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Biodegradable plastics are an important component for achieving a circular polymer 
economy. To be considered biodegradable at the regulatory level, plastics must pass 
standardized tests, for example under industrial composting conditions at 58 °C 
(ISO 14855-1). Although such tests are frequently applied, little is known about 
the microorganisms catalyzing these degradation processes. Recently, bioplastics 
with properties similar to polyethylene, Long-Chain Aliphatic Polyesters (LCAP), for 
example polyester 1,18-octadecanediol-alt-1,18-octadecanedioic acid (abbreviated 
PE-18,18), were shown to biodegrade under industrial composting conditions. 
In this work, we analyzed the microbial communities that had developed in the 
compost treatments at the end of the biodegradation test for three different LCAPs 
(PE-18,18, PE-12,12 and PE-2,18) relative to the untreated controls, via amplicon-
sequencing of bacterial 16S and fungal ITS2 rDNA. This revealed significant treatment-
induced shifts in the bacterial communities (p < 0.05), with Pseudonocardia and 
Thermomonospora ASVs enriched in all LCAP-treated samples compared to the 
controls (p ≤ 0.0001), while no pronounced shifts were observed for the fungal 
community. Thermomonospora sequences showed high similarity to T. curvata 
DSM43183, which encodes the known polyester hydrolase Tcur1278, and the 
presence of gene tcur1278 was confirmed in LCAP-treated samples via PCR. 
Enzyme assays with heterologously expressed and partially purified Tcur1278 
demonstrated its activity on PE-2,18 LCAP, releasing up to 230 μmol of soluble 
monomers over 48 h at 50 °C. Hence, our study implicated Thermomonospora 
species in LCAP degradation during thermophilic composting, based on taxonomic 
enrichment, and provided evidence linking the detected phylotypes to Tcur1278, 
the first bacterial enzyme demonstrated to depolymerize LCAP. It thereby is the first 
evidence for an ecological relevance of Tcur1278-encoding Thermomonospora 
phylotypes for bioplastic degradation in situ.
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1 Introduction

The ever-increasing accumulation of post-consumer plastic in the 
environment has received much attention in recent years and inspired 
industry and academia to intensify efforts to achieve a circular 
polymer economy. Alongside a sustainable waste hierarchy, including 
waste prevention and minimization, reuse and repair, followed by 
recycling and other forms of recovery (e.g., incineration with energy 
capture), alternatives to the conventional, virtually non-degradable 
synthetic plastic polymers play a key role in the transition to a 
sustainable and more circular polymer economy. Biodegradable 
plastics sourced from renewable materials, such as plant oils, are a 
promising step toward achieving this goal. However, despite their 
importance to the circular economy, existing bioplastics have so far 
failed to emerge beyond a minor market share, calling for further 
innovation in this field (Abe et al., 2021; Abrha et al., 2022; Boey et al., 
2022; Nanda et al., 2022; Rosenboom et al., 2022; González-López 
et al., 2023; Negrete-Bolagay and Guerrero, 2024; Serrano-Aguirre and 
Prieto, 2024).

In this context, materials such as long-chain aliphatic 
polyesters (LCAP) with the potential to replace conventional 
polyolefins such as high-density polyethylene (HDPE) and 
polypropylene (HDPP) have evolved. LCAP are comprised of ester-
linked long-chain dialcohol (e.g., 1,18-octadecanediol) and 
dicarboxylic acid (e.g., 1,18-octadecanedioic acid) monomers 
(thus, polyester-C18, C18; abbreviated PE-18,18), which can 
be  sourced from plant oils (Häußler et  al., 2021). They possess 
material properties comparable to HDPE, while also exhibiting 
high-yield and low-energy chemical recyclability (Häußler et al., 
2021). Additionally, the biodegradability of LCAP bioplastics was 
demonstrated under controlled, thermophilic composting 
conditions according to ISO 14855-1, a standardized test method 
for the determination of the ultimate aerobic biodegradability of 
plastics (Eck et al., 2023). Compost samples that derived from this 
test and that were used for microbial community analysis, are the 
subject of this communication. Particularly the PE-2,18 variant of 
LCAP reached a degradation of 96 ± 2% (n = 3) within two months 
at 58 °C, achieving near-complete stoichiometric conversion to 
CO2 despite its polyethylene-like material properties (Eck et al., 
2023). This fulfills regulatory requirements for biodegradability 
(e.g., according to EN 13432), and demonstrates the high potential 
of LCAP for achieving a circular plastic economy.

Biodegradation of synthetic polymers is influenced by various 
factors, particularly the chemical structure of the polymer, including 
the presence or absence of functional groups susceptible to hydrolysis. 
As such, a meaningful degradation has only been demonstrated for 
polymers with hydrolysable bonds present in their backbone structure, 
for example polyethylene terephthalate (PET), polylactic acid (PLA), 
polycaprolactone (PCL) and polybutylene adipate terephthalate 
(PBAT), among others (Yoshida et al., 2016; Meyer-Cifuentes et al., 
2020; Ru et  al., 2020; Teixeira et  al., 2021; Buchholz et  al., 2022; 
Gambarini et al., 2022; Lear et al., 2022; Jendrossek, 2024). In addition 
to the chemical structure of the polymer chain and other factors such 
as crystallinity of the plastic material, a diverse and adaptable 
microbial community is key for successful biodegradation, which may 
differ strongly between habitats (Shah et al., 2008).

The compost matrix contains a vast diversity of naturally 
occurring microorganisms which are particularly specialized on the 

utilization of complex plant polymers such as cellulose, lignin and 
cutin. Notably, enzymes identified to depolymerize synthetic 
polyesters often share a close homology to those involved in the 
degradation of natural polyesters, such as the plant hetero-polyester 
cutin (Chen et al., 2020; Tournier et al., 2020; Sonnendecker et al., 
2022; Arnal et  al., 2023; Burgin et  al., 2024; Ma et  al., 2024). 
Additionally, the high temperatures of up to 70 °C during industrial 
composting is close to the glass transition temperature (Tg) of some 
polymers. These temperatures cause polymer chains in amorphous 
regions to become more flexible and accessible, enabling increased 
enzymatic accessibility (Karamanlioglu and Robson, 2013; James-
Pearson et  al., 2023; Shalem et  al., 2024). Therefore, complex soil 
environments, and thermophilic compost in particular, provide ideal 
conditions for facilitating the biodegradation of synthetic polymers. 
This is also evidenced by the frequent isolation of plastic-degrading 
microorganisms and enzymes from these environments (Buchholz 
et al., 2022; Gambarini et al., 2022). Particularly thermophilic genera 
belonging to the Actinomycetota, such as Thermobifida, Streptomyces, 
and Saccharomonospora have been repeatedly isolated from 
composting systems and implicated in plastic degradation (Kleeberg 
et  al., 1998; Hu et  al., 2010). Other thermophilic actinomycetes, 
including Pseudonocardia and Thermomonospora, have been 
associated with PLA degradation through screening of culture 
collections or sequencing-based studies, highlighting the potential 
ecological relevance of this phylum for synthetic polymer degradation 
(Sangwan and Wu, 2008; Apinya et al., 2015; Butbunchu and Pathom-
Aree, 2019). In addition, homology-based genome mining revealed 
that Thermomonospora curvata DSM43183 encodes two putative 
polyester hydrolases, Tcur1278 and Tcur0390, with high sequence 
homology to Thermobifida fusca polyesterases and demonstrated 
potential to hydrolyze the plastic materials PET and PCL in vitro (Wei 
et  al., 2014). While the ecological relevance of this genotype in 
polyester degradation has not been demonstrated, other 
Thermomonospora strains isolated from soil, compost, manure, and 
plant material were reported to degrade natural polymers such as 
cellulose and rubber latex, indicating their ecological relevance in 
natural polymer degradation (Henssen, 1957; Ibrahim et al., 2006; 
Chertkov et al., 2011).

Nevertheless, synthetic-polymer biodegradation studies 
employing compost are commonly operated as a microbial ‘black-box’. 
While the standardized test employs standardized incubation 
conditions (e.g., 58 °C, aeration, moisture control, as for test ISO 
14855-1; see below), the individual studies are being conducted with 
different compost matrices that may contain vastly different microbial 
communities. Therefore, advancing our ecological understanding of 
plastic biodegradation in these systems is important not only for 
validating biodegradation claims, but also for informing material 
design and developing improved strategies for sustainable 
waste processing.

To date, few studies have attempted to directly identify the 
microorganisms involved in the degradation process during 
thermophilic composting, with varying results. While one study 
identified clear microbial community shifts in response to 
biodegradable plastic treatments, other studies also reported 
significant shifts in HDPE treatments in absence of observable 
degradation (Esan et al., 2019; Sun et al., 2021; Ruggero et al., 2023). 
These results demonstrate the challenge of assessing whether plastic-
dependent community shifts are in fact associated with polymer 
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degradation, or whether taxa simply make use of an additional 
colonizable surface (the ‘plastisphere’), especially with respect to 
plastics widely regarded as non-degradable (Wallbank et al., 2022). 
Therefore, inferring an organism’s involvement in degradation 
processes from an increased occurrence in the plastisphere or 
throughout the overall community might result in erroneous 
assignment of ecological relevance. As such, studies often lack a link 
between substrate-specific community shifts in response to plastic 
exposure and the catabolic potential of candidate taxa to facilitate the 
observed degradation. Consequently, still relatively little is known 
about organisms actually catalyzing the in-situ degradation of 
synthetic polymers, particularly in the context of 
controlled composting.

In the present study, we report the first microbial community 
analysis of an LCAP-degrading environment, i.e., thermophilic 
compost. We aimed not only to identify taxa likely involved in LCAP 
degradation based on treatment-specific abundance increases, but also 
to provide functional evidence of their capacity to facilitate the 
observed degradation process. To this end, we compared the microbial 
communities across end-point samples of compost material used in 
the previously reported study of LCAP biodegradation. The 
composting experiment, as described by Eck et al. (2023), included 
the LCAP bioplastic materials PE-18,18 (polyester of octadecane-1,18-
diol and 1,18-octadecanedioic acid) and PE-12,12 (polyester of 
dodecane-1,12-diol and 1,12-dodecanedioic acid) and PE-2,18 
(polyester of ethane-1,2-diol [ethylene glycol] and 
1,18-octadecanedioic acid), and an untreated compost sample as 
control, each in triplicate incubations.

