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ABSTRACT

Viruses play a crucial role in shaping local and global biogeochemical cycles, supporting bacterial survival in
diverse environments by encoding auxiliary metabolic genes involved in energy acquisition, stress tolerance, and
the degradation of organics. However, how plastic pollution influences soil viromes remains largely unexplored,
in particular when microplastics and plasticizers are involved in the process. In this study, we conducted an
incubation experiment where soil samples from rice fields were exposed to microplastics—polyethylene and
polyvinyl chloride and the plasticizer diethyl phthalate to assess their effects on viral communities. After
controlled incubation, second- and third-generation sequencing, along with advanced bioinformatics, were used
to determine whether viral taxa were impacted by these contaminants. Our results revealed that diethyl
phthalate exposure led to a 3.15-fold increase in the proportion of viral sequences in the treated samples
compared to control soils, significantly surpassing the modest increases observed for polyethylene (13.08%) and
polyvinyl chloride (48.59%). These shifts were accompanied by changes in viral diversity, functional gene
content, and virus-host interactions. Notably, we identified virus-encoded auxiliary metabolic genes, such as the
3-oxoadipate enol-lactonase (PcaD) gene, which are critical for phthalate degradation. This finding underscores
the direct role of phages in facilitating microbial adaptation and pollutant degradation in contaminated soils,
suggesting that viral auxiliary metabolic genes could be harnessed for targeted bioremediation strategies to
mitigate the environmental impact of plastic pollutants.

1. Introduction

alter soil properties, disrupt microbial habitats, and influence the di-
versity, abundance and activity of microbial taxa. For example, micro-

Agricultural soils, including those used for rice cultivation, are facing
rising contamination from different plastic pollutants [1], such as
microplastics and plastic additives. These pollutants, due to their
persistence and potential for accumulation [2], can have profound im-
pacts on soil health and microbial communities. While the effects of
plastic pollution on soil bacteria and fungi have been relatively well-
studied [3], the influence on soil virome—the viral community within
the soil—remains largely unexplored.

Viruses, especially bacteriophages, play a pivotal role in soil eco-
systems by regulating microbial populations, facilitating horizontal gene
transfer, and influencing biogeochemical cycles [4]. Through processes
such as lytic infection and lysogenic conversion, viruses can significantly
impact the composition and functionality of microbial communities [5].
In agricultural soils, where microbial activity is essential for nutrient
cycling and plant health, understanding how plastic pollutants affect the
virome is crucial.

Recent studies have highlighted the potential for plastic pollutants to
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plastics in soil have been found to reduce soil porosity and alter water
retention characteristics, impacting microbial activity and nutrient
cycling [6]. The presence of polyethylene (PE), polyvinyl chloride (PVC)
and polypropylene (PP) residues in agricultural soils has been shown to
disrupt microbial community structures, leading to a variation in spe-
cific bacteria such as nitrogen-fixing species [7]. Phthalate contamina-
tion derived from plasticizers has been demonstrated to increase the
abundance of plastic-degrading microbes while reducing overall mi-
crobial diversity [8]. Given the integral role of viruses in microbial
ecology, it is hypothesized that the influence of plastic pollution on soil
viromes can have a strong impact on diversity, composition and func-
tional dynamics of all the other species present. Currently, research on
this topic is very limited, with only a few studies reporting the presence
of phages, such as those from the Autographiviridae and Podoviridae
families, on the surface of plastic beads [9]. Additionally, polystyrene
microplastics have been shown to act as carriers, extending the survival
time and infectivity of adsorbed viruses in water environment [10].

Received 8 January 2025; Received in revised form 16 March 2025; Accepted 22 March 2025

Available online 24 March 2025

1385-8947/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-5053-4452
https://orcid.org/0000-0002-5053-4452
https://orcid.org/0000-0002-9431-1648
https://orcid.org/0000-0002-9431-1648
mailto:laura.treu@unipd.it
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2025.161877
https://doi.org/10.1016/j.cej.2025.161877
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2025.161877&domain=pdf

M. Jiet al

However, there is a lack of studies clearly demonstrating the effects of
plastic pollutants on soil viromes. Different types of plastic pollutants
may exert distinct effects on the soil virome due to their varying
chemical properties and degradation pathways. Therefore, it is crucial to
study the comprehensive impact of different types of plastic-based pol-
lutants on agricultural soil viromes.

Auxiliary metabolic genes (AMGs) carried by viruses play a pivotal
role in modulating the metabolic functions and environmental adapt-
ability of their microbial hosts [11]. These genes, beyond the core viral
genes that encode structural proteins, enhance the metabolic capacity of
host cells, thereby facilitating survival under various stress conditions.
AMGs are known to be involved in critical biochemical processes,
including photosynthesis, translation machinery, carbon metabolism,
phosphate metabolism, and sulfur cycling [12]. While the role of AMGs
has been investigated in detail in marine ecosystems, where they
contribute significantly to nutrient cycling and energy flow [13,14],
their diversity and functional significance in soil environments remain
less understood. Recent research suggests that AMGs can provide a
competitive advantage to microbial hosts in contaminated soil envi-
ronments [15], such as soils polluted with organochlorine pesticides, by
influencing degradation pathways and promoting bacterial growth even
at low contaminant concentrations [16]. This mutualistic interaction,
often described as the “Piggyback the Winner” effect [17], indicates that
viruses are not merely predators but also essential contributors to the
ecological function and resilience of microbial communities. Under-
standing the role of AMGs in soil ecosystems is crucial for deciphering
the complex interactions between viruses, their hosts, and plastic pol-
lutants, and for developing innovative phage-assisted microbial strate-
gies to eliminate plastic pollutants from soil.

