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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• We studied the microbial genetic po-
tential of the plastisphere in alpine soil. 

• Biodegradable plastics led to strong 
changes in the gene structure. 

• α/β-hydrolase genes were enriched in 
the plastisphere of biodegradable 
plastics. 

• Biodegradable plastics affected C- and 
N-cycling in the soil. 

• The alpine soil plastisphere is an un-
tapped source of plastic-degrading 
enzymes.  
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A B S T R A C T   

Plastic is exceedingly abundant in soils, but little is known about its ecological consequences for soil microbiome 
functioning. Here we report the impacts of polyethylene and biodegradable Ecovio and BI-OPL plastic films 
buried in alpine soils for 5 months on the genetic potential of the soil microbiome using shotgun metagenomics. 
The microbiome was more affected by Ecovio and BI-OPL than by polyethylene. Fungi, α- and β-Proteobacteria 
dominated on the biodegradable films. Ecovio and BI-OPL showed signs of degradation after the incubation, 
whereas polyethylene did not. Genes involved in cellular processes and signaling (intracellular trafficking, 
secretion, vesicular transport), as well as metabolism (carbohydrate, lipid and secondary metabolism), were 
enriched in the plastisphere. Several α/β-hydrolase gene families (cutinase_like, polyesterase-lipase-cutinase, 
carboxylesterase), which encode enzymes essential to plastic degradation, and carbohydrate-active genes 
involved in lignin and murein degradation increased on Ecovio and BI-OPL films. Enriched nitrogen fixation and 
organic N degradation and synthesis genes and decreased nitrification genes on Ecovio altered the biogeo-
chemical cycling, leading to higher ammonium concentrations and depletion of nitrite and nitrate in the soil. Our 
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results indicate that plastics affect the alpine soil microbiome and its functions and suggest that the plastisphere 
has an untapped microbial potential for plastic biodegradation.   

1. Introduction 

Plastic pollution is one of the most pressing global environmental 
issues. Geyer et al. estimated that 6.3 billion metric tons of plastic waste 
had been produced by 2015, 79% of which had ended up in landfills or 
in the natural environment (Geyer et al., 2017). The sources, transport 
routes and fates of plastic litter are manifold, and plastic pollution poses 
a global threat affecting both aquatic and terrestrial ecosystems (Schell 
et al., 2020). While the disastrous pollution of the oceans has received 
considerable attention, terrestrial environments are comparatively 
understudied but equally susceptible to plastic pollution (Horton et al., 
2017; Hurley and Nizzetto, 2018; Li et al., 2021). Plastics – in the form of 
microplastics – reach even the most remote areas (Allen et al., 2019; 
Brahney et al., 2021), such as alpine glaciers and Arctic snow (Ambro-
sini et al., 2019; Bergmann et al., 2019). Whereas most conventional 
plastics stay in the environment for long periods, biodegradable plastics 
may help alleviate this issue. Degradability is determined by the 
intrinsic properties of the plastic, but it is additionally strongly influ-
enced by abiotic parameters, including temperature, moisture and 
UV-radiation, and by biotic factors, such as the enzymes produced by the 
microorganisms colonizing the plastic surface (Ahmed et al., 2018; Day 
et al., 1997; Wilkes and Aristilde, 2017). Most research about plastic 
pollution in terrestrial ecosystems has been focused on conventional 
plastics in agricultural soils and municipal waste dumps. For most 
terrestrial environments, therefore, it remains unknown how fast 
biodegradable plastics are decomposed and what risks they might 
introduce to ecosystems. As far as we know, there are no studies about 
the durability of plastics in permanently cold soils, such as those in 
alpine and polar environments. However, considering that low tem-
peratures are unfavorable for plastic biodegradation (Haider et al., 
2019), plastic pollution in such cold environments will likely increase. 

The plastisphere was originally defined as a habitat on marine plastic 
debris hosting a microbial community different from the surrounding 
sea water (Zettler et al., 2013). Altered biogeochemical cycling (Luo 
et al., 2022; Sun et al., 2022) as well as increased spread of antibiotic 
resistance, pathogenic microorganisms and pollutants (Amaral-Zettler 
et al., 2020; Wang et al., 2022; Zhu et al., 2021) are some of the potential 
consequences of this newly emerged anthropogenic habitat. In addition, 
the plastisphere was suggested to host plastic-degrading microbial 
strains (Joshi et al., 2022). In a recent study, we observed that biode-
gradable plastics, in contrast to polyethylene (PE), in alpine and Arctic 
soils are inhabited by a consortium of microorganisms distinct from the 
native soil microbial community (Rüthi et al., 2020). While the taxo-
nomic composition of the plastisphere has been extensively studied 
(Amaral-Zettler et al., 2020; Rüthi et al., 2020; Wright et al., 2020), its 
effects on the gene repertoire of the plastisphere microbiome have rarely 
been addressed. Such studies may provide information about novel 
genes coding for potential plastic-degrading enzymes, changes in mi-
crobial metabolic and cellular functions, and potential consequences for 
biogeochemical cycling in soils contaminated by plastic films. Through 
their function as a carbon (C) source, plastics have been shown to change 
nitrogen (N) cycling, for example by increasing the abundance of nifH 
genes (Tanunchai et al., 2022). A previous study based on the functional 
prediction of 16 S rRNA gene sequencing data using the bioinformatics 
software package PICRUSt showed that genes involved in amino acid 
and xenobiotic metabolism were more abundant on low-density PE films 
buried in the soil than in the surrounding agricultural soil (Huang et al., 
2019). Another study applying PICRUSt showed an enrichment of genes 
related to amino acid, xenobiotic, cofactor and vitamin metabolism, as 
well as pathways related to human diseases, in the plastisphere of mulch 
films (plastic type not specified; Luo et al., 2022). PICRUSt analysis has 

some major drawbacks, however, because it estimates gene contents 
based on phylogeny, which can be inaccurate for taxa without any 
sequenced representatives, as demonstrated for soils (Sun et al., 2020; 
Toole et al., 2021). In contrast, shotgun metagenomics yields direct 
functional information and represents a valuable resource for biotech-
nological applications, such as discovering novel plastic-degrading en-
zymes from uncultivated microorganisms (Popovic et al., 2017; 
Robinson et al., 2021; Viljakainen and Hug, 2021; B. Zhu et al., 2022). 
Extracellular hydrolytic enzymes, including esterases, cutinases, lipases 
and proteases, and oxidative enzymes, such as monooxygenases, per-
oxidases and alkane hydroxylases, are promising candidates for plastic 
degradation (Vaksmaa et al., 2021). Using shotgun metagenomics, Sun 
et al. reported substantial changes in the gene pools linked to biogeo-
chemical cycles and cellular activities, such as carbohydrate and amino 
acid transport, after the amendment of biodegradable polylactic acid 
(PLA) and polybutylene succinate plastics to agricultural soils (Sun 
et al., 2022). These authors reported that changes in the genetic po-
tential of the plastisphere microbiome were larger for biodegradable 
than for conventional plastics like PE. However, reports about the 
plastisphere metagenome in cold terrestrial environments are scarce and 
its functional genetic potential is still largely unknown. 

In this soil mesocosm study, we buried three types of plastic films in 
alpine soils for 5 months and analyzed the microbial genetic potential of 
bulk soil and plastisphere metagenomes. We used conventional, non- 
biodegradable low-density PE and two biodegradable plastics, Ecovio 
and BI-OPL, which are blends made of polybutylene adipate tere-
phthalate (PBAT) and PLA. PE makes up the largest fraction of all 
plastics used worldwide (Danso et al., 2019). PLA and PBAT are 
becoming more and more important in packaging and as agricultural 
films (European Bioplastics, 2021). Our main questions were: (1) What 
is the functional genetic potential of the plastisphere microbiome and 
does it differ among the plastic types and from the bulk soil not affected 
by the plastic films? (2) Which genes coding for potential 
plastic-degrading enzymes are found in the plastisphere and are these 
genes influenced by plastic type? (3) Which genes of C- and N-trans-
forming processes are differently abundant in the plastisphere and do 
these changes affect biogeochemical cycling in the plastisphere and the 
nearby soil? We hypothesized that the plastisphere of biodegradable 
plastics, compared to bulk soil, contains a greater abundance of genes 
encoding enzymes typically involved in plastic degradation, including 
esterases, lipases, proteases, cutinases and oxygenases, as well as genes 
involved in biofilm formation and secretion of hydrolytic enzymes. We 
also hypothesized that the addition of biodegradable plastics would 
change the abundance of N-cycling genes, such as those related to N2 
fixation, due to an altered C:N ratio in the soil, and C-cycling genes 
related to recalcitrance, i.e. oxidative enzymes such as monooxygenases 
and peroxidases. For PE, we suspected that there would be only minor 
differences in the microbial genetic potential of the plastisphere 
compared with the bulk soil, as the selective pressure from the 
non-biodegradable plastic was expected to be small. 