The microbial community analysis revealed a significant increase 
of Pseudonocardia and Thermomonospora ASVs in response to LCAP 
treatment. We provide additional evidence of the functional capacity 
of Thermomonospora phylotypes to facilitate LCAP depolymerization, 
by detection of gene homologs of the Thermomonospora curvata 
polyester hydrolase Tcur1278 (Wei et al., 2014) in the LCAP-degrading 
reactors by PCR. Additionally, in-vitro testing of this enzyme 
demonstrated its ability to depolymerize LCAP. Hence, the taxonomic, 
genetic, and functional evidence combined appoints 
Thermomonospora as a likely in-situ degrader of LCAP in the 
investigated environment.

2 Materials and methods

2.1 Samples of bioplastic-degrading 
compost material

The compost samples used in this study originate from the 
reactors used in a preceding biodegradation study according to ISO 
14855-1 (Eck et al., 2023). Representative samples were collected from 
each of the triplicate composting reactors by thoroughly mixing the 
reactor contents and taking one 5–10 g sample per reactor (n = 3 per 
treatment). Samples were collected and flash-frozen in liquid N₂ 
immediately after the 66-day incubation and stored at −80 °C until 
DNA extraction.

The composting experiment, as described by Eck et al. (2023), 
included the long-chain aliphatic polyester (LCAP) bioplastic 
materials PE-2,18 (polyester of ethane-1,2-diol [ethylene glycol] 
and 1,18-octadecanedioic acid), PE-18,18 (polyester of 

octadecane-1,18-diol and 1,18-octadecanedioic acid) and PE-12,12 
(polyester of dodecane-1,12-diol and 1,12-dodecanedioic acid), 
which were synthesized in-house and cryo-milled to a particle size 
of 100–300 μm. For each treatment, 8 g of cryo-milled polymer 
powder was mixed into 120-g portions of compost (46.5% water 
content) in 1 L glass bottles. The bottles were sealed with caps 
equipped with an air inlet and outlet, allowing moisture to 
be  maintained during incubation by flushing with air at 100% 
relative humidity. Incubations were conducted in a temperature-
controlled incubator at 58 ± 2 °C. Cellulose powder was used as a 
reference material, and compost without polymer served as a 
control. Each treatment was set up in triplicate and incubated for 
66 days. For further details pertaining to the composting 
experiment and the plastic materials used, see Eck et al. (2023).

2.2 Bacterial strains

Thermomonospora curvata DSM43183 was purchased from the 
German Collection of Microorganisms and Cell Cultures (DSMZ, 
Leipzig, Germany) as an actively growing culture on starch mineral 
salts agar (DSMZ medium 252). The organism was sub-cultivated and 
maintained in the lab using DSMZ medium 550 or nutrient agar. 
E. coli expression strain Rosetta-Gami 2 (DE3) was maintained in 
cryo-stocks and propagated using LB medium.

2.3 DNA extraction and PCR

Total DNA in compost samples was extracted using a 
cetyltrimethylammonium bromide (CTAB)-based method adapted 
from Larsen et al. (2007). To avoid PCR inhibition by soil constituents 
such as humic acids, the DNA was cleaned further using 
polyvinylpolypyrrolidone spin-columns before down-stream 
applications (Berthelet et al., 1996). DNA of T. curvata DSM43183 was 
extracted using the Monarch Genomic DNA Purification Kit (New 
England Bio Labs Inc., Ipswich, MA, USA), following the 
manufacturer protocol for Gram-positive bacteria and archaea.

A fragment of the 16S rRNA gene was amplified by PCR using 
primers Bakt341F (CCTACGGGNGGCWGCAG) and Bakt805R 
(GACTACHVGGGTATCTAATCC), targeting the V3 and V4 region of 
the gene (Klindworth et al., 2013). The internal spacer region 2 (ITS2) 
was amplified using primers fITS7 (GTGARTCATCGAATCTTTG) 
and ITS4 (TCCTCCGCTTATTGATATGC) (Purahong et al., 2021). 
The primers were equipped with the appropriate adapters for Illumina 
sequencing platforms. PCR reactions and purification of the amplicons 
was performed as recommended in the “16S Metagenomic Sequencing 
Library Preparation” protocol (Illumina, SanDiego, CA, USA). For 
amplification of the Tcur1278 encoding gene, the primer pair 
Tcur1278-F (GATCCCACCGAATCCCTTCT) and Tcur1278-R 
(CGTTGGTCAGGCTGTTGTAG) was designed using primer3 and its 
specificity validated in silico using primer Blast (Untergasser et al., 2012; 
Ye et al., 2012). The PCR reaction for the amplification of tcur1278 was 
carried out using Phusion High Fidelity Polymerase (New England 
Biolabs, Ipswich, MA, USA), with initial denaturation at 95 °C for 
3 min, followed by 30 cycles of 30 s denaturation at 95 °C, 30 s annealing 
at 55 °C, and 40 s elongation at 72 °C. The reaction was concluded with 
a final elongation step of 5 min at 72 °C.
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2.4 PCR amplicon sequencing and 
phylogenetic analysis

Purified amplicons were sent to Eurofins genomics (Konstanz, 
Germany) for library preparation and paired-end sequencing on 
an Illumina MiSeq platform. The sequencing reads were analyzed 
as previously described (Lerner et al., 2020), except that the latest 
versions of the respective software packages were used. Briefly, the 
raw reads were quality filtered, trimmed and chimeric sequences 
were removed utilizing the package dada2 (v.1.26.0) in R (v.4.3.2) 
(Callahan et al., 2016; R: A language and environment for statistical 
computing, 2024). Taxonomy was assigned to ASVs using the Silva 
database version 138 for bacterial 16S rRNA gene amplicons and 
the UNITE ITS database version 9 for fungal ITS amplicons (Quast 
et  al., 2013). Processing of 16S rRNA gene and ITS amplicon 
sequences was identical, the only difference being that ITS reads 
were not filtered based on sequence length, due to the biological 
length variation of the ITS region.

Microbial community analysis was performed in R using 
packages pyhloseq (v.1.42.0) (McMurdie and Holmes, 2013), 
Biostrings (v.2.66.0), (Pagès et al., 2019) ape (v.5.7.1), and vegan 
(v.2.6–6.1) (Oksanen et al., 2024) Log2-fold change analysis (lfc) 
was performed using R package ANCOMBC2 (v.2.0.2) with “struc_
zero” set to FALSE (Lin and Peddada, 2020; Lin et al., 2022). Prior 
to lfc analysis, ASVs with less than 10 counts across 10% of samples 
were excluded to avoid over-estimation of rare taxa in the analysis. 
R packages ggplot (v.3.4.2) and ggsci (v.3.0.0) were utilized in data 
visualization (Wickham, 2016).

The maximum likelihood phylogram of T. curvata associated 
16S rRNA gene sequences in relation to additional sequences 
downloaded from the NCBI nucleotide database, was obtained 
following alignment using MUSCLE (v3.8.1551) and subsequent 
1,000x bootstrap analysis using RAxML (v.8.2.12), under 
implementation of the GTRGAMMA nucleotide substitution 
model,(Edgar, 2004; Stamatakis, 2014). The Phylogenetic tree was 
visualized using TreeViewer (v. 2.2.0) (Bianchini and Sánchez-
Baracaldo, 2024).

2.5 Heterologous expression and 
purification of Tcur1278 protein

A pET-26b(+) vector containing tcur1278 followed by a 
C-terminal His-tag was purchased from BioCat (Heidelberg, 
Germany). The gene sequence optimized matching the preferred 
codon usage of E. coli was inserted without its PelB secretion signal 
to enable the intracellular accumulation of the heterologous 
enzyme. The vector was transformed into E. coli expression strain 
Rosetta-Gami 2(DE3) using heat-shock transformation. The 
expression strain was incubated in a 250 mL baffled flask 
containing 50 mL of LB medium with 50 μg ml−1 Kanamycin (Kn) 
and grown at 37 °C in a horizontal shaker at 200 rpm overnight. 
The 50 mL culture was transferred into 1 L of LBKn50 medium in a 
5 L baffled flask and incubated for 2–4 h at 37 °C until an OD600 of 
0.6–0.8 was reached. The culture was then briefly cooled on ice and 
expression was induced by addition of IPTG to a final concentration 
of 0.4 mM. The incubation was continued and Tcur1278 expressed 

at 18 °C and 80 rpm of horizontal shaking for up to 24 h. Cells 
were harvested by centrifugation at 5,000 x g for 15 min and the 
pellet washed twice with 50 mM sodium phosphate buffer 
containing 300 mM NaCl (pH 7.4). The cell pellet was frozen in 
liquid N2 and stored at −80 °C until preparation of cell extracts.

The frozen pellet was thawed, and cells were resuspended in 
30 mL lysis buffer containing 50 mM sodium phosphate buffer (pH 
8.5), 300 mM NaCl, 0.1% Triton-X100, 10 mM imidazole and 
EDTA-free protease inhibitor (Roche, Basel, Switzerland). Cell 
lysis was achieved through sonification on ice for 8 min using a 
SONOPLUS HD 2070.2 with VS70T (BANDELIN, Berlin, 
Germany) operated at 25% amplitude, 1 s active, 3 s pause. The 
lysate was centrifuged at 16,000 x g for 30 min and the soluble 
protein fraction was partially purified in a 1-mL HisTrap column 
(Cytiva, Uppsala, Sweden) according to the manufacturer’s 
specifications, using concentrations of 30 mM and 500 mM 
imidazole for the wash and elution step, respectively. Imidazole 
was removed from the eluate using Amicon centrifugal filters 
(10 kDa, Merck, Darmstadt, Germany). Expression and purity of 
the target protein were evaluated via SDS-PAGE. Protein 
concentration in the partially purified fraction was determined via 
Bradford assay (Bradford, 1976).