Based on these existing issues, in the present study, we combined
metagenomics and a lab-scale incubation experiment to explore how
exposure to different plastic-based pollutants affects viral diversity,
functional gene content, and virus-host interactions in rice field soil.
Additionally, we focused on the relationship between plastic pollutant
exposure and the virus-encoded metabolic and organic degradation
AMGs. Multiple bioinformatics methods indicated that a candidate viral
AMG, 3-oxoadipate enol-lactonase (PcaD), assists its host in metabo-
lizing benzoate, a downstream product of phthalates. Overall, our
findings enhance the understanding of how soil viromes are influenced
by different plastic pollutants and suggest that virus-encoded AMGs can
help bacteria resist plasticizer contamination.

2. Materials and methods
2.1. Sample Preparation and incubation

Soil samples were collected from rice fields located in Grumolo delle
Abbadesse, VI Province, Italy (45°30'36.8'N 11°39'29.3"E), which has a
humid subtropical climate classification according to the Koppen
climate classification system, at a depth of 2-20 cm. This region is
characterized by its long-standing use as paddy fields, with no plastic
pollution from surrounding areas. The collected samples were dried,
ground, and sieved through a 40-mesh sieve for further use. Two types of
microplastic particles and one plasticizer were selected as plastic pol-
lutants. The PE and PVC materials were provided by Euronewpack S.r.1.
(an Italian company specializing in high-quality polymer products).
Prior to the experiment, plastics were crushed using a crusher and sieved
(<5 mm) to obtain microplastic pollutants. Phthalate plasticizer was
purchased from Sigma-Aldrich (CgHy-1,2-(CO2C2Hs)2 > 99 %).

Microcosm incubation experiments were conducted in 120 mL serum
bottles, each containing 50 g of soil and 80 mL of sterile ultrapure water.
To each bottle, 1 % w/w of PE, PVC, and DP (2.25 mmol) were added
separately, with three replicates for each treatment. The serum bottles
were placed in a shaking incubator set to 25 °C and incubated while
avoiding light exposure for 24 h to ensure thorough mixing of the pol-
lutants with the soil matrix. Following this, the microcosms were
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wrapped in aluminum foil to prevent evaporation and continued to be
incubated at 25 °C, avoiding light exposure. After the first week of in-
cubation, the liquid phase was collected using a 2 mL syringe and
centrifuged at 4000 rpm for 10 min using an Eppendorf 5804R centri-
fuge. This sampling process was repeated every two weeks. The upper
liquid layer was preserved at —20 °C for subsequent total organic con-
tent analysis.

2.2. DNA Extraction, Sequencing, Co-assembly and Binning Strategy

After long-term incubation, homogeneous soil mixtures were
collected from each microcosm bottle for microbial analysis. The
extraction method was as mentioned in our previous studies, using
DNeasy PowerSoil® (QIAGEN GmbH, Hilden, Germany) to extract DNA
from soil slurry [14]. NanoDrop (ThermoFisher Scientific, Waltham,
Massachusetts) and Qubit fluorometer (Life Technologies, Carlsbad,
California) were used to assess the quantity and quality of nucleic acids.

Metagenomic sequencing combined second and third-generation
methods to achieve high-quality soil microbial and viral genomes.
Shotgun sequencing was performed on the Illumina NovaSeq platform
(DiBio Sequencing Facility, Department of Biology, University of
Padua). For total DNA pooled from all samples, long-read libraries were
constructed using the Rapid Barcoding Kit (SQK-RBK004). These long-
read libraries were then sequenced on a MinION device with FLO-
MIN106 R9 flow cells (Oxford Nanopore Technologies, Oxford, UK).
The hybrid sequencing approach, leveraging both Illumina and Oxford
Nanopore technologies, ensured high accuracy and comprehensive
coverage of the soil genomes. Sequence data have been submitted to the
NCBI Sequence Read Archive (SRA) under Bioproject PRINA892267.

The quality of the raw data was assessed using FastQC v0.11.9 [18].
Low-quality reads and adapter sequences were filtered out using Trim-
momatic v0.39 [19], applying adapter trimming and an average quality
threshold of 20. Nanopore reads were assembled using Flye v2.9-0 [20],
while Illumina reads were assembled into contigs using Megahit v1.2.9
[21] and setting the sensitive model. The [llumina reads were aligned to
the Nanopore assembly using Bowtie2 [22], and the long-read assembly
was then cleaned and corrected using Pilon v1.24-0 [23]. Finally, the
[lumina and Nanopore assembly results were merged using Quickmerge
v0.3-1 [24] to produce the final assembly.

Contigs were clustered to recover bins using MaxBin2 v2.2.7 [25],
CONCOCT v1.0.0 [26], VAMB v3.0.2 [27], and MetaBAT2 v2.0 [28].
Subsequently, DAS_Tool 1.1.7 [29] was employed to dereplicate and
aggregate the prokaryotic bins. The completeness and contamination
levels of the bins were assessed using CheckM v1.1.3 [30], and low-
quality bins (completeness < 50 % and contamination > 10 %) were
filtered out. For prokaryotes taxonomic annotation, GTDB-Tk v1.3.0
[31] was used, based on the Genome Taxonomy Database (GTDB)
Release 207.