2. Materials and methods 

2.1. Soil and plastic films 

The soil for this study was collected from a depth of 0–10 cm on the 
northwestern flank of ‘Muot da Barba Peider’ in the eastern Swiss Alps at 
2979 m a.s.l. (Frey et al., 2016). The coordinates, soil characteristics and 
climatic conditions were reported by Frey et al. (Frey et al., 2016) and 
Perez-Mon et al. (Perez-Mon et al., 2021) and are given in Table S1. We 
sampled three independent locations (>2 m distance) within a 10 m x 
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10 m area representing the same soil type. Soils were transported in cold 
boxes to the laboratory and stored in closed, puncture-proof, sterile 
plastic bags (Whirl-Pak®, Madison, WI, USA) at 4 ◦C in the dark until the 
start of the incubation experiment. All three types of plastic used in the 
experiment were commercial products. The first specimen was a com-
postable plastic bag made of Ecovio®, a plastic blend made of PBAT and 
PLA (BASF, Ludwigshafen, Germany). The second specimen was a 
biodegradable agricultural mulch foil made of PBAT and PLA (Oerle-
mansplastic, Genderen, Netherlands). The third specimen was a com-
mon non-biodegradable waste bag made of low-density polyethylene 
(PE) (TopPac, Schwarzenbach, Switzerland). The plastics were surface 
sterilized in 70% ethanol prior to incubation, and the absence of living 
indigenous microorganisms was confirmed by plating 4 × 4 cm pieces of 
plastic on R2A (Carl Roth GmbH + Co., Karlsruhe, Germany) and LB 
(Merck KGaA, Darmstadt, Germany) agar plates. 

2.2. Experimental set-up 

Each of the three soil samples collected in the field (see 2.1 Soil and 
plastic films) was homogenized and then divided into 4 subsamples. For 
each treatment three replicates were prepared. Each replicate contained 
one of the subsamples from each sampling location, resulting in a total of 
12 mesocosms. The treatments comprised soil with one of the three 
plastic types added (Ecovio, BI-OPL or PE) and a bulk soil control with 
no added plastic. Four pieces of plastic film (6 ×6 cm) per mesocosm 
sample were buried in approximately 180 g of soil in 375 ml acrylic glass 
pots. The pots were covered with lids containing a central opening 
covered with a sterile gauze pad to permit gas exchange while pre-
venting contamination. The moisture content of the soil was monitored 
gravimetrically and adjusted once a week by adding sterile dH2O. The 
samples were incubated for 5 months at 15 ◦C in the dark. The incu-
bation temperature represented a temperature that is frequently reached 
in the topsoil of the study site during the snow-free season (Adamczyk 
et al., 2021). Prolonged incubation at 15 ◦C, which represents a tem-
perature higher than the annual mean, was shown to have no significant 
impact on the microbiome composition in the soil of the studied area 
(Donhauser et al., 2020, 2021; Luláková et al., 2019). 

2.3. Sampling 

At the end of the incubation experiment, samples were processed for 
biological and physical analysis. To remove foreign DNA and prevent 
microbial contamination, working bench surfaces and non-autoclavable 
materials were cleaned with sterile Milli-Q water and 70% ethanol prior 
to the DNA extractions. Negative controls for the DNA extractions 
(extraction buffer without soil) were included. For the plastisphere 
samples, small soil particles adherent to the plastic films were manually 
scraped off and transferred into the DNA extraction tubes. In addition, 
four parts of the plastic film (1 ×2 mm) were cut off and added to the 
extraction tube. To concentrate the DNA, four separate extractions were 
done and pooled on a single DNA extraction column for each sample. 
Approximately 650 mg fresh weight consisting of soil particles and 
plastic films was used for one DNA extraction. Samples were frozen at −
20 ◦C until DNA extraction was performed. The remaining material from 
each plastic film was rinsed with sterile dH2O to provide a clean surface, 
sterilized in 70% ethanol, rinsed again with dH2O, and dried at 35 ◦C for 
4 days prior to microscopy, FTIR analysis and tensile testing. The 
remaining soil was stored at − 20 ◦C for the determination of soil 
chemical properties. 

2.4. DNA extraction and shotgun sequencing 

DNA was extracted with the DNeasy PowerSoil Pro kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s protocol and quan-
tified using the Qubit™ high-sensitivity assay for double-stranded DNA 
(Thermo Fisher Scientific, Waltham, MA, United States). TruSeq® 

library preparation and Illumina NextSeq v2.5 (2 ×150 bp) shotgun 
sequencing were performed by Microsynth AG (Balgach, Switzerland). 
Sequence data was uploaded to the NCBI Sequence Read Archive under 
BioProject PRJNA787583. 

2.5. Metagenome assembly and functional annotation 

A customized pipeline was applied to carry out pre-processing of raw 
reads, assembly of pre-processed reads into contigs, and annotation of 
contigs for functionality and taxonomy (Frey et al., 2022). In short, the 
quality of raw reads was checked using FastQC v0.11.8 (Andrews, 
2018), followed by quality filtering, read trimming, and removal of 
Illumina adapters using Trimmomatic v0.36 (Bolger et al., 2014), which 
resulted in pre-processed reads. Assembly of pre-processed reads into 
contigs (>200 bp) was done by iteratively building de Bruijn graphs 
using k-mers of increasing size with MEGAHIT v1.2.9 (-k-min 27 -k-step 
10) (Li et al., 2015). MetaGeneMark v3.38 was used to predict 
protein-coding genes in the contigs (Zhu et al., 2010). Predicted genes 
were annotated to the eggNOG (Huerta-Cepas et al., 2016), CAZy 
(Cantarel et al., 2009), NCyc (Tu et al., 2019) and ESTHER (Lenfant 
et al., 2013) databases. eggNOG, which classifies genes to orthologous 
groups (OGs) of proteins and assigns OGs to general functional cate-
gories, was used to evaluate the influence of the plastics on general 
metabolic and cellular functions. The annotation to the eggNOG v4.5 
database was carried out by employing the eggnog-mapper v1.0.3 
operating with the DIAMOND search mode against all protein sequences 
(Huerta-Cepas et al., 2017). The ESTHER database was utilized to 
analyze the composition of α/β-hydrolase fold superfamily genes in the 
different metagenomes. The annotation of genes to the ESTHER data-
base (downloaded on 07.07.2021; Lenfant et al., 2013) was done with 
SWORD v1.0.4 (-v 10− 6) (Anwar et al., 2019). C- and N-cycling genes 
were annotated with the CAZy and NCyc databases to reveal the mi-
crobial genetic potential related to C and N cycles. The annotation of the 
predicted genes to CAZy (downloaded on 20.07.2017) and NCyc 
(curated sequences clustered at 100% sequence identity) databases was 
done with SWORD v1.0.3 (-v 10− 6) (Anwar et al., 2019). In addition to 
the categorization by enzyme classes implemented in CAZy, a manual 
categorization of CAZy genes into different C substrates was performed 
as previously outlined (Frey et al., 2022; Perez-Mon et al., 2021). 

2.6. Abundance quantification of protein-coding genes 

The BWA aligner 0.7.15 (bwa-mem; Li, 2013) was used to map 
pre-processed read pairs to assembled contigs. The gene abundances 
were obtained by counting the reads that mapped to the predicted 
protein-coding genes using the ‘featureCounts’ function from the pack-
age Subread v2.0.1 (-minOverlap 10, Q = 10, -primary; Liao et al., 
2014). Counts of predicted genes were normalized to reads per kilobase 
(RPK). 