2.6 Depolymerase enzyme assays

Depolymerization of PE-2,18 and PCL by heterologously 
produced and partially purified Tcur1278 was determined in a 
discontinuous enzyme assay by monitoring the formation of plastic 
monomers. PE-2,18 was chosen to determine Tcur1278 activity on 
LCAP due to the water- soluble nature of its C2-monomer, ethylene 
glycol, allowing for a simple sampling approach. In contrast, the 
C18 and C12 monomers from other LCAP variants require 
additional solvent extraction and LC–MS based detection methods. 
The reactions were conducted in 1.5 mL reaction tubes with 1.4 mL 
50 mM sodium phosphate buffer (pH 8.5) containing 0.2 mg mL−1 
of Tcur1278 and 20 mg of cryo-milled PE-2,18 powder or PCL 
powder as reference substrate. Triton-X 100 was added to a 
concentration of 0.01% to facilitate the dispersion of the 
hydrophobic polymer powders. Reactions were set up in triplicate 
and controls containing the respective polymer powder but no 
enzyme were used as negative controls. The reaction mixtures were 
placed in a heating block at 50 °C with 300 rpm of horizontal 
shaking. Sub-samples of 200 μL were taken at the start of 
incubation and after 0.5, 1, 3.5, 4.5 and 24 h, and for the assays 
with PE-2,18, after 48 h. The reaction in the sub-samples was 
stopped by the addition of 20 μL 1 M H2SO4 and the remaining 
polymer was removed by centrifugation. The supernatant was 
analyzed via HPLC (LC-20 system, Shimadzu, Kyoto, Japan) for the 
monomers ethylene glycol (EG) and γ-caprolactone (CL), of 
PE-2,18 and PCL, respectively, as detected with a refractive index 
detector (RID-20A, Shimadzu, Kyoto, Japan) after separation on a 
Rezex RHM-monosaccharide ion exchange column (Phenomenex, 
Torrance, CA, USA) operated at 40 °C with 30 mM H2SO4 as 
mobile phase at a flowrate of 0.6 mL min−1. Monomers were 
quantified in reference to concentration series of authentic 
standards using the Shimadzu Lab Solutions software version 5.81.
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2.7 Cultivation attempts with T. curvata 
DSM43183 and LCAP

Cultivation attempts with T. curvata DSM43183 and PE-12,12 
powder were conducted in mineral salts medium buffered with 
50 mM potassium phosphate (pH 7.2), containing no added carbon 
sources other than 0.05% yeast extract, which served to supplement 
potentially essential growth factors rather than act as a carbon source 
(Thurnheer et al., 1986). Additional cultivations were conducted in 
carbon-reduced (by omission of sucrose) DSMZ medium 550 with the 
addition of PE-12,12 powder in place of other carbon sources. The 
cultures were set up in 50-mL Erlenmeyer flasks equipped with side 
arms and lateral reaction tubes (Labor Ochs, Bovenden, Germany) 
containing 20 mL of the respective medium and 20 mg cellulose or 
PE-12,12 powder, or no additional carbon source. The cultures were 
inoculated (1% v/v) with T. curvata pre-grown in nutrient broth and 
after washing with carbon-free mineral salts medium, while the 
reaction tubes were filled with 4 mL of 0.5 M NaOH to trap all CO2 
produced. The flasks and reaction tubes were closed with butyl rubber 
stoppers and incubated at 50 °C, while the culture was agitated by 
magnetic stirring bars. The NaOH solution was regularly sampled and 
replaced over the incubation period of 21 days. The carbonate content 
in the NaOH samples was analyzed using a TOC-L device (Shimadzu, 
Kyoto, Japan), as previously described (Avasthi et al., 2024).

In addition, a bioaugmentation assay was set up in the same 
side-arm flasks, containing 10 g forest soil (humus) collected at the 
Botanical Gardens of Konstanz University (Konstanz, Germany), which 
was autoclaved twice and supplemented with 30 mg of cellulose or 
PE-12,12; a control without added polymer was included. T. curvata cells 
were pre-grown in nutrient broth, washed with mineral salts medium 
and added to the flasks. Additional sterile water was added to reach a 
moisture content equivalent to 70% of the soil’s water holding capacity. 
0.5 M NaOH was added to the reaction tubes as described above and the 
flasks incubated at 50 °C without agitation for 21 days. NaOH was 
sampled and analyzed for carbonate content as described above.

3 Results

3.1 Phylogenetic analysis of compost 
microbiota after incubation with LCAP 
powders

This study builds on the work of Eck et  al. (2023), who 
demonstrated mineralization of several LCAP bioplastics under 
industrial composting conditions (58 °C) using a down-scaled 
ISO-14855-1 assay. Among the tested polymers, PE-2,18 mineralized 
rapidly, whereas PE-18,18, and also PE-12,12 (not reported in their 
study), showed slower degradation. Cellulose was used as a positive 
control, while reactors without polymer addition served as negative 
controls. At the end of those incubations, compost samples (5–10 g 
per reactor) were collected and used in the present study for 
phylogenetic analysis to investigate treatment-dependent shifts in 
bacterial and fungal community composition, by 16S rRNA gene-
fragment and ITS amplicon sequencing, respectively.

Rarefaction curves of the 16S rDNA datasets showed full 
asymptotes, indicating robust taxonomic sampling 
(Supplementary Figure S1). The principal coordinates analysis (PCoA) 
exhibited a clear clustering according to the sample treatment, with 
the triplicate samples of the blank and cellulose treatments occupying 
opposite ends of axis 2 in the negative space of axis 1 of the PCoA, 
while all LCAP-treated samples (PE-2,18, PE-18,18 and PE-12,12) 
clustered distinctly in the positive space of axis 1, with the exception 
of replicate 2 of the PE-18,18 treatment (Figure 1A). The significance 
of the observed clustering was confirmed via PERMANOVA 
(p = 0.001). In contrast, the analysis of the fungal ITS2 amplicons 
revealed no clear clustering in the PCoA (Figure 1B) and no significant 
community shifts induced by the different polymer treatments 
(PERMANOVA: p > 0.05). Therefore, the results suggested a more 
pronounced treatment-specific effect on the bacterial community than 
on the fungal community, indicating a substrate-induced community 
shift, potentially associated with the increased abundance of degraders.

FIGURE 1

(A,B) Principal coordinates analysis (PCoA) of the sequenced bacterial 16S (A) and fungal ITS2 (B) amplicons, based on Bray–Curtis dissimilarity of the 
respective ASV datasets. Polymer treatments of the compost materials are indicated by different colors. Numbers next to the datapoints indicate the 
replicate number. Percentage at the axes indicate the proportion of dissimilarity explained by the respective axis.
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The assessment of all bacterial ASVs at the genus level (Figure 2) 
did not reveal any evident changes in the overall community structure 
as a result of the compost treatments. A similar community 
composition was observed for the most abundant ASVs, most of 
which were assigned to uncultured taxa, such as the order SBR1031 
(class Anaerolineae) and phylum NB1-j, which together contributed 
between approximately 30–60% across all samples. Other major taxa 
included the order Fimbriimonadales (formerly phylum OP10) or an 
unclassified genus of the S0134 terrestrial group of the 
Gemmatimonadota phylum (Figure 2). However, a bacterial genus 
that was found to be uniquely represented in all of the LCAP-treated 
compost reactors while absent in the cellulose and blank controls, was 
Thermomonospora (Actinomycetia), with relative abundances in the 
range from 0.4% up to 2.6% for one of the replicates of the PE-12,12 
treatment (Figure 2).

Changes in ASV abundances relative to the different compost 
treatments were further analyzed based on log2-fold changes (lfc) 
(Figure 3). To avoid an over-estimation of rare taxa, ASVs with less 
than 10 counts across 10% of samples were removed prior to 
analysis. The lfc analysis confirmed the above-mentioned 
observation for the Thermomonospora-associated ASVs, i.e., their 
unique presence in samples of PE-2,18-, PE-18,18- and PE-12,12-
treated compost (cf. Figures  2, 3). In addition, the lcf analysis 
revealed more taxa in the LCAP and cellulose treatments that were 
significantly differing in abundance compared to the blank. ASVs of 
the genus Pseudonocardia (Actinomycetia), for instance, also 
showed increased abundance in the LCAP-treated compost, but in 
contrast to Thermomonospora, this genus was also significantly 
increased in the cellulose treatment. Despite the assigned 
significance, however, the relative abundance of Pseudonocardia 

ASVs in all LCAP-treated samples was lower compared to the 
Thermomonospora ASVs (≤ 0.3%). This difference was also reflected 
in the significance levels assigned to the individual ASVs in the lfc 
analysis (Supplementary Figure S2). Furthermore, non-cultivated 
order R7C24 (Gammaproteobacteria), genus Longispora 
(Actinomycetia), family Ardenticatenaceae (thermophilic 
Choroflexota) and family A4b (Choroflexota) bacteria showed 
increased abundance in the cellulose treatment, but not in the LCAP 
treatments. ASVs assigned to the order Pseudomonadales 
(Gammaproteobacteria) decreased in relative abundance for the 
PE-12,12 and PE-2,18, but not for the PE-18,18 treatment. Likewise, 
ASVs of the order Bacillales and order NRB23 (Clostridia) decreased 
solely in the PE-12,12, but not in the PE-2,18 and PE-18,18-
treatments, and order NRB23 for the cellulose treatment (Figure 3).

To provide additional taxonomic information, the six 442-bp 
long ASVs assigned to the Thermomonospora genus were aligned to 
the NCBI RefSeq RNA database using the NCBI BLAST online tool. 
The best matches showed highest sequence similarity 
(98.83 ± 0.42%) to the 16S rRNA gene of the type strain 
Thermomonospora curvata DSM43183 (Chertkov et al., 2011). The 
taxonomic affiliation of the most abundant Thermomonospora ASVs 
to T. curvata was further supported by the observed clustering of 
the sequences in a maximum-likelihood phylogenetic tree 
(Figure  4), including all available 16S rRNA gene sequences of 
Thermomonospora isolates in the NCBI representative genomes 
database, as well as sequences of closely related organisms such as 
those belonging to the Actinomadura genus; several Streptomyces 
sequences served as the outgroup for improved clustering (Figure 4).