2.3. Identification of viral contigs and their hosts.

Viral sequences were identified from assembled contigs using
VIBRANT v1.2.1 [32] (default parameters), VirSorter2 v2.2.4 [33]
(cutoff score > 0.5), and CheckV v1.5 [34]. Only contigs identified as
viral sequences by at least two of these three tools were retained. Contigs
longer than 1 kb, with 95 % identity and 80 % sequence coverage, were
clustered into representative viral operational taxonomic units (vOTUs)
using Stampede-ClusterGenomes (https://bitbucket.org/MAVERICLab
/stampede-clustergenomes/src/master/). Additionally, vOTUs with a
length of 2 kb or less were filtered out to reduce false positives, except
for those identified as complete genomes by CheckV v1.5 [34]. Abun-
dance of vOTUs was estimated using CoverM v0.7.0 (https://github.co
m/wwood/CoverM). Then, the proteins encoded in vOTUs were clus-
tered using vConTACT v2.0 [35] with the NCBI RefSeq v211 database
and default parameters. vOTUs were further taxonomically classified
using PhaGCN2.0 [36] based on its built-in database. Following the
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clustering and subdivision process, the resulting viral clusters and their
distribution patterns were visualized and analyzed using Cytoscape
v3.7.18 [37]. For complete or high-quality vOTUs, viral lifestyles
(Iysogenic/lytic) were predicted using BACPHLIP [38] (a random forest-
based tool) and PhaTYP [39] (a Transformer-based method). vOTUs
predicted by BACPHLIP with high confidence (>90 %) and concurrently
validated by PhaTYP were classified as either virulent or temperate
viruses.

Three methods were used to identify viral hosts: homology matching,
tRNA similarity, and CRISPR spacer similarity. In this study, the entire
sequences, tRNA regions, and CRISPR spacer regions of vOTUs were
searched against the recovered high-quality MAGs. Blastn v2.5.0+ [40]
(coverage = 100, identity = 100), tRNAScan-SE v1.23 [41], and
CRISPRCasFinder [42] were used to align sequences, identify tRNA, and
search for CRISPR spacer regions, respectively. Furthermore, the
aforementioned viral contigs identification process was independently
conducted on the binned MAGs, deriving potentially integrated vOTUs
at the MAGs level.

To determine potential induction events, we employed a log-
transformed abundance model to assess the relative abundance of pro-
phages compared to their corresponding host MAGs, as shown in the
formula below:

hosts relative abundance + 1

Coverage Ratio = log( phages RPKM + 1

A threshold of 1 was applied to this log-transformed ratio to define in-
duction events; for more details, see the Supplementary Information.
This model enabled robust detection of potential prophage activation
events, which were analyzed in the context of different environmental
conditions, such as exposure to Diethyl Phthalate (DP). The script used
for this analysis can be found on the Github: https://github.com/men-
gyuan09876/Induction-Events-Detection.

2.4. Viral gene annotation

Prodigal v2.6.1 [43] was used to predict the open reading frames
(ORFs) of the final viral assemblies. Non-redundant proteins of the viral
genomes were annotated using the KEGG (kobas3.0.3) [44] and eggNOG
v2.1.1.2 [45] databases. To estimate functions related to organic carbon
metabolism, the ORFs of the viral genomes were annotated using run_-
dbcan v4.1.4 with default parameters based on the Carbohydrate-Active
enZYmes (CAZy) database [46]. Functional genes related to carbon,
nitrogen, sulfur metabolism, and plastic pollutant degradation were
identified according to the metabolic pathways mapped by KEGG
orthologs.

AMGs were identified from assembly and each MAG using VIBRANT
(v1.2.1, default parameters) [32] and DRAM-v (v1.2.0) [47]. The plastic
degradation-associated auxiliary metabolic genes were further validated
for viral origin using VIRSorter2 (v2.2.4, default parameters) [33] and
CheckV (v1.5, default parameters) [34]. AMG identification with
DRAM-v [47] was performed using default parameters. The resulting
AMG markers were categorized as follows: 'V’ for virus, "M’ for meta-
bolic marker, ’K’ for known AMG, 'E’ for experimentally validated AMG,
*A’ for virus host attachment and entry, P’ for peptidase utilized by the
virus, F for proximity to the contig end, and B for a cluster of consecutive
genes (>3) containing the metabolic marker "M’. For VIBRANT, the
obtained VIBRANT AMGs.tsv lists all KEGG KOs designated as AMGs;
while VIBRANT categories.tsv lists the VOG, KEGG, and Pfam accession
numbers and their respective 'v scores’. The AMG annotation results at
the MAG level were summarized using a custom python script.

Genes promoter regions were identified using PhagePromoter [48].
Sequences with a palindromic score greater than 6 were used to predict
Rho-independent terminators [49] while Rho-dependent terminators
were identified separately. For the selected AMG phylogenetic analysis,
protein sequences were retrieved from the NCBI RefSeq database using
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BLASTp [50], specifically targeting sequences from members of same
host Pseudomonas nitroreducens. A total of nine protein sequences from
the NCBI RefSeq database were included in the analysis. Sequences were
then aligned using ClustalW [51], and a maximum likelihood tree was
constructed using MEGA [52], with 500 bootstrap replicates, which was
then visualized in iTOL [53]. Additionally, protein domain predictions
were performed using the NCBI Conserved Domain Database (CDD)
[54]. Protein 3D structure of preoteins involved in degradation were
predicted using AlphaFold3 [55].