2.7. Taxonomic classification / Kaiju 

Predicted protein-coding genes annotated to the functional data-
bases (e.g. eggNOG) were assigned taxonomically using Kaiju 1.7.4 
(Menzel et al., 2016) with the precompiled NCBI BLAST nr + euk 
database (version 2021–02–24) and default settings. The helper pro-
gram kaiju-addTaxonNames was utilized to convert NCBI taxon IDs to 
taxonomy. Additionally, the CheckM v1.1.2 (Parks et al., 2015) function 
-ssu_finder was used to identify 16 S and 18 S rDNA sequences from the 
contigs. These sequences were assigned to the SILVA taxonomy database 
(release 138; Quast et al., 2013) using SINA v1.2.12 (Pruesse et al., 
2012). To estimate the abundance of the 16 S and 18 S rDNA genes the 
corresponding read counts per contig were normalized to the contig 
length in kbp. 
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2.8. Soil chemical properties 

A total of 20 g of homogenized soil from each mesocosm was mixed 
with 80 ml Milli-Q water and incubated on a rotary shaker at room 
temperature for 22 h. The water extracts were filtered through quanti-
tative ashless filter papers (Hahnemühle type 589/5, Hahnemühle 
FineArt GmbH, Dassel, Germany). The pH of the water extracts was 
measured with a glass electrode connected to a pH meter (FEP20- 
FiveEasy Plus, Mettler-Toledo GmbH, Greifensee, Switzerland). In 
addition, the filtrates were used for the quantification of dissolved 
organic carbon (DOC) and nitrogen (DON), ammonium (NH4

+), nitrite 
(NO2

- ) and nitrate (NO3
- ). DOC and DON concentrations were measured 

with a TOC/DTN analyzer (Sakalar Analytical B.V, Breda, Netherlands) 
after acid digestion in 3 M HCl to remove carbonates. The ammonium 
concentration was measured using a FIAS 300 flow injection system 
(Perkin-Elmer, Waltham, MA, United States). Nitrate and nitrite con-
centrations were measured with a Dionex ICS-3000 ion chromatography 
system (Thermo Fisher Scientific, Waltham, MA, United States). 

2.9. Light microscopy 

Washed plastic pieces were analyzed with a VHX-500 f digital mi-
croscope (Keyence International, Mechelen, Belgium). Images were ac-
quired with 20 × , 50 × , 100 × and 200 × magnification. 

2.10. Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) was performed with 
a Tensor 27 spectrometer (Bruker, Billerica, MA, United States). A dia-
mond Attenuated Total Reflectance (ATR) crystal plate was used to 
obtain spectra. For each sample, 32 scans were recorded with wave-
lengths in the range of 4000–650 cm− 1. The scans were recorded with a 
spectral resolution of 4 cm− 1, and the resulting spectra were averaged. 
Three measurements per replicate were performed. Carbonyl indices 
(CIs) were used to evaluate the degradation of plastics using semi- 
quantitative data. Data was corrected (baseline correction), and the 
indices were calculated with the OPUS software (Winterthur, 
Switzerland) using the height of the peaks (K algorithm). With this 
technique it is possible to calculate the ratio between C––O and C–H 
chemical bonds (AC–

–O/AC–H). Depending on the plastic type, different 
wavelengths were chosen for the CI calculations (CI729 = A1713/A729, 
CI1456 = A1713/A1456 for Ecovio and CI729 = A1713/A729, CI1018 = A1713/ 
A1018 for BI-OPL; Souza et al., 2019). No CI calculations were possible 
for PE because no C––O bonds were detected in the incubated samples. 

2.11. Tensile testing 

The dog bone tensile samples of type S3A from DIN 53 504 were 
stamped on the incubated and non-incubated (control) plastic film 
samples. The nominal sample length was 50 mm with a central parallel 
part of 4 × 15 mm. The tensile tests were performed on a Zwick-Roell 
(Ulm, Germany) universal testing machine Z010 under testXpert II 
software for control and analysis. The tests were run according to 
standard DIN EN ISO 527 with a pre-load of 0.1 N and a test speed of 50 
mm min− 1, using a 20 N load cell and a mechanical extensometer with 
special contact surfaces made of rubber to prevent sample damage. The 
elastic modulus was determined by regression between 0.05% and 
0.25% elongation. The maximum stress (σFmax) and strain at the 
maximum force Fmax (εFmax) of the samples were taken into consider-
ation to evaluate the extent of biodegradation. 

2.12. Statistical analyses 

All statistical analyses were performed using R v3.6.2 (R Develop-
ment Core Team, 2019), plots were generated with the R packages 
tidyverse (Wickham et al., 2019) and ggpubr (Kassambara, 2020), and 

statistical tests were considered significant at P < 0.05 unless indicated 
otherwise. Homogeneity of variances was tested using the function 
‘LeveneTest’ in R. 

Differences in the CIs were assessed using pairwise t-tests with the R 
function ‘t.test’ with var.equal = TRUE. Differences in the tensile 
properties (εFmax and σFmax) were tested using Welch’s t-tests using the R 
function ‘t.test’ with var.equal = FALSE. 

The richness and Shannon diversity of predicted genes and genes 
annotated to all utilized databases were calculated for data normalized 
to reads per kilobase (RPK), and differences were determined by Welch’s 
ANOVA and Games-Howell post hoc tests using the ‘games_howell_test’ 
function in R (package rstatix; Kassambara, 2021). To visualize differ-
ences in functional gene structures (i.e. β-diversity) between samples, 
multidimensional scaling (MDS) ordinations were built based on 
Bray-Curtis dissimilarities of square-root-transformed RPK-normalized 
gene matrices (R function ‘cmdscale’). In addition to the predicted genes 
dataset and all used databases, MDS was also performed for the eggNOG 
database filtered for genes assigned to orthologous groups (OGs) 
inherited from the cluster of orthologous groups (COG) database 
(Tatusov et al., 1997). The statistical significance of differences in 
β-diversity was determined using permutational ANOVA (PERMA-
NOVA) and pairwise PERMANOVA in PRIMER v7 (Clarke and Gorley, 
2006) based on 105 permutations (Hartmann et al., 2017). For the 
pairwise tests, the Monte Carlo approximated level of significance (P 
(MC)) was determined. 

Relative abundances of NCyc functional types, ESTHER families, 
CAZy classes and substrate categories, as well as taxa, were obtained 
from RPK normalized read data. Differences in the relative abundance of 
taxa were tested using ANOVA and Dunnett’s test for the comparison of 
multiple treatments (plastics) to a control group (bulk soil), with the R 
function ‘DunnettTest’ in the package DescTools (Signorell, 2021). Dif-
ferences between the relative abundance of CAZy classes and substrate 
categories, as well as NCyc functional types and ESTHER families, were 
assessed using Welch’s ANOVA and Games-Howell post hoc tests with 
the ‘games_howell_test’ function in R (package rstatix; Kassambara, 
2021). 

Pairwise DESeq2 (Love et al., 2014) analyses were used to determine 
which eggNOG OGs and which ESTHER, CAZy and N-cycle genes were 
differentially abundant between plastic samples and bulk soil. Feature 
count matrices were not normalized by the DESeq default 
median-of-ratio normalization method. This method only considers 
features present in all samples, and we observed that the fraction of 
counts assigned to the metagenome-assembly-predicted genes present in 
all samples was largely different between samples from different sources 
(e.g. Ecovio: ~34% of counts; bulk soil 47% of counts). Instead, we 
normalized the matrices for sequencing depth using size factors calcu-
lated by dividing the total count of assembly-predicted genes per sample 
by the geometric mean of the total counts from all 12 samples. Features 
were considered significantly different (Wald test) between plastisphere 
and bulk soil samples if the false discovery rate (adjusted P) was < 0.01. 
For the eggNOG analysis, only genes with a unique category assignment 
were considered for the analysis. For the DESeq2 analysis of potential 
plastic-degrading ESTHER genes, we assigned the ESTHER IDs to 
manually modified ESTHER categories (according to Supplementary 
Data 1). 

3. Results 

3.1. Biodegradable plastics are partially degraded after 5 months 

Light microscopy showed holes and cracks in buried Ecovio and BI- 
OPL films, clear features of degradation (Fig. S1–S3). In addition, 
stains in various colors (Fig. S1C) and traces of colonization (mycelium 
and spores; Fig. S2F; S3H–I) were visible on the Ecovio films. All these 
features were lacking on control plastic pieces that were not buried in 
soil and on PE samples (Fig. S1–S3). 
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FTIR spectra of the Ecovio films also revealed partial degradation of 
the buried films. Both carbonyl indices calculated for Ecovio (CI1456 & 
CI729) were significantly lower in the incubated Ecovio compared with 
the control samples (Table 1). In contrast, for the CIs calculated for BI- 
OPL (CI729 & CI1018), no significant difference was detected between 
buried and control films. No carbonyl groups were detected for PE 
samples, so calculation of a CI for PE was not possible. 

