wallis test).

The inference of pathway abundances also yielded similar results
(Tables S9 and S10). Eight of the 16 commonly enriched pathways were
predicted to be degradation pathways. In contrast, the majority of the
commonly depleted pathways (12 out of 19) were involved in biosyn-
thesis, fermentation, and assimilation. The biodegradation of HDPE, PP,
and PS involves initial hydroxylation of the C-C backbone bonds,
oxidation to corresponding ketones and alkanoic acids, and the final
B-oxidation (Yeom et al., 2022; Zhang et al., 2022b). Several enzymes
observed in the enriched degradation pathways could contribute to
these processes. For instance, monooxygenases (in PWY-5651, PWY-
7431, and PWY-5181) and hydroxylases (in PWY-5181) may participate
in the initial hydroxylation of the plastics. Alcohol dehydrogenases (in
PWY-5181) and aldehyde dehydrogenases (in PWY-5181 and PWY-
7431) may catalyze the subsequent oxidation to ketones and alkanoic
acids, respectively. In addition, dioxygenases (in PWY-5651, PWY-5181,
and PROTOCATECHUATE-ORTHO-CLEAVAGE-PWY) may play an
important role in the cleavage of benzene rings in PS (Zhang et al.,
2022b). Both the predictions of phenotypes and pathway abundances
suggest that the in vitro incubation enhanced plastic-degrading poten-
tial and weakened fermentation capacity.

3.4. Driving forces of the community shifts

The obtained NTIs of the microbial communities shared a similar
trend to the taxonomic a-diversity metric: all the plastic-incubated
groups (except the biofilm community in the PP group) had a lower
NTI than their inoculum sources (P < 0.05, Kruskal-Wallis test;
Fig. 6a—c). In contrast, for the plastic-free group, there is no significant
difference between the NTI of the inoculum source and incubated
communities (Fig. S10). These results suggest that the plastic incubation
mitigated the phylogenetic clustering in the incubated communities.
Moreover, all the obtained NTIs are larger than 2 (away from the 2-fold
standard deviation of null expectation, P < 0.05), indicating that the
incubated communities were not formed randomly. We also calculated
B-NTIs between the incubated communities and their inoculum sources.
A higher p-NTI corresponds to a greater phylogenetic p-diversity be-
tween two communities (compared to the null expectation), which is
associated with a more important contribution of deterministic pro-
cesses in the community assembly. The 3-NTIs are shown in Fig. 6d-f
(biofilm communities) and S11 (planktonic communities). In the early
incubation stage, HDPE, PS, and plastic-free groups had p-NTI median
values less than 2 (within the 2-fold standard deviation of null expec-
tation, P > 0.05). At the middle and late stages of the incubation, all
groups had p-NTIs larger than 2 (P < 0.05). These results imply the
increased importance of deterministic processes in the assemblies of
plastic-incubated communities during the incubation.

We further applied the iCAMP framework to quantify the relative
contributions of different ecological processes in the assembly of plastic-
incubated communities (Fig. 6g-i for biofilm communities and Fig. S12
for planktonic communities) (Ning et al., 2020). Three processes were
found to drive the assemblies of incubated communities in the late stage:
homogeneous selection (relative importance: 58.9-83.4 %), drift
(11.1-33.4 %), and heterogeneous selection (0.7-21.6 %). The domi-
nant contribution of selection processes validated plastics as ecological
niches for microbes. Homogeneous selection results in lower turnover
within phylogenetic bins. Thus, the greatest importance of homoge-
neous selection is consistent with the results of microbial community
shifts that plastic-degrading genera were enriched and fermentative
bacteria were depleted. We also compared the relative importance of
ecological processes in the early and late incubation stages. The
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and P < 0.001, respectively.

importance of total selection (including both heterogeneous and het-
erogeneous selections) in the late stage was significantly higher than
that in the early stage (P < 0.05, Kruskal-Wallis test), which is in line
with the B-NTI results, suggesting an increased contribution of selection
with prolonged incubation duration. In addition, heterogeneous selec-
tion also became more important at the late stage, which could be
attributed to the emergence of heterogenous microenvironments in
mature biofilms.