Hence, the sequencing results indicated an increase in relative 
abundance of T. curvata-associated phylotypes in all compost samples 

FIGURE 2

Relative abundances of sequenced 16S rDNA amplicons classified at the genus level. ASVs assigned to the same genus were combined prior to 
visualization. Only taxa with a relative abundance of at least 0.5% are displayed. Taxa that could not be classified at the genus level with sufficient 
confidence were classified to the highest possible rank, as indicated accordingly. Polymer treatments are indicated above the bar graphs and the 
numbers on the x-axis correspond to the three replicates of the respective treatment.
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supplied with LCAP materials as additional substrates (Henssen, 1957; 
Ibrahim et al., 2006; Chertkov et al., 2011).

The treatment-specific increase in relative abundance of 
Thermomospora ASVs and their close phylogenetic relationship to 
T. curvata DSM43183, which encodes polyester hydrolases, strongly 
suggest a role in LCAP degradation. However, these results do not 
assign the same functional capacity to the identified phylotypes. 
Furthermore, while T. curvata hydrolases were shown to hydrolyze PET 
and PCL, their capacity to hydrolyze LCAP is not implied. Therefore, 
further analyses were conducted to strengthen this conclusion.

3.2 Cultivation attempts with T. curvata 
DSM43183 and LCAP and detection of the 
Tcur1278 polyester hydrolase gene in the 
studied compost material

The amplicon-sequencing based community analysis strongly 
suggested the involvement of phylotypes closely related to T. curvata 
in the degradation of LCAP. In absence of Thermomonospora isolates 
from the compost itself, T. curvata type strain DSM43183 was used to 
assess the LCAP-degradation potential of the this strain, and 

FIGURE 3

Visualization of the log2-fold change (lfc) analysis of the bacterial communities as determined by 16S rDNA amplicon sequencing and compared to the 
blank. Only ASVs with more than 10 counts across 10% of samples were considered in order to reduce noise. The analysis was conducted under the 
inclusion of structural zeroes, i.e., complete absence of an ASV was considered to be a true absence instead of a sampling bias. A statistically significant 
increase of an ASV is indicated with a red bar, a significant decrease with a blue bar. The taxonomic affiliation of the ASV is indicated. Significance levels 
are indicated next to respective bar as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.

FIGURE 4

Maximum-likelihood phylogenetic tree showing the 16S rRNA gene ASVs affiliated to Thermomonospora species as obtained from LCAP-treated 
composts (red) and sequences of the T. curvata strains B9 and DSM43183 (also red), in relation to sequences of other Thermomospora species and of 
closely related Actinomadura species (black). More distantly related sequences of Streptomyces species were included for improved clustering (also 
black). Bootstrap values are indicated at the branch root.
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potentially of the closely related Thermomonospora spp. present in the 
investigated compost samples.

The strain was cultivated and maintained using nutrient broth or 
DSM medium 550. However, repeated attempts at cultivation using 
defined mineral salts medium supplemented with LCAP or cellulose 
powder as the sole carbon source were unsuccessful (data not shown). 
The reason for the unsuccessful cultivation using polymeric substrates 
is unclear but is most likely linked to the cultivation conditions. In 
particular, the lack of cellulose degradation suggests a systemic issue 
with the cultivation approach or problems with specific media 
components, as cellulose is a well-documented substrate for this 
strain. In further attempts, soil microcosms were prepared using 
sterilized (autoclaved) soil, which were spiked with LCAP or cellulose 
and augmented with pre-grown cultures of T. curvata DSM43183. 
These attempts likewise did not result in observable polymer 
degradation. Again, it is not clear why no degradation occurred, 
especially for cellulose. It is possible that the provided soil matrix was 
not suitable in its nutrient composition, or that microbial interactions 
are essential for polymer degradation by this strain under the tested 
conditions. Overall, the cultivation attempts did not provide a clear 
indication of the degradative potential of this strain, given that even 
degradation of the known substrate cellulose could not be observed.

We then aimed at investigating the presence of tcur1278, the gene 
encoding the polyester hydrolase of T. curvata DSM43183, in the total 
DNA obtained from the compost samples. Tcur1278 was chosen for 
testing over Tcur0390 due to its reportedly higher heat tolerance, 
which, considering the high temperatures during industrial 
composting, made it the more interesting candidate (Wei et al., 2014). 
PCR primers targeting tcur1278 were designed and their specificity 
confirmed in silico and in PCR reactions with strain DSM43183 
chromosomal DNA as a template. The qualitative PCR test for the 
presence of tcur1278 was positive for the PE-2,18 and PE-12,12 
treatments, while no PCR product was detected in the cellulose-
treated, non-treated controls, or the PE-18,18 treatments, under the 
PCR conditions used (Supplementary Figure S3). This result was 
interpreted to suggest a higher abundance of tcur1278 homologues in 
the PE-2,18 and PE-12,12 treatments; however, alternative 
explanations such as lower gene abundance below the detection limit, 
sequence divergence affecting primer binding, or differences in DNA 
template quality cannot be excluded.

3.3 Polyester hydrolase Tcur1278 is also 
able to depolymerize PE-2,18 in vitro

We were interested in examining the potential of the characterized 
PET/PCL-polyester hydrolase Tcur1278 to also hydrolyze LCAP 
materials. Therefore, Tcur1278 was expressed in Rosetta-Gami 2(DE3) 
and the expression and partial purification of the protein was 
confirmed via SDS-PAGE. The expression and partial purification 
yielded a band with a molecular weight of approx. 29 kDa 
corresponding to Tcur1278, along with minor contaminating bands 
(Figure 5).

Discontinuous enzyme assays with partially purified Tcur1278 
and PE-2,18 or PCL showed monomer formation due to enzymatic 
depolymerization, while no peaks for monomers were detectable in 
the controls without enzyme. The depolymerization of PCL proceeded 
more rapidly, yielding an approx. 25-fold higher monomer 

concentration compared to the PE-2,18 incubations after the same 
incubation time (Figure  6). The initial measurement of PE-2,18 
incubations was below the detection limit and is not depicted. The 
lower degradation rate of PE-2,18 prompted increased intervals for 
the measurements to allow detection of maximum monomer 
formation. Due to the insoluble and slowly degrading nature of the 
LCAP substrate, classical enzyme kinetic parameters such as Km and 
Vmax could not be determined.

4 Discussion

A sequencing-based analysis of compost samples derived from the 
ISO14855-compliant LCAP degradation study (Eck et  al., 2023) 
revealed treatment-specific shifts in the bacterial community 
composition, with significantly increased relative abundance of the 
actinomycetes Pseudonocardia and Thermomonospora in all LCAP-
treated samples. The analysis of the fungal community, in contrast, 
revealed no significant treatment-specific community shifts, indicating 
a more pronounced effect of polymer treatment on the bacterial 
community. While these results do not explicitly exclude fungi from 
the observed degradation process, the data are less likely to reveal the 
potentially involved organisms.

The observed abundances of Pseudonocardia and 
Thermomonospora in the LCAP-treated compost were relatively low 

FIGURE 5

SDS gel showing the heterologous expression of the Tcur1278 
protein in E.coli Rosetta Gami(DE3). The gel was loaded with protein 
samples obtained after the loading of the His-Trap column with cell-
free lysate (flow-through, FT), after the washing of the column with 
30 mM imidazole (wash, W) and of the eluate as obtained after 
applying 500 mM imidazole to the column. A protein marker was 
loaded in the final lane for molelular-weight reference. The band 
corresponding to the Tcur1278 protein is indicated by a red arrow.
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despite their significant increase compared to the controls (0.3–2.6%), 
while the bacterial communities overall exhibited remarkably similar 
core communities, regardless of the applied treatment (Figure 2). This 
suggests that spiking of the compost with the polymers did not 
fundamentally alter the compost microbiome, even at the 
comparatively high loading of the compost with the test substrates. 
The low relative abundance of ecologically relevant taxa is often part 
of the difficulty when studying processes within highly active and 
complex environmental microbial communities (Wellington et al., 
2003; Uhlik et al., 2009). Particularly soil environments, and more so 
thermophilic composting conditions, offer a plethora of alternative 
nutrients and niches, resulting in a highly diverse community, both 
phylogenetically and functionally. It can be expected that provision of 
a novel growth substrate into compost will create an additional niche 
to be occupied by specialized community members capable of utilizing 
the substrate for their growth (Goldfarb et al., 2011). However, the 
recalcitrant nature of LCAP, paired with availability of alternative 
carbon sources, is unlikely to provide a fitness advantage large enough 
to fundamentally alter core community dynamics. The provision of 
such slow-degrading substrates is more likely to result in a low steady-
state abundance of community members capable of utilizing that 
carbon source, particularly those that are able to catalyze the initial, 
rate-limiting step of the mineralization process.

It has to be considered, however, that this study was based on only 
a single timepoint and was therefore not able follow community 
dynamics, which would further inform on the substrate-induced 
shifts, especially with regard to potential degraders and in reference to 
the degradation dynamics. At the time of sampling, all incubations 
had reached a plateau in their CO2 production, suggesting that active 
degradation of the substrates had ended and that degrader populations 
might have been in decline at that point, potentially resulting in low 
abundances or even loss of degraders (Eck et al., 2023).

According to the associated ASVs, the relative abundance of 
Thermomonospora increased significantly across all LCAP-treated 
composts, while Pseudonocardia also increased in cellulose-treated 
reactors. Both Thermomonospora and Pseudonocardia have previously 

been implicated in the degradation of PLA, and Thermomonospora 
species such as T. curvata are known for their ability to degrade 
cellulose and lignin (Stutzenberger, 1972; McCarthy, 1987; Butbunchu 
and Pathom-Aree, 2019). Similar functional capabilities have recently 
been attributed to a Pseudonocardia sp. strain (Sharapova, 2023). 
These functional associations are in line with a potential involvement 
in the degradation of cellulose and LCAP in the studied 
compost samples.