Moreover, tensile strength was used to evaluate the extent of plastic 
degradation. Both maximum stress (σFmax) and strain at the maximum 
force (εFmax) were significantly affected by incubation in the soil for all 
three tested plastics (Table 1). The reduction of both material properties 
was most pronounced in Ecovio, followed by BI-OPL. While εFmax was 
slightly lowered for the buried PE compared with the control, we 
detected a small increase in σFmax. 

3.2. Overall metagenome sequencing results 

After quality filtering of the metagenomes of 12 samples (bulk soil, 
Ecovio, BI-OPL and PE), we obtained 843 017 864 high-quality reads (70 
251 489 ± 12 973 297 per sample) with a total assembly size of 10 666 
471 528 bp (Table S2). The megahit assembly of reads into contigs 
produced a total of 12 697 393 contigs of 840 bp on average, ranging 
from 200 to 875 083 bp with an N50 value of 1 055 bp (Table S2). From 
the assembled contigs, in total 20 066 137 protein-coding genes were 
predicted, 49.7% of which were assigned to eggNOG, 1.0% to CAZy, 
0.16% to NCyc and 1.1% to ESTHER databases. On average, 90.7% of 
the high-quality reads aligned to the assembly, with Ecovio yielding the 
highest (93.4 ± 0.6%) and PE the lowest (89.1 ± 0.1%) fraction. 

3.3. Functional gene diversity and structure are affected by biodegradable 
plastics 

The richness of predicted genes was less by a fourth on Ecovio 
compared with in the bulk soil, and the Shannon index was significantly 
lower on the Ecovio compared with all other samples ( Fig. 1A–B; 
Table S3). The richness and Shannon index of BI-OPL, PE and bulk soil 
were not significantly different from each other. For the functional genes 
annotated to the different databases, we observed a reduced richness 
and Shannon index in the plastisphere of BI-OPL compared with the bulk 
soil (Fig. S4; Table S3). 

Ordination (MDS analysis) of predicted genes featured distinct 
clusters for the Ecovio and BI-OPL metagenomes, whereas PE and bulk 
soil samples clustered together (Fig. 1C). Differences in gene structure 
between the plastic and soil samples were also evident for the genes 
annotated to the used databases (Fig. S5). PERMANOVA indicated that 
the differences for the genes annotated to all databases were highly 
significant (Table 2A). Pairwise comparisons revealed that the gene 
structure of Ecovio films was significantly different from the other 
plastic types and the bulk soil. Furthermore, the gene structure on BI- 

OPL was significantly different from the one in bulk soil (for all data-
bases) and from the PE samples in all databases except for CAZy 
(Table 2B). 

3.4. Fungi and Proteobacteria thrive in the plastisphere of Ecovio and BI- 
OPL 

An increase in the relative abundance of Ascomycota and Proteo-
bacteria on Ecovio, and to a lesser degree on BI-OPL, was the most 
apparent difference in the microbial community structure compared 
with in the bulk soil (Fig. 2). The greater Ascomycota abundance was 
mostly attributed to an accumulation of the classes Leotiomycetes and 
Sordariomycetes. Within Proteobacteria, the orders Rhizobiales 
(α-Proteobacteria) and Burkholderiales (β-Proteobacteria) were 
enriched on the Ecovio and BI-OPL films compared with in the bulk soil 
(Fig. 2, Table S4). Compared with in the bulk soil, Actinobacteria, 
Acidobacteria, Chloroflexi, Gemmatimonadates and Verrucomicrobia 
were less abundant on Ecovio films, and the latter four were decreased 
on BI-OPL films as well. Within these phyla the impact of the plastic type 
was not always unidirectional. For the Actinobacteria, the class of 
Thermoleophilia and some orders (e.g. Gaiellales, Solirubrobacterales 
and Frankiales) were much less abundant on Ecovio films, while other 
orders (e.g. Micrococcales and Streptomycetales) were more abundant 
on Ecovio films compared with in the bulk soil (Table S4). 

3.5. Cellular and metabolic functions differ between the plastisphere and 
bulk soil 

DESeq2 analysis with genes annotated to the eggNOG database 
revealed that the largest number of significantly different genes was 
detected with Ecovio (pairwise comparison of Ecovio vs. bulk soil: 10 
537 up / 6 532 down), followed by BI-OPL (pairwise comparison of BI- 
OPL vs. bulk soil: 5 939 up / 612 down) and PE (pairwise comparison of 
PE vs. bulk soil: 157 up / 4 down) (Table S5). Most functional categories 
annotated with eggNOG were overrepresented in the plastisphere 
compared with in the bulk soil of both biodegradable plastics 
(Fig. 3B–C). For PE, on the other hand, fewer gene categories had a 
significantly positive log2-fold change, and the vast majority of genes 
found to be significant within each category were more abundant on PE 
(Fig. 3A). The strongest increase in functional categories on Ecovio and 
BI-OPL films compared with in the bulk soil was found within cellular 
processes and signaling (categories: nuclear structure, cytoskeleton, and 
intracellular trafficking, secretion & vesicular transport), information 
storage and processing (categories: chromatin structure & dynamics and 
RNA processing & modification) and metabolism (categories: secondary 
metabolite biosynthesis, transport & catabolism, lipid transport & 
metabolism, and carbohydrate transport & metabolism). Only genes 
involved in defense mechanisms were on average slightly less abundant 
on Ecovio compared with in the bulk soil. For PE, the categories with the 

Table 1 
FTIR analysis and tensile characteristics of buried and control plastic films.  

Sample CI1456 CI729 CI1018 εFmax [%] σFmax [MPa] 

PE buried NA NA NA 520.78 ± 21.05 49.05 ± 2.60 
control NA NA NA 561.68 ± 18.78 44.93 ± 2.65 
P NA NA NA 5.4 * 10¡3 2.2 * 10¡2 

BI-OPL buried NA 1.23 ± 0.12 1.63 ± 0.15 15.95 ± 12.20 12.98 ± 1.11 
control NA 1.19 ± 0.05 1.63 ± 0.07 195.68 ± 20.17 21.70 ± 1.09 
P NA 0.48 0.97 5.0 * 10¡8 8.1 * 10¡8 

Ecovio buried 6.59 ± 0.63 1.16 ± 0.17 NA 6.57 ± 4.71 6.81 ± 2.58 
control 7.21 ± 0.26 1.41 ± 0.05 NA 281.33 ± 88.31 13.05 ± 1.16 
P 1.5 * 10¡2 5.4 * 10¡4 NA 6.1 * 10¡4 1.0 * 10¡3 

Effects of burying the plastic films in soil on different carbonyl indices (CI) were determined by pairwise t-tests. Differences between buried and control plastic films in 
the tensile properties strain at break point (εFmax) and maximum stress (σFmax) were determined using a Welch test. Mean ± standard deviation is given for the CI of 
buried (n = 3) and control (n = 5) plastic films, as well as for tensile properties (n = 6). Significant P-values (P < 0.05) are indicated in bold. PE = polyethylene; NA =
not applicable. 
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highest log2-fold change were intracellular trafficking, secretion & ve-
sicular transport, posttranslational modification, protein turnover & 
chaperones, and amino acid transport & metabolism. 