4. Discussion

Previous analyses of plasticcmunching worm gut microbiomes
mainly aimed to confirm microbial contribution to plastic degradation
and reveal the influence of diets on the microbiome composition under
in vivo conditions (Lou et al., 2020; Luo et al., 2021; Yang et al., 2021).
However, our understanding of the in vitro succession of gut microbial
communities is limited. Establishing stable microbial communities in
bioreactors through in vitro succession of the worm gut microbiomes has
important practical significance. In vitro incubation avoids the inter-
ference of worm physiological processes with the gut microbiomes,
facilitating the establishment of potential plastic-degrading microbial
communities. The establishment of stable microbial communities
through in vitro incubation is more practical for engineering applica-
tions. As a proof-of-concept, our study demonstrated the feasibility of

enriching plastic-degrading bacteria through in vitro incubation of gut
microbial communities from plastic-munching worms. Considering the
larger community shift magnitude and better practicality in the second-
stage enrichment, the in vitro enrichment strategy is promising for ap-
plications in bioprocessing of plastic wastes. The established microbial
communities on plastics are also potential microbial resources for the
mining of plastic-degrading enzymes and bacterial strains.

In our analyses of enriched genera, we mainly focused on the
differentially abundant genera which contain known plastic degraders.
However, given the insufficient research on the functions of gut mi-
crobes in the worms (Pivato et al., 2022; Ru et al., 2020), many enriched
bacteria may be potential plastic degraders that have not been previ-
ously reported. For example, differentially abundant genera, such as
Morganella in the HDPE-associated biofilm communities and Methyl-
obacterium in the PS-associated biofilm communities should be further
assessed for their potential plastic-degrading capabilities. Moreover, the
known degradation scopes of plastic degraders are also inadequate
(Pivato et al., 2022). As conventional studies of plastic biodegradation
only included limited types of plastics, the assessments of plastic-
degradation capabilities were often incomplete. Given the similar
chemical structures of commonly used plastics (Brandon et al., 2018;
Ellis et al., 2021), the degradation capability of plastic-degrading bac-
teria should not be restricted to limited types of plastics. Our results
revealed possible wider degradation scope for known degraders, for
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instance, while Ochrobactrum, Alcaligenes, and Acinetobacter have not
been reported capable of degrading PP, they were enriched in the PP-
associated biofilm communities. Similarly, Stenotrophomonas has not
been reported to be able to degrade PS but was enriched in the PS-
associated biofilm communities. Our community succession analyses
can only imply the establishment of potential plastic-degrading micro-
bial communities through in vitro incubation of the gut microbiomes
from plastic-munching worms. Further characterization of the enriched
taxa in plastic-associated biofilm communities is needed in the future.

5. Conclusions

Using the gut microbiome of a plastic-munching worm, Zophobas
atratus, we established plastic-associated biofilm communities through a
two-stage enrichment process: change of the diet from oatmeal to
plastics (HDPE, PP, and PS) and in vitro incubation of gut microbiomes
with plastics. Plastic feeding exhibited a marginal influence on bacterial
diversity but substantially changed the relative abundance of different
bacterial groups, and intriguingly, enriched potential plastic degraders.
More prominent shifts of microbial communities were observed during
the in vitro incubation of the gut microbiomes with plastics. Taxa that
contain reported plastic-degrading strains were further enriched during
the in vitro incubation, and deterministic ecological effects were iden-
tified as the main driving force of the observed community shifts. Our
findings improve our understanding of microbial community succession
during the in vitro incubation of gut microbiomes from plastic-
munching worms. Our strategy to establish plastic-associated microbi-
al communities in bioreactors has important practical significance to-
wards plastic-munching-worm-inspired bioprocessing of plastic wastes.
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