The cellulose-treated compost exhibited further taxa with 
significantly increased relative abundance, including ASVs associated 
with order R7C24 and family A4b of the phylum Verrucomicrobiota, 
and genus Longispora of the phylum Actinomycetota. While not much 
is known about order-R7C24 and family-A4b bacteria, 
Verrucomicrobiota include thermoacidophilic members, as well as 
cellulose degrading strains (Schlesner et al., 2006; Dunfield et al., 2007; 
Pol et  al., 2007; Islam et  al., 2008; Bergmann et  al., 2011). While 
cellulose degradation has not yet been demonstrated for members of 
the genus Longispora, apart from a sequencing-based association of 
this genus with cellulose degradation in a composting setting, 
members of the same family (Micromonospora) are known to degrade 
cellulose (Matsumoto et al., 2003; de Menezes et al., 2008; Shiratori-
Takano et al., 2011; Piao et al., 2017; Duan et al., 2022).

These results suggest that, apart from Pseudonocardia, various 
other potential cellulose-degrading taxa were present in the cellulose 
treatment. Interestingly, despite their reported capacity to degrade 
cellulose, Thermomonospora did not establish or maintain a 
competitive population in the cellulose treatments. While it is possible 
that Thermomonospora did not contribute to cellulose degradation 
under the conditions used, an initial population might also have 
declined below the detection limit following the depletion of cellulose, 
considering that samples were taken at the end of the degradation 
experiment. In contrast, Thermomonospora-related phylotypes were 
consistently enriched in the LCAP treatments, where their relative 
abundance exceeded that of Pseudonocardia by approximately 
fourfold. This suggests a stronger association of Thermomonospora 
with LCAP degradation, while Pseudonocardia may have utilized both 

FIGURE 6

Formation of ethylene glycol (EG, left panel) and caprolactone (CL, right panel) monomers during reactions of recombinantly produced and purified 
Tcur1278 polyester hydrolase with PE-2,18 and PCL powder, respectively, as determined by HPLC-RI. Error bars indicate the standard deviation 
between the triplicate reactions.
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cellulose and LCAP substrates, either directly or via secondary 
degradation products.

The close phylogentic relationship of the detected 
Thermomonospora ASVs to T. curvata DSM43183, reported to encode 
the thermostable polyester hydrolase Tcur1278 (Wei et  al., 2014), 
prompted further analysis for potential functional evidence of their 
involvement in the observed LCAP degradation. For the identified 
Pseudonocardia ASVs, however, no close association with plastic-
degrading functions could be identified.

Qualitative PCR with specific primers confirmed the presence 
of tcur1278 in the LCAP-treated composts, with the exception of 
the PE-18,18 treatment. The lack of amplification might be of a 
technical nature, or suggests a different genotype in these samples, 
despite the same ASVs being detected as in the other LCAP-
treatments. A further functional link was established by 
demonstrating Tcur1278 activity on PE-2,18 as a representive 
substrate for LCAP. Results confirmed that Tcur1278 is able to 
depolymerize PE-2,18, albeit at a lower rate than that observed for 
the monomer production from PCL as positive control. The repeat 
units of LCAP are significantly longer than those of PCL, resulting 
in fewer hydrolysable ester bonds along the polymer chains and, 
consequently fewer potential cleavage sites for a hydrolase 
enzyme. This reduced ester-bond frequency might also affect the 
binding and orientation of the substrate in the active site, and 
thereby the degradation efficiency. Additionally, the molecular 
weight of PCL is relatively low with ~14,000 g mol−1 compared to 
the ~80,000 g mol−1 of PE-2,18, likely increasing its enzymatic 
depolymerization by offering more end-groups and a less dense 
polymer-chain arrangement, increasing enzymatic accessibility 
(Im et al., 2023).

PE-2,18 was chosen to provide proof of concept for LCAP 
depolymerization due to its higher ester bond frequency compared 
to the other two LCAP materials, but also due to the facile 
detection of the depolymerization product ethylene glycol, which 
is readily soluble in water. In contrast, the long-chain dialcohol 
and diacid monomers that are released from PE-12,12, PE-18,18 
and also PE-2,18, are poorly water-soluble and require solvent 
extraction and LC–MS-based detection (Schwab et  al., 2024). 
While the activity of Tcur1278 was not tested on PE-12,12 and 
PE-18,18, their structural similarity to PE-2,18 suggests that 
depolymerization is likely, potentially at significantly lower 
efficiency due to the reduced frequency of ester bonds and 
possibility of increased steric hindrance from longer repeat units. 
This was previously observed for the commercially available 
cutinase enzyme of the fungus H. insolens, for which a significantly 
reduced depolymerization rate was observed with PE-18,18 as 
substrate compared to PE-2,18 (Eck et al., 2023). It has also been 
suggested that particularly the length of the diol monomer 
controls depolymerization rates, at least with regard to the 
H. insolens cutinase, where increased diol-length resulted in 
reduced depolymerization rates for LCAP (Schwab et al., 2024).

For all LCAP variants, the respective diacids and diols are 
non-toxic and expected to be  further metabolized through 
established bacterial pathways. The diacids can be activated and 
degraded via fatty-acid β-oxidation, while ethylene glycol in 
funneled into the TCA cycle. The long-chain diols are likely 
oxidized to the corresponding diacids before entering fatty-acid 

β-oxidation. Although these pathways are well established in 
bacteria, future work using isolates or transcriptomics could 
provide direct evidence for their involvement in LCAP degradation.

Despite the functional link of Tcur1278-encoding 
Thermomonospora and LCAP degradation, our cultivation attempts 
using the reference strain T. curvata DSM43183 with LCAP powder 
as the sole or additional carbon and energy were unsuccessful. 
However, also cultivation with cellulose powder, a verified substrate, 
was unsuccessful under the conditions we used. Most likely we were 
not able to generate the cultivation conditions for inducing the 
expression of the required depolymerase enzymes. Various factors 
may influence the successful cultivation including, but are not limited 
to, the medium composition and the stability of individual 
components, the availability of specific growth factors, the 
dependence on other microorganisms for growth on complex 
polymers, or repression of depolymerase gene expression due to 
carbon catabolite repression or the absence of inducers. For future 
studies, we  recommend using microcosms containing ‘live’ 
(non-autoclaved) compost rather than soil, to better simulate the 
original degradation environment and retain a functionally active 
microbial community. For axenic cultivation attempts, we  also 
suggest systematic testing and optimization of individual medium 
components to ensure that all essential nutrients are available and 
that depolymerase expression is not inadvertently suppressed.

While isolation attempts were not part of this study, various 
thermophilic filamentous actinomycetes were previously isolated 
from compost as polyester plastic degraders such as Streptomyces, 
Thermobifida (formerly Thermomonospora), Saccharomonospora, 
and Thermoactinomyces, further supporting a high relevance of 
this taxon for facilitating plastic degradation in these systems 
(Kleeberg et al., 1998; Hu et al., 2010). Additionally, bioinformatic 
mining of (meta)genomes has led to the identification of various 
biochemically confirmed polyester degrading enzymes 
phylogenetically linked to actinomycetes, including Tcur1278 
(Wei et  al., 2014; Buchholz et  al., 2022). Other than these 
preceding studies, however, we  were able to link Tcur1278-
encoding phylotypes of Thermomonospora to the degradation of 
polyester-based plastics in situ, rather than through enrichment-
based isolation or homology-based enzyme mining, providing a 
rare insight into the ecology of plastic degradation in the context 
of thermophilic composting.

Thermophilic compost environments play a key role in waste 
management within a circular economy, as such, an improved 
understanding of the organisms influencing plastic degradation 
within these systems is highly relevant to improve this process. 
Accelerating the biodegradation of biodegradable plastics in 
compost is of particular interest, given these compounds are 
expected to be diverted from general waste streams to composting 
facilities. A better understanding of the degrader communities 
and functions within these systems can lead to development of 
optimized plastic-degrading microbial communities to 
accommodate increases in biodegradable plastic waste. As such, 
the identification of T. curvata-like phylotypes as active 
participants in LCAP degradation under thermophilic composting 
conditions has both ecological and practical implications. As these 
organisms appear to occupy a distinct niche associated with 
recalcitrant polymer breakdown, they may contribute to the 
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poorly characterized, but frequently observed, plastic-degradation 
capacity of thermophilic composting environments. Additionally, 
the broad substrate spectrum of Tcur1278 including PET, PCL, 
and now LCAP, suggests a high potential for the depolymerization 
of various ester-linked plastics. Therefore, targeted enrichment or 
introduction of such organisms through bioaugmentation 
strategies could enhance degradation performance.

Overall, our study provides new insight into the thermophilic 
composting process often used as a microbial ‘black-box’ system 
for regulatory biodegradation studies, by combining community 
profiling, differential abundance analysis, and functional gene 
evidence with enzyme-level validation. Our study strongly 
suggests Thermomonospora species closely related to T. curvata as 
a key phylotype for the mineralization of LCAP under 
thermophilic composting conditions. Not only was this phylotype 
detectable with increased relative abundance exclusively in LCAP-
mineralizing compost reactors, but the presence of tcur1278 in 
these samples was confirmed, along with the enzyme’s capacity to 
depolymerize LCAP in vitro. While previous work demonstrated 
enzymatic activity of Tcur1278 on PET and PCL, its environmental 
relevance and activity on LCAP had not been investigated. 
Therefore, our findings not only expand the known substrate 
range of this enzyme but also demonstrate its presence and likely 
functional role in an industrial composting context. However, it 
is important to note that despite our comprehensive analysis, 
definitive evidence of the attributed role of Thermomonospora and 
Tcur1278 would require further analysis. Additionally, while 
we focused on Thermomonospora in this study, Pseudonocardia 
phylotypes should also be further examined for involvement in 
LCAP degradation. Future work employing correlative network-
based analyses could provide deeper insight into the potential role 
of microbial interactions in LCAP degradation (Kumar et  al., 
2024). In addition, isolation attempts or cultivation independent 
multi-omics approaches that directly link identity and function, 
could help to unequivocally identify the primary LCAP degraders 
(Wright et  al., 2021; Malik et  al., 2023). Dedicated labeling 
approaches such as nucleic-acid stable isotope probing (DNA/
RNA-SIP) in combination with sequencing analyses may provide 
further confidence in the ecological relevance of candidate taxa 
by providing direct proof of substrate-carbon assimilation, as 
previously done with less complex and/or difficult to obtain 
isotopically-labeled substrates (Luo et al., 2009; Xie et al., 2011; 
Uhlik et  al., 2012; Vogt et  al., 2016; Lerner et  al., 2020), and 
recently, for the first time, with a plastic substrate (Odobel 
et al., 2025).