3.6. Biodegradable plastics affect abundances of α/β-hydrolases 

Most differences in the relative abundance of α/β-hydrolase fold 
families were found between Ecovio and the other groups, followed by 
BI-OPL (Table S6). The relative abundances of the α/β-hydrolase fam-
ilies abh_upf00227, abhydrolase_5, Arb2, bacterial esterase, carbox-
ylesterase, hydrolase_RBBP9_YdeN, cutinase_like, hormone_sensitive_ 
lipase_like and PAF_acetylhydro-like (including the subfamily 
polyesterase-lipase-cutinase) were much higher in the plastisphere of 
Ecovio compared with in the bulk soil and PE (Table 3). The latter two 
families were additionally greater on BI-OPL compared with in the bulk 
soil (Table 3). Furthermore, a domain of unknown function (DUF2235) 
was significantly more abundant on Ecovio and BI-OPL compared with 
in the bulk soil and PE. The α/β-hydrolase genes most enriched (>500 
fold) in the plastisphere of Ecovio encoded lipases (e.g. RSC3312, 
q4bp99), a cutinase (a1t4l7), abhydrolase_6 family genes (e.g. c5ag69, 
a2whp1), peptidases (e.g. q2w9s4) and a polyaspartate-hydrolase 
(d7cds1) (Fig. 4). On the BI-OPL films, we found considerable 

enrichment (>250 fold) of a gene coding for a polyhydroxyalkanoate 
synthase (q2sl80). In addition, some genes encoding lipases 
(a0a0a1tgm1, I1RFN8) and a peptidase (q63mj7) were greatly enriched 
(>250 fold) in the plastisphere of both Ecovio and BI-OPL. Significantly 
different relative abundances of α/β-hydrolase families on PE compared 
with in the bulk soil were only found for MpaH (increased) and pepti-
dase_s9 (decreased). 

3.7. Biodegradable plastics alter genes involved in C- and N-cycling 

Glycosyl transferases and Glycosyl hydrolases were the most domi-
nant CAZy classes with neglible differences between the plastics and 
bulk soil (Table S7). Genes related to lignin and murein degradation, as 
well as genes involved in multiple pathways, had a higher relative 
abundance on Ecovio films compared with on BI-OPL and PE films and 
in the bulk soil (Table 4A). Furthermore, the relative abundance of the 
former two categories was significantly higher on BI-OPL compared with 
on PE and in the bulk soil. Genes responsible for starch metabolism were 
underrepresented on Ecovio films compared with on PE and in bulk soil. 
DESeq2 analysis revealed that gene families involved in lignin degra-
dation (AA1, AA3, AA5), murein degradation (GH24, GH104, GH108) 
and multiple pathways (GH131, GH43 and CE5) were overrepresented 

Fig. 1. Functional gene diversity and structure in plastisphere and bulk soil samples. (A): Richness of predicted genes (mean ± standard deviation; n = 3). (B): 
Shannon diversity of predicted genes (mean ± standard deviation; n = 3). Asterisks indicate the level of significance, with * ** P < 0.001, * * P < 0.01 and 
* P < 0.05. (C): Functional gene structure of plastisphere and bulk soil samples visualized by multidimensional scaling ordination (MDS). GOF = goodness of fit; PE 
= polyethylene. 

Table 2 
Differences in the functional gene structures between the plastisphere and bulk soil of genes annotated to the different databases.  

A) Main test 

Database Pseudo F P       

eggNOG (COGs) 29.62 < 0.00001       
ESTHER 7.70 0.0001       
CAZy 5.97 0.0002       
NCyc 6.00 0.0002       
B) Pairwise tests  

eggNOG (COGs) ESTHER CAZy NCyc 
Comparison t P (MC) t P (MC) t P (MC) t P (MC) 
Bulk soil vs. PE 1.21 0.2523 1.16 0.2833 1.17 0.2798 1.13 0.3154 
Bulk soil vs. BI-OPL 3.15 0.0073 2.00 0.0297 1.64 0.0486 1.67 0.0397 
Bulk soil vs. Ecovio 7.49 0.0004 3.73 0.0035 3.25 0.0051 3.35 0.0046 
PE vs. BI-OPL 3.35 0.0065 1.92 0.0356 1.50 0.1004 1.60 0.0437 
PE vs. Ecovio 7.89 0.0003 3.78 0.0029 3.20 0.0056 3.30 0.0046 
BI-OPL vs. Ecovio 4.65 0.0018 2.61 0.0112 2.61 0.0111 2.51 0.0133 

(A) Pseudo F-values and P-values (P < 0.05 in bold) for the differences between plastisphere and bulk soil samples regarding functional gene structure were assessed by 
permutational analysis of variance (PERMANOVA) in the main test. (B) Pairwise PERMANOVA tests were performed for pairs of plastisphere samples of each plastic 
type and bulk soil, and the Monte Carlo approximated level of significance (P(MC)) was determined. Statistical tests were performed for CAZy, NCyc and ESTHER. In 
addition, the analysis was done for a subset of eggNOG genes with a unique COG assignment because the large file size of the predicted genes dataset and the complete 
eggNOG dataset did not allow PERMANOVA analysis. PE = polyethylene. 
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on Ecovio films compared with in bulk soil (Fig. S6A). On the BI-OPL 
films, mostly the same gene families were increased compared with 
bulk soil (Fig. S6B). 

For the N-cycling processes, we found an increase in the relative 
abundance of genes involved in nitrogen fixation, as well as in organic 
degradation and synthesis, on Ecovio films compared with all other 
samples (Table 4B). Genes related to nitrification were less abundant on 
Ecovio compared with on PE and BI-OPL and in the bulk soil, whereas 
anammox genes were significantly less abundant on Ecovio compared 
with in the bulk soil. DESeq2 analysis revealed considerable increases in 
nifK (nitrogen fixation), ansB, ureA-C and gdh_K00262 (organic degra-
dation and synthesis) on Ecovio films compared with in bulk soil. 
Furthermore, we detected a significantly lower abundance of archaeal 
amoA, amoC (nitrification) and hzsA (anammox) on Ecovio compared to 
in bulk soil (Fig. S7). These prominent changes of N-cycling genes on the 
Ecovio films were accompanied by significant (P < 0.05) changes in the 
concentration of N compounds (DON, NH4

+, NO2
- and NO3

- but not DOC) 
in the soil (Fig. S8, Table S8). DON was reduced by approximately one- 
fourth in soil supplemented with Ecovio compared with soil without 
plastic addition. The NH4

+ concentration was increased 3.6-fold in soil 
influenced by Ecovio compared with plastic-free soil. In the Ecovio 
mesocosms the NO2

- and NO3
- concentrations were reduced by around 

half and one-third, respectively. On BI-OPL, genes related to organic 
degradation and synthesis, such as gdh_K00262, ansB, asnB and 
gs_K00284, showed the strongest increase compared with in bulk soil. 

4. Discussion 

4.1. Biodegradable plastics change the potential, composition and 
diversity of the microbial gene pool 

Generally, most microbial metabolic and cellular functions were 
increased on Ecovio and BI-OPL films relative to in the bulk soil. In 
accordance with our hypothesis, we found a strong increase in genes of 
the category intracellular trafficking, secretion & vesicular transport (e. 
g. secretion system and transporter genes) on the biodegradable plastics, 
implying enhanced secretion of extracellular enzymes and substrate 
transport. Exoenzymes are important for plastic degradation, as they 
break down polymers to provide smaller oligomers and monomers that 
can be taken up by the microbial cells (Vaksmaa et al., 2021). Further-
more, microorganisms secrete enzymes to break down soil organic 
matter to cover their demand for C and N (Séneca et al., 2021). Inter-
estingly, most cell motility genes were more abundant in the plasti-
sphere. There is evidence that bacteria within the orders Rhizobiales and 
Burkholderiales require flagellar genes, found in the cell motility cate-
gory, to form biofilms (Fujishige et al., 2006; Guttenplan and Kearns, 
2013; Rossi et al., 2018). Thus, these taxa may play an important role in 
the colonization of plastics by facilitating biofilm formation, which 
further supports our hypothesis that genes involved in biofilm formation 
are increased in the plastisphere of biodegradable plastics. Many 
changes to general cellular functions can be explained by the increase of 
fungi in the plastisphere. For example, the categories that were most 
enriched, i.e. chromatin structure & dynamics, RNA processing & 

Fig. 2. Relative abundance of the 10 most abundant phyla (A) and classes (B) in the plastisphere and bulk soil microbiomes. eggNOG genes (left panels) were 
assigned to taxa with Kaiju 1.7.4. 16 S/18 S rRNA genes (right panels) were assigned to the SILVA taxonomy database 138. β-Proteobacteria are not shown in the 
16 S/18 S rRNA genes because they are integrated into the γ-Proteobacteria in SILVA 138. PE = polyethylene. 
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modification, cytoskeleton and nuclear structure mainly comprise 
eukaryotic genes. 