2.5. Statistical analyses

Data statistics and visualization in this study were conducted using
Python (v3.6.2) (https://www.python.org/). Microbial rarefaction
curves, alpha and beta diversity analyses (including alpha indices,
UPGMA, and NMDS) were performed using scikit-bio and scikit-learn
Python packages. The explanatory power (R-value) and significance
(p-value) between samples were calculated based on Adonis analysis.
Samples were clustered using the Unweighted Pair Group Method with
Arithmetic Mean (UPGMA), implemented with the SciPy and scikit-
learn packages. Pearson correlations between viral contigs and MAGs
were calculated using the pandas package, with a correlation threshold
setatr > 0.6 and p < 0.05. The resulting network was generated using
Gephi (v0.8.2) [56].

3. Results
3.1. Soil characteristics and organic carbon changes

Soil samples were collected from a depth of 2-20 cm in a paddy field
located in Grumolo delle Abbadesse, Italy (45°30'36.8'N 11°39'29.3E).
The soil exhibits a homogenous texture, with no skeleton fraction larger
than 2 mm, consisting of 316 g/kg of sand, 560 g/kg of silt, and 124 g/kg
of clay, indicating a balanced loam texture.

The slightly alkaline pH of 8.1 is likely to positively influence
nutrient availability and microbial activity, as nutrients like phosphorus
and potassium become more soluble in such conditions, thereby sup-
porting enhanced microbial processes. The soil is rich in organic carbon
(16.62 g/kg) and organic matter (29 g/kg), with a total nitrogen content
of 1.70 g/kg and a carbon/nitrogen ratio of 9.8, suggesting efficient
organic matter decomposition and nutrient cycling. The cation exchange
capacity of 13.1 meq/100 g, exchangeable potassium at 0.36 meq/100
g, and available phosphorus at 67 mg/kg indicate a fertile soil capable of
retaining essential nutrients. Electrical conductivity (0.19 dS/m) and
salinity (1.7 dS/m) are moderate, posing no significant hindrance to
plant growth. Overall, this fertile and balanced soil provides an excellent
medium for studying microbial activity (Table S1).

Fig. 1 presents the changes in Total Organic Carbon (TOC) concen-
trations of soil samples over a 49-day incubation period. The DP samples
exhibit a pronounced increase in TOC, starting from approximately 754
mg/kg at 7 days and reaching about 4195 mg/kg by 49 days, indicating
a significant contribution of DP to TOC levels. This sharp increase can be
attributed to DP’s high solubility and great microbial degradability,
which facilitate its rapid breakdown and integration into the organic
carbon pool of the soil. In contrast, PVC samples show a more modest
increase from around 60 mg/kg at 7 days to roughly 100 mg/kg by day
35, before a slight decline. PE samples follow a similar trend, with TOC
rising from about 61 mg/kg at 7 days to approximately 93 mg/kg by 49
days. These MPs consist of large polymeric structures resistant to
degradation, leading to a slower and less significant release of organic
carbon into the soil [57]. The decrease in TOC in the MPs groups
compared to clean soil in later stages may be due to the adsorption of
organic carbon onto the MPs [58].
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Fig. 1. Changes in total organic carbon (TOC) levels during extended incubation with a logarithmic y-axis for a wide TOC range (ANOVA: F = 17.72, p < 0.0001;
pairwise T-tests comparing each treatment to BL indicated as * P < 0.05, ** P < 0.01, *** P < 0.001).

3.2. Viral diversity in different plastic-based polluted environments

vOTUs were extracted from the assembly to assess the diversity and
have a functional overview of viral communities. A total of 2139 vOTUs
(1992 larger than 1000 bp; 93 %) were identified from contaminated
soil (Table S2). Compared to pristine soil, DP contamination led to a
3.15-fold increase in the proportion of viral sequences in the group,
significantly higher than the more modest increases observed with
polyethylene (13.08 %) and polyvinyl chloride (48.59 %) contamina-
tion. The representative, de-replicated vOTUs were clustered into 939
viral clusters (VCs) using the vConTACT2 method, which employs the
ClusterONE algorithm to identify overlapping clusters based on shared

protein gene clusters. These VCs were then compared with viral ge-
nomes in the NCBI RefSeq v211 database for taxonomic classification.
(Fig. 2a; Table S3 — “viral_cluster_overview”). A total of 204 VCs were
identified across the three treatments, with the DP treatment exhibiting
a significantly higher number of unique VCs (44) compared to the other
two treatments. Interestingly, all VCs from the PVC treatment had cor-
responding matches in the DP and PE treatments. The viral community
network was reconstructed by mapping gene-sharing interactions be-
tween viral clusters (VCs). The network in the DP zone (network degree
= 0.001) displayed a looser structure compared to the overall network
(0.017), indicating fewer interactions or connections among the VCs in
this treatment. The observation that only 7 known VCs (Table S3) were
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shared with the NCBI RefSeq database suggests that our samples contain
a significant number of novel viruses, particularly in soils exposed to
plastic-based pollutants. This could indeed be due to changes in the
microbiome, as plasticizers and other pollutants may alter the microbial
community, leading to the emergence of new bacteriophages. However,
other factors could also contribute to this diversity, such as the selection
pressure exerted by the pollutants themselves, which might drive the
rise of novel viral entities. Additionally, the complexity and variability
of the soil environment could inherently support a diverse viral com-
munity, which includes members that might not have been captured in
existing databases [59]. Overall, the soil viral community under DP
contamination is more diverse (i.e., higher Chaol and Richness indices)
and more even (i.e., higher Shannon and Pielou indices; Fig. 2b). Three-
dimensional PCA analysis further confirmed that DP resulted in a more
unique viral community structure among the three plastic-based pol-
lutants (ANOSIM, R? = 0.9788, P = 0.011, Fig. 2¢).