Data availability statement

Raw sequencing reads of the 16S rRNA gene and ITS amplicons 
were deposited under ENA accession number PRJEB87387.

Author contributions

HL: Investigation, Conceptualization, Writing – review & editing, 
Writing – original draft, Methodology, Data curation, Visualization, 
Formal analysis. ME: Writing  – review & editing, Resources. CL: 

Resources, Writing  – review & editing. TW: Writing  – review & 
editing, Resources. GB: Writing – review & editing, Resources. SM: 
Resources, Funding acquisition, Writing  – review & editing. DS: 
Conceptualization, Writing  – review & editing, Supervision, 
Methodology, Writing  – original draft, Funding acquisition, 
Validation.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This research was funded 
by the Carl-Zeiss Foundation (CZS Perspektiven project INPEW).

Acknowledgments

HL and DS like to thank Julia Schmidt and Sylke Wiechmann for 
their excellent technical support, Nicolai Müller for helpful discussions 
and Elena Catharina Barth for assisting in protein expressions. HL 
also thanks Christian Sonnendecker for helpful advice regarding 
protein expression.

Conflict of interest

Authors CL, TW, and GB were employed by company BASF SE.
The remaining authors declare that the research was conducted in 

the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1671731/
full#supplementary-material

https://doi.org/10.3389/fmicb.2025.1671731
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1671731/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1671731/full#supplementary-material


Lerner et al.� 10.3389/fmicb.2025.1671731

Frontiers in Microbiology 12 frontiersin.org

References
Abe, M. M., Martins, J. R., Sanvezzo, P. B., Macedo, J. V., Branciforti, M. C., Halley, P., 

et al. (2021). Advantages and disadvantages of bioplastics production from starch and 
lignocellulosic components. Polymers (Basel) 13:2484. doi: 10.3390/polym13152484

Abrha, H., Cabrera, J., Dai, Y., Irfan, M., Toma, A., Jiao, S., et al. (2022). Bio-based 
plastics production, impact and end of life: a literature review and content analysis. 
Sustainability 14:4855. doi: 10.3390/su14084855

Apinya, T., Sombatsompop, N., and Prapagdee, B. (2015). Selection of a 
Pseudonocardia sp. RM423 that accelerates the biodegradation of poly(lactic) acid in 
submerged cultures and in soil microcosms. Int. Biodeterior. Biodegrad. 99, 23–30. doi: 
10.1016/j.ibiod.2015.01.001

Arnal, G., Anglade, J., Gavalda, S., Tournier, V., Chabot, N., Bornscheuer, U. T., et al. 
(2023). Assessment of four engineered PET degrading enzymes considering large-scale 
industrial applications. ACS Catal. 13, 13156–13166. doi: 10.1021/acscatal.3c02922

Avasthi, I., Lerner, H., Grings, J., Gräber, C., Schleheck, D., and Cölfen, H. (2024). 
Biodegradable mineral plastics. Small Methods 8:2300575. doi: 10.1002/smtd.202300575

Bergmann, G. T., Bates, S. T., Eilers, K. G., Lauber, C. L., Caporaso, J. G., Walters, W. A., 
et al. (2011). The under-recognized dominance of Verrucomicrobia in soil bacterial 
communities. Soil Biol. Biochem. 43, 1450–1455. doi: 10.1016/j.soilbio.2011.03.012

Berthelet, M., Whyte, L. G., and Greer, C. W. (1996). Rapid, direct extraction of DNA 
from soils for PCR analysis using polyvinylpolypyrrolidone spin columns. FEMS 
Microbiol. Lett. 138, 17–22. doi: 10.1111/j.1574-6968.1996.tb08128.x

Bianchini, G., and Sánchez-Baracaldo, P. (2024). TreeViewer: flexible, modular 
software to visualise and manipulate phylogenetic trees. Ecol. Evol. 14:e10873. doi: 
10.1002/ece3.10873

Boey, J. Y., Lee, C. K., and Tay, G. S. (2022). Factors affecting mechanical properties of 
reinforced bioplastics: a review. Polymers (Basel) 14:3737. doi: 10.3390/polym14183737

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. Anal. 
Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Buchholz, P. C. F., Feuerriegel, G., Zhang, H., Perez-Garcia, P., Nover, L., Chow, J., et al. 
(2022). Plastics degradation by hydrolytic enzymes: the plastics-active enzymes 
database— PAZy. Proteins 90, 1443–1456. doi: 10.1002/prot.26325

Burgin, T., Pollard, B. C., Knott, B. C., Mayes, H. B., Crowley, M. F., McGeehan, J. E., 
et al. (2024). The reaction mechanism of the Ideonella sakaiensis PETase enzyme. 
Commun Chem 7:65. doi: 10.1038/s42004-024-01154-x

Butbunchu, N., and Pathom-Aree, W. (2019). Actinobacteria as promising candidate 
for polylactic acid type bioplastic degradation. Front. Microbiol. 10:2834. doi: 
10.3389/fmicb.2019.02834

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Chen, C.-C., Dai, L., Ma, L., and Guo, R.-T. (2020). Enzymatic degradation of plant 
biomass and synthetic polymers. Nat Rev Chem 4, 114–126. doi: 
10.1038/s41570-020-0163-6

Chertkov, O., Sikorski, J., Nolan, M., Lapidus, A., Lucas, S., Del Rio, T. G., et al. (2011). 
Complete genome sequence of Thermomonospora curvata type strain (B9T). Stand. 
Genomic Sci. 4, 13–22. doi: 10.4056/sigs.1453580

de Menezes, A. B., Lockhart, R. J., Cox, M. J., Allison, H. E., and McCarthy, A. J. 
(2008). Cellulose degradation by Micromonosporas recovered from freshwater lakes and 
classification of these Actinomycetes by DNA gyrase B gene sequencing. Appl. Environ. 
Microbiol. 74, 7080–7084. doi: 10.1128/AEM.01092-08

Duan, H., Fu, C., Du, G., Xie, S., Liu, M., Zhang, B., et al. (2022). Dynamic 
microstructure assembly driven by Lysinibacillus sp. LF-N1 and Penicillium oxalicum 
DH-1 inoculants corresponds to composting performance. Microorganisms 10:709. doi: 
10.3390/microorganisms10040709

Dunfield, P. F., Yuryev, A., Senin, P., Smirnova, A. V., Stott, M. B., Hou, S., et al. (2007). 
Methane oxidation by an extremely acidophilic bacterium of the phylum 
Verrucomicrobia. Nature 450, 879–882. doi: 10.1038/nature06411

Eck, M., Schwab, S. T., Nelson, T. F., Wurst, K., Iberl, S., Schleheck, D., et al. (2023). 
Biodegradable high-density polyethylene-like material. Angew. Chem. Int. Ed. 
62:e202213438. doi: 10.1002/anie.202213438

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and 
high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Esan, E. O., Abbey, L., and Yurgel, S. (2019). Exploring the long-term effect of plastic 
on compost microbiome. PLoS One 14:e0214376. doi: 10.1371/journal.pone.0214376

Gambarini, V., Pantos, O., Kingsbury, J. M., Weaver, L., Handley, K. M., and Lear, G. 
(2022). PlasticDB: a database of microorganisms and proteins linked to plastic 
biodegradation. Database 2022:baac008. doi: 10.1093/database/baac008

Goldfarb, K. C., Karaoz, U., Hanson, C. A., Santee, C. A., Bradford, M. A., 
Treseder, K. K., et al. (2011). Differential growth responses of soil bacterial taxa to 
carbon substrates of varying chemical recalcitrance. Front. Microbiol. 2:94. doi: 
10.3389/fmicb.2011.00094

González-López, M. E., Calva-Estrada, S. d. J., Gradilla-Hernández, M. S., and 
Barajas-Álvarez, P. (2023). Current trends in biopolymers for food packaging: a review. 
Front. Sustain. Food Syst. 7:1225371. doi: 10.3389/fsufs.2023.1225371

Häußler, M., Eck, M., Rothauer, D., and Mecking, S. (2021). Closed-loop recycling 
of polyethylene-like materials. Nature 590, 423–427. doi: 10.1038/s41586-020-03149-9

Henssen, A. (1957). Beiträge zur Morphologie und Systematik der thermophilen 
Actinomyceten. Arch. Mikrobiol. 26, 373–414. doi: 10.1007/BF00407588

Hu, X., Thumarat, U., Zhang, X., Tang, M., and Kawai, F. (2010). Diversity of polyester-
degrading bacteria in compost and molecular analysis of a thermoactive esterase from 
Thermobifida alba AHK119. Appl. Microbiol. Biotechnol. 87, 771–779. doi: 
10.1007/s00253-010-2555-x

Ibrahim, E. M. A., Arenskötter, M., Luftmann, H., and Steinbüchel, A. (2006). 
Identification of poly(cis −1,4-isoprene) degradation intermediates during growth of 
moderately thermophilic Actinomycetes on rubber and cloning of a functional lcp 
homologue from Nocardia farcinica strain E1. Appl. Environ. Microbiol. 72, 3375–3382. 
doi: 10.1128/AEM.72.5.3375-3382.2006

Im, D., Gavande, V., Lee, H. Y., and Lee, W.-K. (2023). Influence of molecular weight 
on the enzymatic degradation of PLA isomer blends by a Langmuir system. Materials 
16:5087. doi: 10.3390/ma16145087

Islam, T., Jensen, S., Reigstad, L. J., Larsen, Ø., and Birkeland, N.-K. (2008). Methane 
oxidation at 55°C and pH 2 by a thermoacidophilic bacterium belonging to the 
Verrucomicrobia phylum. Proc. Natl. Acad. Sci. USA 105, 300–304. doi: 
10.1073/pnas.0704162105

James-Pearson, L. F., Dudley, K. J., Te’o, V. S. J., and Patel, B. K. C. (2023). A hot topic: 
thermophilic plastic biodegradation. Trends Biotechnol. 41, 1117–1126. doi: 
10.1016/j.tibtech.2023.03.016

Jendrossek, D. (2024). Polyethylene and related hydrocarbon polymers (“plastics”) are 
not biodegradable. New Biotechnol. 83, 231–238. doi: 10.1016/j.nbt.2024.08.503