Regarding the metabolic functions, secondary metabolite biosyn-
thesis, transport & catabolism, lipid transport & metabolism, and car-
bohydrate transport & metabolism were the categories that increased 
the most on the two biodegradable plastics relative to in bulk soil. In the 
category secondary metabolite biosynthesis, transport & catabolism, 
many genes coding for dehydrogenases and oxygenases were found 
among those that increased the most on Ecovio and BI-OPL films 
compared with in bulk soil (Supplementary Data 2+3). Both enzyme 
classes facilitate biodegradation of polymers by oxidation (Priya et al., 
2022). In addition, many cytochrome P450 genes were more abundant 
on all three plastics than in bulk soil. Secreted cytochrome P450 mon-
ooxygenases have previously been suggested to be involved in plastic 
degradation processes as well (Daly et al., 2021). In the category car-
bohydrate transport & metabolism, many transporters of the major 
facilitator superfamily (MFS) were strongly enriched on both biode-
gradable plastics. Proteins of this superfamily transport a large number 
of substrates, including L-lactate and other monocarboxylates, across 
the cell membrane (Bosshart et al., 2019). Their prevalence on the 

plastics could indicate that they play an important role in metabolite 
uptake (potentially plastic monomers) in the plastisphere microbiome. 
Elevated levels of genes coding for transporters have also been reported 
for soils contaminated with PLA and polybutylene succinate (Sun et al., 
2022). The category lipid transport & metabolism contained many genes 
coding for enzymes of the α/β-fold hydrolase superfamily that we 
analyzed in more detail using the ESTHER database. 

Our data demonstrate that biodegradable plastics induced funda-
mental shifts in the functional gene pool of the soil microbiome. Similar 
effects were found in a previous study carried out with soil from the 
same site, where the taxonomic diversity and composition was analyzed 
by amplicon sequencing (Rüthi et al., 2020). In the present study, 
α-diversity (richness and Shannon index) of functional genes in the 
plastisphere of Ecovio was reduced, whereas they were unchanged on 
BI-OPL and PE. MDS analysis showed clearly distinct metagenomes on 
Ecovio and BI-OPL compared with in the bulk soil and on PE. Further-
more, Ecovio and BI-OPL formed separated clusters, suggesting that they 
led to different changes in the microbial community. In contrast to our 
findings, Zhu et al. detected reduced α-diversity of the microbial com-
munity on PE in yellow brown soil collected from arable land (Zhu et al., 

Fig. 3. Differentially abundant eggNOG genes 
determined by DEseq2 analysis. Genes are 
grouped into eggNOG functional categories and 
bars indicate the mean log2-fold change 
( ± standard deviation) of each category. Black 
dots represent single genes. Only significant 
(P < 0.01) genes are shown. Positive log2-fold 
changes indicate a higher abundance in the 
plastisphere compared with the bulk soil. (A): 
PE vs. bulk soil; (B): BI-OPL vs. bulk soil; (C): 
Ecovio vs. bulk soil. PE = polyethylene. The 
complete DESeq2 analysis of all eggNOG genes 
is given in the Supplementary Data 2–4.   
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2021). Sun et al. reported no difference between agricultural soil sup-
plemented with PE and control soil, in line with our results, but an 
increased – rather than reduced – functional diversity in soils supple-
mented with PLA (Sun et al., 2022). Moreover, they showed that the 
taxonomic and functional gene composition of biodegradable PLA and 
polybutylene succinate were more distinct from the control soil than 
conventional PE and polystyrene (Sun et al., 2022). A comparison of 
these results suggests that the effect of plastics on the diversity and 
composition of microorganisms varies among soils and environments. 
This variability might be attributed to different levels of nutrients (e.g. 
nitrogen) (Tanunchai et al., 2022). 

4.2. Potential plastic-degrading α/β-hydrolase genes are increased in the 
plastisphere 

The α/β-fold hydrolase superfamily comprises many genes (i.e. li-
pases, cutinases, esterases) with the potential to degrade PLA and PBAT 
(Hajighasemi et al., 2018). Popovic et al. identified novel enzymes with 
polyester-degrading activity within the superfamily using a meta-
genomic approach (Popovic et al., 2017). In addition, the accumulation 
of specific groups (polyhydroxybutyrate depolymerases and esterases) 
of α/β-hydrolases in marine biofilms on biodegradable poly-
hydroxybutyrate was recently reported (Pinnell and Turner, 2019). In 
our experiment comparing the metagenomes of bulk soil and plastic 
surfaces buried in the soil, we found fundamental shifts in the compo-
sition of α/β-hydrolases, with strong increases in the gene family 
PAF-acetylhydro-like (including polyesterase-lipase-cutinase) on Ecovio 
and BI-OPL and in the cutinase_like family on Ecovio alone. Both of these 
families contain enzymes with PLA- and PBAT-degrading activity 
(Kleeberg et al., 2005; Maeda et al., 2005; Masaki et al., 2005; Perz et al., 
2016; Ribitsch et al., 2017; Thumarat et al., 2015). A so far uncharac-
terized cutinase (a1t4l7) was one of the genes that was most enriched in 
the plastisphere of Ecovio, making it a promising candidate for polyester 
degradation in alpine soils. abhydrolase_5, which is another gene family 

that was enriched on Ecovio, includes polyaspartate-hydrolases 
(d7cds1) and a closely related putative polyhydroxybutyrate depoly-
merase (Hiraishi, 2016). Therefore, abhydrolase_5 might represent 
another potential source of so far uncharacterized polyesterases in cold 
terrestrial environments. Other genes encoding potential 
plastic-degrading enzymes comprise lipases (e.g. a0a0a1tgm1, I1RFN8) 
and abhydrolase_6 family genes (e.g. c5ag69, a2whp1). Both families 
contain genes coding for polyester-plastic-degrading enzymes (Biundo 
et al., 2016; Hajighasemi et al., 2018). In addition, other families 
without reported plastic-degrading activity (abh_upf00227, Arb2, 
hydrolase_RBBP9_YdeN and DUF2235) were enriched in the BI-OPL 
plastisphere. These mainly consist of proteins with unknown func-
tions. Interestingly, we found a polyhydroxyalkanoate synthase among 
the most enriched genes in the plastisphere of BI-OPL. Poly-
hydroxyalkanoates are C storage compounds produced by bacteria when 
C is available in excess and other nutrients, like N, are limited (López 
et al., 2015). 

4.3. Biodegradable plastics affect the microbial genetic potential for C and 
N cycling 

Plastics are a potential source of C, but so far PE has no impact on the 
C and N cycles. In contrast, we hypothesized that the addition of 
biodegradable plastics would affect C- and N-cycling genes, in particular 
those linked to N2 fixation. Ecovio was the only plastic that induced 
shifts in categories of the N-cycle genes. Oligotrophic alpine soils like the 
one from Muot da Barba Peider are poor in C and N compared with 
agricultural soils. Biodegradable Ecovio may increase the C:N ratio and 
consequently promote N input by N2 fixation. The observed changes in 
the composition of N-cycling genes corroborate our hypothesis of 
exacerbated N limitation coupled to a C and energy excess due to Ecovio 
input. In the given situation, N2-fixing microorganisms gain a compet-
itive advantage because they overcome the elevated demand for N while 
their activity is not hindered by energy limitation (Kuypers et al., 2018). 

Table 3 
Relative abundance of selected families of the ESTHER database.  

ESTHER families Welch’s F Bulk soil PE BI-OPL Ecovio 

abh_upf00227 291 * ** 0.094 ± 0.001a 0.089 ± 0.009a 0.183 ± 0.050a,b 0.265 ± 0.008b 

ABHD18 35.7 * * 0.080 ± 0.004a 0.072 ± 0.008a,b 0.058 ± 0.005b 0.047 ± 0.004b 

Abhydrolase_5 40.2 * * 0.631 ± 0.032a 0.588 ± 0.015a 0.712 ± 0.062a,b 0.897 ± 0.040b 

Abhydrolase_9 46.6 * * 0.624 ± 0.044a,b 0.698 ± 0.025a 0.570 ± 0.074a,b 0.502 ± 0.006b 

Abhydrolase_10 17.1 * * 0.299 ± 0.005a 0.307 ± 0.015a 0.297 ± 0.011a 0.220 ± 0.016b 

Acetyl-esterase_deacetylase 111 * ** 0.377 ± 0.016a 0.368 ± 0.004a,b 0.307 ± 0.004c 0.266 ± 0.033b,c 