Considering that vcontact2 relies on protein assignments, the viral
taxonomic predictions were further refined utilizing the PhaGCN-
equipped GCN model. As depicted in Fig. 2d, Mesyanzhinovviridae,
Schitoviridae, and Zierdtviridae emerge as phage families within clean soil
samples. The introduction of PE and PVC MPs led to the emergence of
the Peduoviridae family, accounting for 7.32 % in PE-contaminated soil
and 13.12 % in PVC-contaminated soil. Conversely, the PVC treatment
resulted in a significant increase in the relative abundance of Schitovir-
idae (an increase of 27.5 %). Notably, DP-contaminated soil exhibited a
higher diversity in viral families, with the relative abundance of the
Peduoviridae family increasing by 44.3 % compared to the PE treatment,
and by 17.3 % compared to the PVC treatment. Furthermore, the

a Methanobacteriota m Lysogenic
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exclusive presence of seven viral families (Ackermannviridae, Auto-
graphiviridae, Casjensviridae, Chaseviridae, Drexlerviridae, Kyanoviridae,
and Vilmaviridae) solely in DP-contaminated soil underscores the pro-
found impact of DP contamination on the viral community composition
in soil.

3.3. DP pollution triggers a new pattern of virus-host interaction

Using tRNA matches and CRISPR spacer similarity searches (see
Methods), we predicted hosts for 825 vOTUs, linking them to 80 MAGs
across 9 bacterial and 1 archaeal phylum (see Table S4). Only hosts with
a prediction score above 3, indicating strong alignment and confidence
in host-virus associations, were selected for further analysis [60].
Notably, this analysis facilitated the linkage of 18 host taxa within the
soil to their respective viral counterparts (Fig. 3a). Interestingly, a
distinct differentiation in host abundance across soils with varying levels
of contamination was observed, with some species more influenced by
MPs contamination, and others affected by DP pollution. Specifically,
taxa such as Caulobacter sp. upd137, Hyphomicrobiaceae sp. upd130, and
Rhodocyclaceae sp. upd106 were identified in pristine soils or those
characterized by MPs contamination. Conversely, in soil contaminated
with DP, there is a higher diversity of hosts identified at high-
confidence, with Comamonas terrigena sp. upd013, Pseudomonas sp.
upd084, Pigmentiphaga sp. upd102, and Achromobacter sp. updl101
showing significantly higher relative abundances. These hosts exhibited
multiple associations with viral contigs from various VCs. Additionally,
the host species Pigmentiphaga sp. upd102 has been previously charac-
terized for its potential activity in DP degradation [8], suggesting a

b
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plausible correlation with specific phages harboring AMGs that facilitate
degradation. The heatmap (Fig. 3b) visualizes the coverage of host
MAGs (labeled with an "M’ prefix) and the RPKM (Reads Per Kilobase of
transcript, per Million mapped reads) values of their integrated pro-
phages (labeled with a 'V’ prefix) across various plastic treatments. For
each host MAG (first column), one or more prophages (next columns)
are shown. A threshold of 1 in the virus/MAG coverage ratio is used to
identify prophage induction (Table S5), indicating that prophage
abundance has surpassed that of the corresponding host. This suggests
that DP acts as a potent environmental stressor, triggering the activation
of latent prophages. In contrast, fewer induction events are observed
under BL, PE, and PVC treatments, indicating a more stable host-phage
dynamic. These findings highlight the potential role of induced phages
in response to contamination, possibly influencing microbial functions
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such as pollutant degradation in affected environments. Fig. S1 also
shows the significantly enriched taxa from phylum to genus under
different treatments. For more detailed descriptions, see the Supple-
mentary Information.

A correlation network based on the abundance of viruses and hosts is
depicted in Fig. S2. Notably, in the virus-host correlation network of the
samples exposed to DP pollution a strong positive correlation between
the abundances of phages and their hosts was observed. Additionally,
some vOTU exhibited positive correlations with hosts across different
phyla, this suggests that DP pollution induces more complex interactions
between viruses and prokaryotes, emphasizing multiple partnerships.
This finding highlights the ecological impact of DP pollution, as it ap-
pears to promote the formation of complex viral-host networks, poten-
tially influencing microbial community dynamics and contributing to
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shifts in host populations in response to environmental stressors. In
addition, the results in Fig. S3 indicate generally weak and non-
significant relationships between phage abundance and MAGs relative
abundance across the BL, PE, and PVC groups, while only the DP group
shows a modest but statistically significant positive correlation, further
supporting the idea that DP pollution would trigger a distinct pattern of
virus-host interactions.