Karamanlioglu, M., and Robson, G. D. (2013). The influence of biotic and abiotic 
factors on the rate of degradation of poly(lactic) acid (PLA) coupons buried in compost 
and soil. Polym. Degrad. Stab. 98, 2063–2071. doi: 10.1016/j.polymdegradstab.2013.07.004

Kleeberg, I., Hetz, C., Kroppenstedt, R. M., Müller, R.-J., and Deckwer, W.-D. (1998). 
Biodegradation of aliphatic-aromatic copolyesters by Thermomonospora fusca and other 
thermophilic compost isolates. Appl. Environ. Microbiol. 64, 1731–1735. doi: 
10.1128/AEM.64.5.1731-1735.1998

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., et al. (2013). 
Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies. Nucleic Acids Res. 41, e1–e11. doi: 
10.1093/nar/gks808

Kumar, A., Lakhawat, S. S., Singh, K., Kumar, V., Verma, K. S., Dwivedi, U. K., et al. 
(2024). Metagenomic analysis of soil from landfill site reveals a diverse microbial 
community involved in plastic degradation. J. Hazard. Mater. 480:135804. doi: 
10.1016/j.jhazmat.2024.135804

Larsen, M. H., Biermann, K., Tandberg, S., Hsu, T., and Jacobs William, R. (2007). 
Genetic manipulation of Mycobacterium tuberculosis. Curr. Protoc. Microbiol. 
6:10A.2.1-10A.2.21. doi: 10.1002/9780471729259.mc10a02s6

Lear, G., Maday, S. D. M., Gambarini, V., Northcott, G., Abbel, R., Kingsbury, J. M., 
et al. (2022). Microbial abilities to degrade global environmental plastic polymer waste 
are overstated. Environ. Res. Lett. 17:043002. doi: 10.1088/1748-9326/ac59a7

Lerner, H., Öztürk, B., Dohrmann, A. B., Thomas, J., Marchal, K., De Mot, R., et al. 
(2020). Culture-independent analysis of linuron-mineralizing microbiota and functions 
in on-farm biopurification systems via DNA-stable isotope probing: comparison with 
enrichment culture. Environ. Sci. Technol. 54, 9387–9397. doi: 10.1021/acs.est.0c02124

Lin, H., Eggesbø, M., and Peddada, S. D. (2022). Linear and nonlinear correlation 
estimators unveil undescribed taxa interactions in microbiome data. Nat. Commun. 
13:4946. doi: 10.1038/s41467-022-32243-x

Lin, H., and Peddada, S. D. (2020). Analysis of compositions of microbiomes with bias 
correction. Nat. Commun. 11:3514. doi: 10.1038/s41467-020-17041-7

Luo, C., Xie, S., Sun, W., Li, X., and Cupples, A. M. (2009). Identification of a novel 
toluene-degrading bacterium from the candidate phylum TM7, as determined by DNA 
stable isotope probing. Appl. Environ. Microbiol. 75, 4644–4647. doi: 
10.1128/AEM.00283-09

Ma, H.-N., Hsiang, C.-C., and Ng, I.-S. (2024). Tailored expression of ICCM cutinase 
in engineered Escherichia coli for efficient polyethylene terephthalate hydrolysis. Enzym. 
Microb. Technol. 179:110476. doi: 10.1016/j.enzmictec.2024.110476

Malik, N., Lakhawat, S. S., Kumar, V., Sharma, V., Bhatti, J. S., and Sharma, P. K. 
(2023). Recent advances in the omics-based assessment of microbial consortia in the 
plastisphere environment: deciphering the dynamic role of hidden players. Process. Saf. 
Environ. Prot. 176, 207–225. doi: 10.1016/j.psep.2023.06.013

Matsumoto, A., Takahashi, Y., Shinose, M., Seino, A., Iwai, Y., and Ōmura, S. (2003). 
Longispora albida gen. Nov., sp. nov., a novel genus of the family Micromonosporaceae. 
Int. J. Syst. Evol. Microbiol. 53, 1553–1559. doi: 10.1099/ijs.0.02595-0

https://doi.org/10.3389/fmicb.2025.1671731
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/polym13152484
https://doi.org/10.3390/su14084855
https://doi.org/10.1016/j.ibiod.2015.01.001
https://doi.org/10.1021/acscatal.3c02922
https://doi.org/10.1002/smtd.202300575
https://doi.org/10.1016/j.soilbio.2011.03.012
https://doi.org/10.1111/j.1574-6968.1996.tb08128.x
https://doi.org/10.1002/ece3.10873
https://doi.org/10.3390/polym14183737
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1002/prot.26325
https://doi.org/10.1038/s42004-024-01154-x
https://doi.org/10.3389/fmicb.2019.02834
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/s41570-020-0163-6
https://doi.org/10.4056/sigs.1453580
https://doi.org/10.1128/AEM.01092-08
https://doi.org/10.3390/microorganisms10040709
https://doi.org/10.1038/nature06411
https://doi.org/10.1002/anie.202213438
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1371/journal.pone.0214376
https://doi.org/10.1093/database/baac008
https://doi.org/10.3389/fmicb.2011.00094
https://doi.org/10.3389/fsufs.2023.1225371
https://doi.org/10.1038/s41586-020-03149-9
https://doi.org/10.1007/BF00407588
https://doi.org/10.1007/s00253-010-2555-x
https://doi.org/10.1128/AEM.72.5.3375-3382.2006
https://doi.org/10.3390/ma16145087
https://doi.org/10.1073/pnas.0704162105
https://doi.org/10.1016/j.tibtech.2023.03.016
https://doi.org/10.1016/j.nbt.2024.08.503
https://doi.org/10.1016/j.polymdegradstab.2013.07.004
https://doi.org/10.1128/AEM.64.5.1731-1735.1998
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1016/j.jhazmat.2024.135804
https://doi.org/10.1002/9780471729259.mc10a02s6
https://doi.org/10.1088/1748-9326/ac59a7
https://doi.org/10.1021/acs.est.0c02124
https://doi.org/10.1038/s41467-022-32243-x
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1128/AEM.00283-09
https://doi.org/10.1016/j.enzmictec.2024.110476
https://doi.org/10.1016/j.psep.2023.06.013
https://doi.org/10.1099/ijs.0.02595-0


Lerner et al.� 10.3389/fmicb.2025.1671731

Frontiers in Microbiology 13 frontiersin.org

McCarthy, A. J. (1987). Lignocellulose-degrading actinomycetes. FEMS Microbiol. 
Lett. 46, 145–163. doi: 10.1111/j.1574-6968.1987.tb02456.x

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 
10.1371/journal.pone.0061217

Meyer-Cifuentes, I. E., Werner, J., Jehmlich, N., Will, S. E., Neumann-Schaal, M., and 
Öztürk, B. (2020). Synergistic biodegradation of aromatic-aliphatic copolyester plastic 
by a marine microbial consortium. Nat. Commun. 11:5790. doi: 
10.1038/s41467-020-19583-2

Nanda, S., Patra, B. R., Patel, R., Bakos, J., and Dalai, A. K. (2022). Innovations in 
applications and prospects of bioplastics and biopolymers: a review. Environ. Chem. Lett. 
20, 379–395. doi: 10.1007/s10311-021-01334-4

Negrete-Bolagay, D., and Guerrero, V. H. (2024). Opportunities and challenges in the 
application of bioplastics: perspectives from formulation, processing, and performance. 
Polymers (Basel) 16:2561. doi: 10.3390/polym16182561

Odobel, C., Jacquin, J., Saint Picq, C., Hingant, M., Lemechko, P., Thomas, T., et al. 
(2025). Unveiling marine plastic degraders through DNA-stable isotope probing. J. 
Hazard. Mater. 490:137729. doi: 10.1016/j.jhazmat.2025.137729

Oksanen, J, Simpson, G, Blanchet, F, Kindt, R. L. P, Minchin, P, O’Hara, R, et al. (2024) 
Vegan: R package version 2.6–6.1. Available at: https://CRAN.R-project. 
org/package=vegan

Pagès, H., Aboyoun, P., Gentleman, R., and DebRoy, S. (2019) Biostrings: R package 
version 2.66.0. Available at: https://bioconductor.org/packages/Biostrings

Piao, C., Jin, L., Zhao, J., Liu, C., Zhao, Y., Wang, X., et al. (2017). Longispora urticae 
sp. nov., isolated from rhizosphere soil of Urtica urens L., and emended descriptions of 
the species Longispora albida and Longispora fulva. Int. J. Syst. Evol. Microbiol. 67, 
4228–4234. doi: 10.1099/ijsem.0.002288

Pol, A., Heijmans, K., Harhangi, H. R., Tedesco, D., Jetten, M. S. M., and Op den 
Camp, H. J. M. (2007). Methanotrophy below pH 1 by a new Verrucomicrobia species. 
Nature 450, 874–878. doi: 10.1038/nature06222

Purahong, W., Wahdan, S. F. M., Heinz, D., Jariyavidyanont, K., Sungkapreecha, C., 
Tanunchai, B., et al. (2021). Back to the future: decomposability of a biobased and 
biodegradable plastic in field soil environments and its microbiome under ambient and 
future climates. Environ. Sci. Technol. 55, 12337–12351. doi: 10.1021/acs.est. 
1c02695

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The 
SILVA ribosomal RNA gene database project: improved data processing and web-based 
tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

R: A language and environment for statistical computing (2024). Vienna: R 
Foundation for Statistical Computing. Available at: https://www.R-project.org/

Rosenboom, J.-G., Langer, R., and Traverso, G. (2022). Bioplastics for a circular 
economy. Nat Rev Mater 7, 117–137. doi: 10.1038/s41578-021-00407-8

Ru, J., Huo, Y., and Yang, Y. (2020). Microbial degradation and valorization of plastic 
wastes. Front. Microbiol. 11, 1–20. doi: 10.3389/fmicb.2020.00442

Ruggero, F., Roosa, S., Onderwater, R., Delacuvellerie, A., Lotti, T., Gori, R., et al. 
(2023). Characterization of bacterial communities responsible for bioplastics 
degradation during the thermophilic and the maturation phases of composting. J. Mater. 
Cycles Waste Manag. 25, 3270–3285. doi: 10.1007/s10163-023-01751-3

Sangwan, P., and Wu, D. Y. (2008). New insights into polylactide biodegradation from 
molecular ecological techniques. Macromol. Biosci. 8, 304–315. doi: 
10.1002/mabi.200700317

Schlesner, H., Jenkins, C., and Staley, J. T. (2006). “The phylum Verrucomicrobia: a 
phylogenetically heterogeneous bacterial group” in The prokaryotes (New York, NY: 
Springer New York), 881–896.