Antigen85c 41.8 * * 4.235 ± 0.132a 4.107 ± 0.060a 3.693 ± 0.102b 3.272 ± 0.110c 

Arb2 22.2 * * 0.002 ± 0.000a 0.002 ± 0.001a 0.011 ± 0.003a,b 0.026 ± 0.005b 

Bacterial_esterase 71.9 * ** 0.109 ± 0.006a,b 0.098 ± 0.013a 0.258 ± 0.044b,c 0.389 ± 0.030c 

Bacterial_EstLip_FamX 188 * ** 0.131 ± 0.007a 0.121 ± 0.004a 0.095 ± 0.005b 0.059 ± 0.002c 

Carboxylesterase 25.6 * * 2.263 ± 0.085a 2.318 ± 0.025a 3.021 ± 0.236a 4.079 ± 0.344b 

Cutinase_like 22.1 * * 0.370 ± 0.020a 0.367 ± 0.023a 0.449 ± 0.057a,b 0.538 ± 0.028b 

Dienelactone_hydrolase 25.7 * * 3.394 ± 0.123a 3.307 ± 0.023a 3.503 ± 0.028a,b 3.535 ± 0.064b 

DLH-S 54.2 * * 0.146 ± 0.012a 0.132 ± 0.018a 0.108 ± 0.016a 0.048 ± 0.005b 

Duf_1350 119 * ** 0.072 ± 0.007a 0.064 ± 0.003a 0.046 ± 0.003b 0.012 ± 0.003c 

Duf_2235 22.6 * * 0.192 ± 0.019a 0.165 ± 0.016a 0.316 ± 0.037b 0.588 ± 0.099b 

Duf_3089 37.7 * * 0.202 ± 0.023a,b 0.188 ± 0.008a 0.162 ± 0.006b 0.083 ± 0.013c 

Est9X 41.9 * * 0.286 ± 0.019a 0.308 ± 0.025a 0.235 ± 0.013a 0.127 ± 0.017b 

Hormone-sensitive_lipase_like 117 * ** 3.933 ± 0.079a 3.952 ± 0.022a 4.417 ± 0.049b 5.204 ± 0.131c 

Hydrolase_RBBP9_YdeN 115 * ** 0.135 ± 0.011a 0.132 ± 0.009a 0.171 ± 0.026a 0.284 ± 0.010b 

Lipase_2 22.6 * * 0.532 ± 0.028a 0.623 ± 0.073a 0.567 ± 0.044a 0.361 ± 0.028b 

MpaH 24.1 * * 0.001 ± 0.001a 0.005 ± 0.001b 0.033 ± 0.008a,b 0.057 ± 0.042a,b 

PAF_acetylhydro-like 78.6 * * 0.345 ± 0.004a 0.342 ± 0.015a 0.500 ± 0.022b 0.666 ± 0.040c 

Peptidase_S15 204 * ** 3.297 ± 0.087a 3.398 ± 0.030a 2.994 ± 0.146a 2.035 ± 0.077b 

Peptidase_S9 774 * ** 12.477 ± 0.081a 11.963 ± 0.153b 10.190 ± 0.161c 7.626 ± 0.135d 

PhoPQ_related 42.5 * * 0.096 ± 0.003a 0.090 ± 0.006a 0.088 ± 0.003a 0.058 ± 0.004b 

Proline_iminopeptidase 40.6 * * 2.361 ± 0.113a 2.313 ± 0.035a 2.003 ± 0.085b 1.734 ± 0.077b 

Welch’s ANOVA was used to determine effects of plastics on the relative abundance of ESTHER families. Welch’s F-values are given in the second column and asterisks 
indicate the level of significance, with * ** P < 0.001, * * P < 0.01, * P < 0.05, (ns) P < 0.1 and ns P ≥ 0.1. The third to sixth columns indicate the relative abundance 
of each category (mean ± standard deviation in %; n = 3) for the different plastic types and the bulk soil. Games-Howell post hoc tests were performed for pairwise 
comparisons of each plastic type and the bulk soil. Different superscript letters indicate significant differences (P < 0.05). Relative abundances significantly different 
from the bulk soil are given in bold. Only families with an average relative abundance > 0.001% and P < 0.01 for the Welch’s ANOVA are shown. PE = polyethylene. 
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Tanunchai et al. found an enrichment of N2-fixing bacteria and nifH 
genes on the biodegradable plastic poly(butylene succinate-co-adipate) 
in agricultural soil under N-poor soil conditions, but not under 
N-fertilized conditions (Tanunchai et al., 2022). They found that N was a 
limiting factor in plastic biodegradation and concluded that N2-fixing 
bacteria facilitated biodegradation by enhancing fungal growth. Inter-
estingly, genes involved in nitrification and anammox decreased in the 
plastisphere of Ecovio in our study, even though the increased substrate 
(NH4

+) concentrations would in theory promote the processes. These two 
energy-yielding processes may be inhibited under the given conditions 
of increased N demand together with an excess of C and energy. 
Increased N2 fixation and decreased nitrification gene abundances have 
recently been reported in two other studies of the terrestrial plastisphere 
using PLA (Sun et al., 2022) and polyvinyl chloride (F. Zhu et al., 2022). 
In addition, we observed an increase of many genes (asnB, glsA, ureA-C, 
gdh_K00262) that make NH4

+ available from soil organic N in the plas-
tisphere of Ecovio. Changes in the N-cycling potential were further 
confirmed by increased NH4

+ and decreased NO2
- and NO3

- concentrations 
in the soils with Ecovio films compared with in the bulk soil. 

Furthermore, we hypothesized that plastic addition changes C- 
cycling genes, in particular those related to recalcitrance such as mon-
ooxygenases and peroxidases. The shifts in carbohydrate substrate cat-
egories on Ecovio and BI-OPL films, characterized by elevated levels of 
genes encoding enzymes that degrade lignin, murein and multiple sub-
strates, were more prominent than on PE. Several genes coding for 

lignocellulose degrading enzymes (e.g. AA1, AA3 and AA5) (Andlar 
et al., 2018) were enriched on the biodegradable plastics. Plastics and 
lignocellulose share similar characteristics (e.g. hydrophobicity and 
crystallinity) contributing to their recalcitrance, and some 
lignocellulose-degrading enzymes, e.g. laccases (AA1) and lignin per-
oxidases (AA2), have been found to be active in plastic degradation 
(Daly et al., 2021). Genes within the multiple substrates category (e.g. 
GH131, GH43, CE5) might target synthetic polymers, as these enzymes 
are active on a broad range of substrates. Protein promiscuity is an 
important prerequisite for the degradation of synthetic substrates like 
plastics (Pérez-García et al., 2021). CE5 genes encode cutinases, whose 
plastic degradation potential has already been discussed in detail in the 
context of the ESTHER database. The increase in genes involved in 
murein degradation and modification (e.g. GH24, GH104 and GH108) 
on Ecovio and BI-OPL might indicate faster microbial turnover and 
enhanced necromass recycling, as these genes play a role in the degra-
dation of microbial cell walls (Donhauser et al., 2021; Séneca et al., 
2021). The addition of biodegradable plastics to the soil might trigger 
necromass turnover as a consequence of a priming effect, in accordance 
with the ‘microbial N mining’ hypothesis. Low N and high C availability 
might boost soil N-polymer breakdown (‘N mining’) because of an 
elevated microbial demand for N (Chen et al., 2014). In support of this, 
we found a lower concentration of DON in the soils with Ecovio films 
compared with in the bulk soil control. 

Fig. 4. Selected differentially abundant ESTHER genes determined by DEseq2 analysis. ESTHER IDs are given in the y-axis. Bars indicate the log2-fold change 
( ± standard error) of single genes overrepresented in the plastisphere. Only significant (P < 0.01) genes with a log2-fold change > 8 and a base mean > 60 for Ecovio 
and > 40 for BI-OPL are shown. Colors indicate manually modified ESTHER categories. (A) BI-OPL vs. bulk soil; (B) Ecovio vs. bulk soil. The complete DESeq2 
analysis of all ESTHER genes is given in the Supplementary Data 5–7. 
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4.4. Biodegradable plastics select for a plastisphere microbiome 
dominated by fungi and Proteobacteria 

The changes in functional gene structure were accompanied by a 
selection for specific taxa in the plastisphere. Ecovio was associated with 
increased relative abundances of fungi (Helotiales & Thelebolales), 
α-Proteobacteria (Rhizobiales), β-Proteobacteria (Burkholderiales) and 
Bacteroidetes (Sphingobacteriales). Similar but weaker shifts in the 
taxonomic composition were observed on BI-OPL. These taxa have 
previously been reported to thrive on the surface of PLA and PBAT 
(Muroi et al., 2016; Rüthi et al., 2020) and possess the potential to 
degrade plastics (Ali et al., 2021; Azura Azami et al., 2019; Barratt et al., 
2003; Yagi et al., 2014). We found that some actinobacterial taxa 
(Micrococcales and Streptomycetales) profited from Ecovio. Many 

species within these taxa are known to be able to degrade plastics 
(Butbunchu and Pathom-Aree, 2019; Pathak and Navneet, 2017). 