3.4. Functional groups of the viral-encoded proteins

To explore the functional contribution of viruses to the ecology of
bacterial communities, we compared the functional annotation of viral
sequences in pristine soil and in soil contaminated with plastic-based
pollutants. A thorough annotation of proteins functions was obtained
by combining results from KEGG, CAZy and EGGNOG databases. Fig. S4
illustrates the counts of KEGG IDs among different treatments. Notably,
the DP group exhibits distinct characteristics compared to other groups,
underscoring significant increases in KO abundance levels. Non-metric
multidimensional scaling (NMDS) analysis of viral genomes revealed
greater similarity in the functional composition of viral contigs from PE
and clean soil, whereas those from PVC and DP exhibited a distinct and
broader range of genes spread across different functional categories
(Fig. 54).

The proteins encoded by most viral ORFs (about 35 %) could only be
annotated as “unclassified” or “poorly characterized” by EGGNOG. As
expected, the highest proportion of annotated genes were related to viral
replication, repair, or transcription, such as the ’phage’ integrase family
(1.4 %) and HNH endonuclease (1.3 %) (Fig. 4a, Table S6). Fig. S5
further reveals the distribution of gene hit counts across various dbCAN
subclass groups: GH (glycoside hydrolases), GT (glycosyltransferases),
CE (carbohydrate esterases), CBM (carbohydrate-binding modules), AA
(auxiliary activities), and PL (polysaccharide lyases). The GH and GT
classes exhibited the highest gene hit counts, especially in the DP group.
In contrast, the abundances of AA and PL were comparatively low, in
agreement with the observation that GT, GH, CE, and CBM together
account for about 95 % of the CAZyme genes present in various envi-
ronmental contexts [61].

The relevant pathways involved in organic matter metabolism (xe-
nobiotics, carbohydrate, fatty acid, and aromatic compounds meta-
bolism) were further selected, and their gene copy numbers under
different treatments were compared. Notably, “carbohydrate meta-
bolism” and “xenobiotic metabolism” were significantly higher in the
viral microbiome compared to other metabolic pathways (Fig. 4b).
Specifically, genes involved in the degradation of aromatic compounds
and xenobiotics, such as aldehyde dehydrogenase (NAD "), cyclohexa-
none monooxygenase chnB, muconate cycloisomerase catB, and
amidase amiE, showed a significantly higher abundance only in the viral
groups exposed to DP contamination. Furthermore, several genes related
to methane metabolism (three genes in DP-contaminated soil and one
gene in PVC-contaminated soil) and sulfur metabolism (four genes in
DP-contaminated soil) were identified in the contaminated soils. KEGG
annotation results indicated that the viral genes encompassed various
metabolic activities and pathways for organic matter degradation. Al-
terations in viral AMGs were compared across different treatments (refer
to Methods and Table S7 for details). The AMGs encompass a total of 23
functional pathways. Compared to other treatments, DP-contaminated
soil exhibited significantly more diverse viral AMGs. Notably, under
DP treatment, TPM values for AMGs involved in flagellar assembly, the
pentose phosphate pathway, and methionine degradation were signifi-
cantly increased, whereas the abundance of genes associated with
deoxyribonucleotide biosynthesis was markedly decreased, suggesting a
strategic reallocation of metabolic resources by viruses under DP stress
(Fig. 4¢).
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3.5. Structural and functional characteristics of virus-encoded genes in
plastic-associated pollutant degradation

Previous research indicates that AMG identification at the individual
bin level yields a higher number of detected AMGs compared to whole
metagenome assemblies. This approach provides greater resolution,
facilitating the discovery of additional metabolic genes that may be
overlooked in broader metagenomic analyses [62]. Therefore, to
conduct a more detailed examination of AMGs, we analyzed the proteins
encoded by phages sequences integrated within individual MAGs, as
shown in Table S8. Interestingly, this more detailed analysis confirmed
the presence of the gene encoding 3-oxoadipate enol lactonase (PcaD,
EC 3.1.1.24) in the integrated prophage of Pseudomonas nitroreducens sp.
upd006. The completeness and classification of the viral genome
(completeness: 20 %, contamination: 26 %) containing this gene were
assessed using CheckV and Phabox (Table S§10).

Multiple analyses were conducted to confirm the viral origin of the
PcaD encoding gene (682123 fragment_3_48) located at positions
57603-58436 within the contig 682123_fragment_3 (See Fig. S6 for the
viral genome map). This contig was assigned to the Casjensviridae family
and categorized as a dsDNA phage by VirSorter2. Gene 682123_frag-
ment_3_48 is also flanked by regions containing viral hallmark genes,
such as VOG00741 (Protein P5) and other hypothetical proteins iden-
tified by VOGs (Table S9). The significant viral score (38.900,/100) and
low cellular score (11.100/100) predicted by VirSorter2 for sequence
682123_fragment_3 strongly support its viral origin. DRAM-v classified
the sequence as Category 1 [63], indicating an enrichment of viral-like
genes and possibly non-Caudovirales genes, reinforcing confidence in its
viral classification beyond the more well-characterized Caudovirales
(Table S10). However, DRAM-v did not recognize PcaD as an AMG,
likely because its degradation activity is not part of the usual metabolic
processes. This might be due to the limited number of studies focused on
PcaD in prior research, resulting in its absence from the DRAM-v data-
base (Table S10 — “DRAM-v”).