Schwab, S. T., Bühler, L. Y., Schleheck, D., Nelson, T. F., and Mecking, S. (2024). 
Correlation of enzymatic depolymerization rates with the structure of polyethylene-like 
long-chain aliphatic polyesters. ACS Macro Lett. 13, 1245–1250. doi: 
10.1021/acsmacrolett.4c00463

Serrano-Aguirre, L., and Prieto, M. A. (2024). Can bioplastics always offer a truly 
sustainable alternative to fossil-based plastics? Microb. Biotechnol. 17:e14458. doi: 
10.1111/1751-7915.14458

Shah, A. A., Hasan, F., Hameed, A., and Ahmed, S. (2008). Biological degradation of 
plastics: a comprehensive review. Biotechnol. Adv. 26, 246–265. doi: 
10.1016/j.biotechadv.2007.12.005

Shalem, A., Yehezkeli, O., and Fishman, A. (2024). Enzymatic degradation of 
polylactic acid (PLA). Appl. Microbiol. Biotechnol. 108:413. doi: 
10.1007/s00253-024-13212-4

Sharapova, I. (2023). The study of potentially lignocellulolytic Actinobacteria 
Pseudonocardia sp. AI2. Indian J. Microbiol. 63, 190–196. doi: 
10.1007/s12088-023-01069-6

Shiratori-Takano, H., Yamada, K., Beppu, T., and Ueda, K. (2011). Longispora fulva 
sp. nov., isolated from a forest soil, and emended description of the genus Longispora. 
Int. J. Syst. Evol. Microbiol. 61, 804–809. doi: 10.1099/ijs.0.023531-0

Sonnendecker, C., Oeser, J., Richter, P. K., Hille, P., Zhao, Z., Fischer, C., et al. (2022). 
Low carbon footprint recycling of post-consumer PET plastic with a metagenomic 
polyester hydrolase. ChemSusChem 15:e202101062. doi: 10.1002/cssc.202101062

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30, 1312–1313. doi: 
10.1093/bioinformatics/btu033

Stutzenberger, F. J. (1972). Cellulolytic activity of Thermomonospora curvata: optimal 
assay conditions, partial purification, and product of the cellulase. Appl. Microbiol. 24, 
83–90. doi: 10.1128/am.24.1.83-90.1972

Sun, Y., Ren, X., Rene, E. R., Wang, Z., Zhou, L., Zhang, Z., et al. (2021). The 
degradation performance of different microplastics and their effect on microbial 
community during composting process. Bioresour. Technol. 332:125133. doi: 
10.1016/j.biortech.2021.125133

Teixeira, S., Eblagon, K. M., Miranda, F., Pereira, R., and Figueiredo, J. L. (2021). 
Towards controlled degradation of poly(lactic) acid in technical applications. C (Basel) 
7:42. doi: 10.3390/c7020042

Thurnheer, T., Kohler, T., Cook, A. M., and Leisinger, T. (1986). Orthanilic acid and 
analogues as carbon sources for bacteria: growth physiology and enzymic 
desulphonation. J. Gen. Microbiol. 132, 1215–1220. doi: 10.1099/00221287-132-5-1215

Tournier, V., Topham, C. M., Gilles, A., David, B., Folgoas, C., Moya-Leclair, E., et al. 
(2020). An engineered PET depolymerase to break down and recycle plastic bottles. 
Nature 580, 216–219. doi: 10.1038/s41586-020-2149-4

Uhlik, O., Jecná, K., Leigh, M. B., Macková, M., and Macek, T. (2009). DNA-based 
stable isotope probing: a link between community structure and function. Sci. Total 
Environ. 407, 3611–3619. doi: 10.1016/j.scitotenv.2008.05.012

Uhlik, O., Wald, J., Strejcek, M., Musilova, L., Ridl, J., Hroudova, M., et al. (2012). 
Identification of bacteria utilizing biphenyl, benzoate, and naphthalene in long-term 
contaminated soil. PLoS One 7, 1–10. doi: 10.1371/journal.pone.0040653

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., et al. 
(2012). Primer3—new capabilities and interfaces. Nucleic Acids Res. 40:e115. doi: 
10.1093/nar/gks596

Vogt, C., Lueders, T., Richnow, H. H., Krüger, M., von Bergen, M., and Seifert, J. 
(2016). Stable isotope probing approaches to study anaerobic hydrocarbon degradation 
and degraders. J. Mol. Microbiol. Biotechnol. 26, 195–210. doi: 10.1159/000440806

Wallbank, J. A., Lear, G., Kingsbury, J. M., Weaver, L., Doake, F., Smith, D. A., et al. 
(2022). Into the plastisphere, where only the generalists thrive: early insights in 
plastisphere microbial community succession. Front. Mar. Sci. 9, 1–16. doi: 
10.3389/fmars.2022.841142

Wei, R., Oeser, T., Then, J., Kühn, N., Barth, M., Schmidt, J., et al. (2014). Functional 
characterization and structural modeling of synthetic polyester-degrading hydrolases 
from Thermomonospora curvata. AMB Express 4, 44–10. doi: 10.1186/s13568-014- 
0044-9

Wellington, E. M. H., Berry, A., and Krsek, M. (2003). Resolving functional diversity 
in relation to microbial community structure in soil: exploiting genomics and stable 
isotope probing. Curr. Opin. Microbiol. 6, 295–301. doi: 10.1016/S1369-5274(03) 
00066-3

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. New  York: 
Springer-verlag.

Wright, R. J., Bosch, R., Langille, M. G. I., Gibson, M. I., and Christie-Oleza, J. A. 
(2021). A multi-OMIC characterisation of biodegradation and microbial community 
succession within the PET plastisphere. Microbiome 9:141. doi: 
10.1186/s40168-021-01054-5

Xie, S., Sun, W., Luo, C., and Cupples, A. M. (2011). Novel aerobic benzene degrading 
microorganisms identified in three soils by stable isotope probing. Biodegradation 22, 
71–81. doi: 10.1007/s10532-010-9377-5

Ye, J., Coulouris, G., Zaretskaya, I., Cutcutache, I., Rozen, S., and Madden, T. L. (2012). 
Primer-BLAST: a tool to design target-specific primers for polymerase chain reaction. 
BMC Bioinformatics 13:134. doi: 10.1186/1471-2105-13-134

Yoshida, S., Hiraga, K., Takehana, T., Taniguchi, I., Yamaji, H., Maeda, Y., et al. (2016). 
A bacterium that degrades and assimilates poly(ethylene terephthalate). Science 351, 
1196–1199. doi: 10.1126/science.aad6359

https://doi.org/10.3389/fmicb.2025.1671731
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1574-6968.1987.tb02456.x
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1038/s41467-020-19583-2
https://doi.org/10.1007/s10311-021-01334-4
https://doi.org/10.3390/polym16182561
https://doi.org/10.1016/j.jhazmat.2025.137729
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://bioconductor.org/packages/Biostrings
https://doi.org/10.1099/ijsem.0.002288
https://doi.org/10.1038/nature06222
https://doi.org/10.1021/acs.est.1c02695
https://doi.org/10.1021/acs.est.1c02695
https://doi.org/10.1093/nar/gks1219
https://www.R-project.org/
https://doi.org/10.1038/s41578-021-00407-8
https://doi.org/10.3389/fmicb.2020.00442
https://doi.org/10.1007/s10163-023-01751-3
https://doi.org/10.1002/mabi.200700317
https://doi.org/10.1021/acsmacrolett.4c00463
https://doi.org/10.1111/1751-7915.14458
https://doi.org/10.1016/j.biotechadv.2007.12.005
https://doi.org/10.1007/s00253-024-13212-4
https://doi.org/10.1007/s12088-023-01069-6
https://doi.org/10.1099/ijs.0.023531-0
https://doi.org/10.1002/cssc.202101062
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1128/am.24.1.83-90.1972
https://doi.org/10.1016/j.biortech.2021.125133
https://doi.org/10.3390/c7020042
https://doi.org/10.1099/00221287-132-5-1215
https://doi.org/10.1038/s41586-020-2149-4
https://doi.org/10.1016/j.scitotenv.2008.05.012
https://doi.org/10.1371/journal.pone.0040653
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1159/000440806
https://doi.org/10.3389/fmars.2022.841142
https://doi.org/10.1186/s13568-014-0044-9
https://doi.org/10.1186/s13568-014-0044-9
https://doi.org/10.1016/S1369-5274(03)00066-3
https://doi.org/10.1016/S1369-5274(03)00066-3
https://doi.org/10.1186/s40168-021-01054-5
https://doi.org/10.1007/s10532-010-9377-5
https://doi.org/10.1186/1471-2105-13-134
https://doi.org/10.1126/science.aad6359

	Thermomonospora spp. are implicated in the biodegradation of long-chain aliphatic polyester bioplastics during thermophilic composting
	1 Introduction
	2 Materials and methods
	2.1 Samples of bioplastic-degrading compost material
	2.2 Bacterial strains
	2.3 DNA extraction and PCR
	2.4 PCR amplicon sequencing and phylogenetic analysis
	2.5 Heterologous expression and purification of Tcur1278 protein
	2.6 Depolymerase enzyme assays
	2.7 Cultivation attempts with T. curvata DSM43183 and LCAP

	3 Results
	3.1 Phylogenetic analysis of compost microbiota after incubation with LCAP powders
	3.2 Cultivation attempts with T. curvata DSM43183 and LCAP and detection of the Tcur1278 polyester hydrolase gene in the studied compost material
	3.3 Polyester hydrolase Tcur1278 is also able to depolymerize PE-2,18 in vitro

	4 Discussion

	References