4.5. The alpine microbiome has the potential to degrade Ecovio and BI- 
OPL but only very slowly 

The two biodegradable plastic films were only partly degraded after 
the 5 months in the alpine soil at 15 ◦C, as shown by light microscopy 
and chemical analyses (tensile testing and FTIR), whereas no degrada-
tion was detected for PE. Regarding Ecovio, similar features – including 
hyphal structures (Karamanlioglu and Robson, 2013) and cracks in the 
film (Lv et al., 2018; Rudnik and Briassoulis, 2011) – have previously 
been observed after incubation in soil. Further, reduced maximum stress 
and strain at the maximum force due to biodegradation have been 
documented for all three plastics in earlier studies (Karamanlioglu and 
Robson, 2013; Sangale et al., 2019; Souza et al., 2019). Finally, de-
creases in carbonyl indices similar to those observed in our study have 
been previously reported for biodegraded PLA buried in soil (Lv et al., 
2018; Rudnik and Briassoulis, 2011; Rüthi et al., 2020). Whereas we did 
not detect significant differences between the CI of incubated and con-
trol BI-OPL films, Souza et al. reported a reduction by two-thirds for the 
CI of aged PBAT films incubated for 4 months in soil (Souza et al., 2019). 
We did not detect carbonyl groups in the PE samples by FTIR, suggesting 
that oxidation of PE did not happen. Initial oxidation is considered a 
necessity for PE degradation (Kumar Sen and Raut, 2015; Yang et al., 
2014). The absence of carbonyl groups in our samples, together with a 
change in tensile properties, might be explained by heterogeneous 
oxidation of the films (Yang et al., 2014). 

5. Conclusion 

In this novel study, we investigated the metabolic and cellular 
functions of the microbiomes colonizing conventional (PE) and two 
biodegradable (Ecovio and BI-OPL) plastics in alpine soils. Most 
importantly, we identified several genes encoding novel α/β-hydrolases, 
a protein superfamily comprising many plastic-degrading enzymes, 
which indicates that the plastisphere of alpine soils is an untapped 
source for the discovery of novel plastic-degrading enzymes and might 
be a foundation for future research on plastic biodegradation. Further-
more, we found that biodegradable plastics affected the biogeochemical 
cycles. The increase in genes related to N fixation and murein degra-
dation, potentially involved in microbial necromass turnover, and the 
decrease in genes related to nitrification in soils with biodegradable 
plastic films might be an adaptation of the microbial community to cope 
with N limitation in the oligotrophic alpine soils. An enrichment of 
genes involved in secretion, secondary metabolism and lignin degra-
dation further suggests enhanced enzyme secretion, nutrient cycling and 
breakdown of recalcitrant substrates. Finally, our physicochemical an-
alyses indicated that the rate of decomposition was very slow, and it 
likely is even slower under natural alpine conditions where soil tem-
peratures are lower on average. Consequently, both conventional and 
biodegradable plastic are most likely accumulating in alpine regions, 
emphasizing the need for new tools in developing a circular plastic 
economy. 

Evironmental implication 

The impacts of plastics on the environment have primarily been 
studied in the oceans, even though pollution in terrestrial ecosystems is 
equally severe. Plastic deposition in remote mountainous regions is 
frequently reported which poses hazards to soil ecosystems by altering 
the soil microbiome and affecting biogeochemical cycles. This study 
shows for the first time the microbial genetic potential for plastic 
degradation in alpine soils and the effects of plastic presence on soil C 
and N cycling. Moreover, the alpine plastisphere metagenome can be 
exploited for discovering novel plastic-degrading enzymes that could be 

Table 4 
Relative abundance of CAZy and NCyc categories in the plastisphere and bulk 
soil.  

A) 

Carbohydrate 
substrates 

Welch’s 
F 

Bulk soil PE BI-OPL Ecovio 

Starch 35.1 * * 6.40 
± 0.04a 

6.20 
± 0.06b 

6.01 
± 0.20a, 

b,c 

5.80 
± 0.08c 

Pectin 3.28ns 3.95 
± 0.07a 

3.95 
± 0.03a 

4.03 
± 0.11a 

4.28 
± 0.16a 

Hemicellulose 0.86ns 3.80 
± 0.07a 

3.87 
± 0.03a 

3.87 
± 0.03a 

3.83 
± 0.09a 

Cellulose 5.8ns 4.38 
± 0.05a 

4.49 
± 0.02a 

4.65 
± 0.12a 

4.93 
± 0.31a 

Lignin 58.4 * * 3.24 
± 0.08a 

3.29 
± 0.01a 

3.70 
± 0.10b 

4.14 
± 0.10c 

Chitin 1.81ns 7.62 
± 0.05a 

7.68 
± 0.11a 

7.70 
± 0.07a 

7.80 
± 0.12a 

Murein 168 * ** 2.59 
± 0.06a 

2.61 
± 0.03a 

3.23 
± 0.04b 

4.32 
± 0.20c 

Oligosaccharides 6.44 * 12.14 
± 0.19a 

12.12 
± 0.14a 

12.23 
± 0.11a 

13.25 
± 0.37a 

Multiple 35.8 * * 6.64 
± 0.11a 

6.68 
± 0.13a 

6.95 
± 0.06a 

7.85 
± 0.15b 

Other/Unknown 177 * ** 7.37 
± 0.06a 

7.19 
± 0.16a 

6.50 
± 0.02b 

4.87 
± 0.21c 

Anabolic processes 15.4 * * 41.88 
± 0.21a 

41.91 
± 0.25a 

41.11 
± 0.21b 

38.92 
± 0.78b 

B) 
N-cycle processes Welch’s 

F 
Bulk 
soil 

PE BI-OPL Ecovio 

Anammox 10.6 * 0.04 
± 0.01a 

0.04 
± 0.00a,b 

0.03 
± 0.01a,b 

0.02 
± 0.00b 

Assimilatory 
nitrate reduction 

2.29ns 8.62 
± 0.14a 

8.83 
± 0.05a 

9.02 
± 0.39a 

8.50 
± 0.34a 

Denitrification & 
DNR 

1.09ns 12.63 
± 0.23a 

12.47 
± 0.14a 

12.75 
± 0.50a 

12.36 
± 0.14a 

Nitrification 116 * ** 0.59 
± 0.05a 

0.59 
± 0.05a 

0.50 
± 0.02a 

0.18 
± 0.02b 

Nitrogen fixation 141 * ** 0.11 
± 0.01a 

0.09 
± 0.03a 

0.11 
± 0.02a 

0.26 
± 0.01b 

Organic 
degradation & 
synthesis 

27.6 * * 77.70 
± 0.17a 

77.66 
± 0.19a 

77.30 
± 0.10a 

78.54 
± 0.18b 

Other 7.02 * 0.30 
± 0.03a,b 

0.32 
± 0.03a 

0.30 
± 0.02a,b 

0.15 
± 0.05b 

Welch’s ANOVA was used to determine effects of plastics on the relative abun-
dance of (A) genes categorized by substrate specificity in the CAZy database and 
(B) genes categorized by N-cycle processes in the NCyc database. Welch’s F- 
values (P < 0.05 in bold) are given in the second column and asterisks indicate 
the level of significance, with * ** P < 0.001, * * P < 0.01, * P < 0.05, (ns) 
P < 0.1 and ns P ≥ 0.1. The third to sixth columns indicate the relative abun-
dance of each category (mean ± standard deviation in %; n = 3) for the different 
plastic types and the bulk soil. Games-Howell post hoc tests were performed for 
pairwise comparisons of each plastic type and the bulk soil. Different superscript 
letters indicate significant differences (P < 0.05). Relative abundances signifi-
cantly different from the bulk soil are given in bold. PE = polyethylene. 
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utilized in future remediation and recycling processes. 
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