Promoter and terminator prediction analysis also revealed important
regulatory elements associated with the 682123 fragment_3 48 gene,
suggesting its role in phage-mediated processes. A phage promoter,
spanning positions 57429-60068 with a score of 0.826, was located
upstream of the PcaD gene. Downstream, a Rho-independent terminator
at positions 58241-58319, with a score of 9.0, featured several palin-
dromic sequences, contributing to its stability and efficiency in termi-
nating transcription. Additionally, two potential Rho-dependent
terminators were identified within the PcaD gene, which could influence
the transcription of this gene or other viral genes located in this region.
The spanin gene, essential for bacterial cell lysis during phage infection,
was also predicted close to the PcaD gene region, strongly supporting its
viral origin (Table S10). In summary, these results confirmed that PcaD
gene is of viral origin and may be positively selected by phthalate
plasticizers, as they were only found in DP-contaminated soils.

The enzyme 3-oxoadipate enol-lactonase (EC 3.1.1.24) catalyzes the
hydrolysis of 3-oxoadipate enol-lactone to 3-oxoadipate. As a member of
the hydrolase family, it acts on carboxylic ester bonds and is crucial in
degrading phthalates and benzoates via hydroxylation, aiding the
breakdown of these aromatic [64] (Fig. 5a). Since the viral gene
encoding EC 3.1.1.24 was identified in Pseudomonas nitroreducens sp.
upd006, we performed a phylogenetic analysis using PcaD protein se-
quences from the Pseudomonas species group, which includes Pseudo-
monas nitroreducens, available in the UniProtKB database (Fig. 5b). Most
sequences cluster closely together, indicating high similarity among the
host-encoded PcaD genes. However, the gene encoded by
682123 _fragment_3_48 forms a unique evolutionary branch, distinct
from most reference sequences within Pseudomonas nitroreducens despite
sharing the same function. This distinct clustering further suggests that
the PcaD gene encoded by the prophage within Pseudomonas nitro-
reducens has diverged significantly from those encoded by the host
bacteria, potentially due to different evolutionary pressures. In addition,
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Fig. 5. A. overview of plasticizer degradation genes identified in the soil virome; the encoded proteins are linked to the KEGG pathway. Protein structures of
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the alpha/beta hydrolase family protein encoded by 682123 frag-
ment_3_48 contains the nucleophile-His-acid catalytic triad character-
istic of the alpha/beta fold hydrolase domain architecture (domain
architecture ID 11426811) (Fig. 5¢). The protein sequence closely
matches the conserved domain MenH (COG0596), spanning residues
9-276, with a significant E-value of 2.41e-34. COG0596 is classified as a
model that may encompass more than one domain and is the sole
member of the superfamily cl143201. The catalytic core residues are
highly conserved within the alpha/beta hydrolase family. Detailed
analysis of the protein sequences from this superfamily identified four
key motifs, each with distinct functional roles. Motif 1, characterized by
glycine and serine residues, enhances flexibility, potentially aiding in
substrate binding. Motif 2, a leucine-rich region, is likely involved in
stabilizing hydrophobic interactions crucial for maintaining the struc-
tural integrity of the enzyme. Motif 3, enriched with aspartate residues,
plays a central role in catalytic activity by facilitating substrate binding
and reaction mechanisms. Motif 4, similar in composition to Motif 1,
further contributes to the enzyme’s flexibility and activity. We also

performed motif identification on the PcaD protein from the common
species Pseudomonas nitroreducens. Interestingly, the motifs present in
this species are largely absent in 682123 _fragment_3_48 (Fig. S7). This
also suggests that the PcaD in this study is of viral origin rather than
from the host Pseudomonas nitroreducen.

4. Discussion

Although viral metagenomics have been relatively well-explored in
aquatic environments [65] and in the human gut [66], contaminated
soil ecosystems have not received the same level of attention. The pre-
sent study employed second- and third-generation hybrid metagenomic
sequencing to investigate soil microbiomes, revealing a link between
plastic pollutants and the diversity, composition, and function of viral
communities. Notably, DP-contaminated soils exhibited a more diverse
viral community, including unique viral taxa and increased predicted
associations with host bacterial taxa, suggesting strong viral-bacterial
interdependence. Additionally, viral metagenomes from DP-
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contaminated soils were enriched in genes related to metabolism and
organic matter degradation, further supporting this interdependence. It
is hypothesized that DP’s higher solubility facilitates the rapid release of
dissolved organic matter, thereby enhancing microbial metabolism and
triggering stress responses that may promote prophage induction or
increased phage release; although direct evidence for this mechanism is
currently lacking, future studies employing a gradient of DP concen-
trations and multi-dimensional analyses, including structural equation
modeling, would address this gap. In addition, non-biological factors,
such as the physical adsorption of DP altering soil permeability, may
influence virus-host dynamics; however, these effects are likely minor
compared to the substantial organic carbon changes [67]induced by DP,
a limitation that future studies should address.

Under the influence of PE, PVC MPs, and the DP, a diverse array of
host MAGs exhibited significant phage-induction events, reflecting their
sensitivity to these pollutants. While both PE and PVC MPs triggered
viral activation in several host MAGs, particularly those within the
Proteobacteria and Actinobacteria phyla, the most pronounced effects
were observed under DP exposure. DP, as a potent chemical stressor,
possibly induced widespread prophage activation across diverse host
lineages, including Azoarcus olearius sp. updl4, Pseudomonas nitro-
reducens sp. upd6, and multiple members of the Microbacterium genus.
The induction of these phages may be linked to their metabolic versa-
tility and potential ability to interact with or degrade phthalate com-
pounds. For instance, Microbacterium spp., commonly present in
contaminated environments, may engage in metabolic pathways that
interact with phthalates. Such interactions could generate cellular stress,
subsequently triggering prophage induction as part of a stress response
mechanism. Based on the analysis of lysogenic and lytic phage ratios and
TPM values, DP significantly increases TPM for both phage types and
results in a higher proportion of lysogenic phages (Fig. S8). This effect is
analogous to antibiotic-induced phage [68], suggesting that DP may
trigger prophage induction by generating stress-inducing metabolites or
by directly interfering with key cellular processes. Data further indicate
that certain phages are associated with DP degradation pathways, which
may favor lytic cycles under DP exposure. This pronounced response to
DP underscores its significant impact on microbial metabolism and
community dynamics, potentially disrupting ecological functions more
profoundly than microplastics alone. This strong response to DP suggests
its significant impact on microbial metabolism and community dy-
namics, potentially disrupting ecological functions more profoundly
than microplastics alone. These findings highlight the need for further
investigation into the mechanisms of prophage induction by phthalate
and its broader ecological implications compared to those of
microplastics.

According to Pfam, KEGG, and CAZy databases, a variety of genes
having a metabolic role were identified in the viral metagenomes, sug-
gesting that the degradation of plastic pollutants may drive the enrich-
ment of virus-encoded AMGs in soil microbiomes. These viral AMGs
might benefit bacteria by mitigating the toxic effects of pollutants or
aiding in energy acquisition through plastic degradation. For instance,
the substantial increase in glycoside hydrolase gene counts in the DP
group highlights a shift in microbial enzymatic potential [69], indi-
cating that microbial communities might be adapting to utilize complex
available carbon sources more efficiently as a stress response to DP.
Additionally, viruses play a role in regulating carbon cycling, through
the presence of AMGs related to carbohydrate and xenobiotic meta-
bolism in contaminated soil viral microbiomes, demonstrating their
adaptability to plastic pollutants. The increased presence of these genes
also shows that viruses can influence pollutant degradation through
microbial co-metabolism. This highlights the potential for using viral
capabilities in bioremediation, as viruses could be engineered to transfer
essential genes to bacterial hosts [70], enhancing the breakdown of
persistent pollutants [16].

To further investigate the potential role of virus-encoded AMGs in
plastic pollutant degradation, we bioinformatically identified a virus-
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encoded 3-oxoadipate enol lactonase (PcaD) gene associated with a
dsDNA phage from the Casjensviridae family. This gene was classified by
DRAM-v as a Category 1 region, which could play a crucial role in
environmental adaptation. The PcaD enzyme is essential for hydrolyzing
3-oxoadipate enol-lactone to 3-oxoadipate [71], a key step in benzoate
degradation. This suggests that viral genes play a significant role in
providing novel functional properties to bacteria which can become
efficient in breaking down complex phthalates. According to these
findings, phages can potentially support host bacteria in pollutant
degradation. Phylogenetic analysis revealed that the virus-encoded
PcaD gene is evolutionarily distinct from its ortholog counterpart in
members of the Pseudomonas aeruginosa group, indicating unique viral
adaptability. The alpha/beta hydrolase family protein encoded by this
viral gene contains conserved catalytic motifs essential for its enzymatic
activity, crucial for flexibility, binding, and catalysis, possibly an enol
lactonase with peculiar functional properties.

The discovery of virus-encoded AMGs related to pollutant degrada-
tion opens new avenues for bioremediation strategies. While our current
results provide insights into the potential role of the viral PcaD gene, our
study is limited by the absence of direct transcriptional quantification
and functional validation under controlled conditions. Future studies
comparing the degradation efficiency between strains with and without
phage integration, along with direct transcriptional quantification of the
viral PcaD gene during phage induction events, will be highly mean-
ingful in elucidating its independent contribution to pollutant degra-
dation. Additionally, comparative studies of soils contaminated with
different pollutants and clean soils can provide deeper insights into the
evolutionary origins and adaptation mechanisms of these viral genes.

5. Conclusion

This study underscores the pivotal role of phages in influencing soil
ecosystem responses to plastic pollution. Through advanced meta-
genomic analyses, we discovered that plasticizers, particularly phtha-
lates, induce more significant changes in the soil virome compared to
microplastics. These changes lead to greater alterations in viral di-
versity, functional gene content, and virus-host interactions. The iden-
tification of a phage-encoded 3-oxoadipate enol-lactonase gene further
highlights the direct contribution of phages to the degradation of com-
plex pollutants. These findings suggest that phages play a vital role in
enhancing microbial adaptability to plastic contaminants, opening new
possibilities for targeted bioremediation strategies that utilize viral ca-
pabilities to mitigate the environmental impact of plastic pollutants.

6. Environmental implications

This study highlights the critical role of phages in soil ecosystem
responses to plastic pollution. Metagenomic analyses reveal that plas-
ticizers, especially phthalates, cause more significant changes in the soil
virome than microplastics, altering viral diversity, functional genes, and
virus-host interactions. The discovery of a phage-encoded 3-oxoadipate
enol-lactonase underscores phages’ direct role in degrading complex
pollutants. These findings indicate that phages may contribute to mi-
crobial adaptability to plastic contaminants, presenting potential ave-
nues for exploring bioremediation strategies to mitigate the
environmental impacts of plastic pollution.
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