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ABSTRACT

Antibiotics such as sulfonamides are ubiquitous environmental contaminants that pose severe
ecological risks globally. Constructed wetlands are critical systems for mitigating these pollutants,
where diverse microbial communities drive complex biogeochemical transformations. Within these
ecosystems, bacteriophages are the most abundant biological entities, capable of shaping bacterial
community structure and function through lytic infection and gene transfer. Virus-encoded auxiliary
metabolic genes (AMGs) can specifically modulate host metabolism to enhance survival under chemical
stress. However, the precise role of viruses in regulating both the degradation of antibiotics and the
dissemination of antibiotic resistance genes (ARGs) remains poorly understood. Here we show that
positive bacteria-phage interactions significantly improve sulfamethoxazole (SMX) removal while
concurrently restricting the transfer of ARGs. Using sediment microcosm experiments, we demonstrate
that the addition of phage-concentrated solutions increases SMX removal efficiency by up to 35%. Vi-
ruses achieve this by enriching specific SMX-degrading bacteria and augmenting bacterial metabolic
capacity through the expression of AMGs related to energy production and extracellular polymeric
substance synthesis. Furthermore, lytic viruses act as biological blockers, significantly reducing the total
relative abundance of ARGs by directly lysing antibiotic-resistant host cells rather than promoting
transduction. Our findings highlight the profound ecological influence of viruses in shaping microbial
responses to pollutant stress. Regulating these viral communities presents a promising biological
strategy to enhance the bioremediation of emerging contaminants and mitigate the global health risks
of antibiotic resistance.
© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

addition, extensive and complex gene transfer between viruses
and their hosts can affect the function and stress tolerance of a

Viruses are noncellular microorganisms that cannot perform
metabolic functions autonomously and must parasitize host cells
to survive and reproduce. Phages, viruses that infect bacterial cells,
are the most abundant biological entities on earth and help shape
the composition of microbial communities via lytic infection [1]. In
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microbial community [2]. Specifically, virus-encoded auxiliary
metabolic genes (AMGs) have been shown to shape bacterial
metabolism and influence local and global biogeochemical pro-
cesses, such as nutrient and toxic pollutant transformations [3,4].
Previous studies have shown that phage-encoded AMGs related to
microbial antioxidant and pollutant degradation improve bacterial
growth under benzo[a]pyrene [4] or pesticide stress [5]. These
phenomena indicate that viruses can affect pollutant removal ef-
ficiency, the dissemination of resistance genes, and microbial
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adaptation to chemical contamination. However, our knowledge of
the interactions that occur between viruses and bacteria under
these stresses remains limited.

Sulfonamides (SAs) are widely used in the prevention and
treatment of human and animal diseases. However, the processes
implemented in sewage treatment plants to remove SAs are inef-
fective, and they are present at high concentrations in surface
water, sediment, and soil [6]. For example, the highest concen-
trations of sulfamethoxazole (SMX) have been detected in lakes
and rivers, where it poses the greatest ecological risk [7,8]. SMX
residues are also environmental stressors for microorganisms in
natural and sewage treatment systems, such as wetlands. In turn,
microbial polymers significantly influence the solid-liquid distri-
bution, degradation, and transformation of SMX [9]. The types of
microorganisms involved are diverse, including bacteria and vi-
ruses. Most research has focused on the response of a single mi-
crobial population to antibiotic stress [10-12]. Significantly,
exposure of viruses carrying genes associated with SA degradation
to SA could result in the positive selection of AMGs that degrade
SA, potentially shifting the composition of a microbial community.
Thus, understanding the adaptability and interactions among
different types of microorganisms under antibiotic stress is
essential to elucidating microbial community assembly
mechanisms.

More importantly, viruses can promote or inhibit the dissemi-
nation of antibiotic resistance genes (ARGs) via transduction and
different lytic-lysogenic strategies; hence, they can affect the
spread of drug resistance and the emergence of antibiotic resis-
tance. However, the role of viruses in ARG transfer remains unclear
[13,14]. This is because conflicting evidence has been obtained
across studies on different viral communities and survival strate-
gies under varying environmental conditions [2,15]. Effects of vi-
ruses on material transformation in soil systems are influenced by
environmental heterogeneity [15]. Therefore, it is vital to under-
stand the viral population structure and function across different
environments to optimize the viral contribution to antibiotic
bioremediation and reduce ARG transfer [16]. Furthermore, there
is a need to explore virus-host interactions under antibiotic stress
and to identify the role of viruses in regulating antibiotic
transformation.

In constructed wetlands designed to treat sewage, the sediment
is a hotspot for SMX accumulation, migration, and transformation.
Furthermore, microbial colonization and pollutant removal occur
in the sediment. Hence, SMX and viruses tend to co-locate in
wetland sediments. Given that viruses cannot pass through the
physical barriers inserted to trap larger molecules in the sediment,
viruses are abundant in the sediment and inevitably participate in
complex interactions with microorganisms and pollutants in the
sediment. However, the population structure and function of vi-
ruses in wetland sediments remain unclear.

To address the abovementioned knowledge gaps, we aimed to
deepen our understanding of the key antibiotic-removal processes
mediated by virus-bacteria interactions and provide a theoretical
basis for developing viral regulation strategies to reduce antibiotic
pollution. To achieve these aims, we explored viral population
structure, virus-host interactions under SMX stress, and the
impact of viruses on SMX transformation and bacterial resistance
in sediment using tangential flow filtration (TFF) technology in
combination with viromics and metagenomics.
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2. Materials and methods
2.1. Experimental setup

Sediment was collected from a full-scale constructed wetland,
sieved through a 2-mm filter, and divided into three samples. We
sterilized the first sample at 121 °C for 30 min in a high-pressure
sterilization pot. We used the second sample to extract a phage
concentrated solution (PCS) and a bacterial inoculation solution
(BIS) via TFF (methodology in Supplementary Text S1). The PCS
extraction method was developed to optimize efficiency (Sup-
plementary Text S2 and Fig. S1). The third sample was incubated
with 1 mg L~! SMX at 25 °C for 30 days.

The microcosm experiments were conducted in 250 mL glass
beakers. A total of 100 g of sterile sediment was added to each
beaker. We established four systems to investigate the effects of
the PCS on the structure and function of the sediment microbiome
under SMX stress, SMX transformation, and ARG transfer (Fig. 1).
The control system included only BIS (from 100 g sediment). To
identify the role of viruses, we assembled the B100V system by
mixing BIS and PCS at a 1:1 ratio (prepared from 100 g sediment).
The B300V system, with a 1:3 BIS-to-PCS ratio (prepared from
100 g sediment), was established to explore the influence of virus
concentration. The B100DV system combined BIS with DPCS at a
1:1 ratio, where the DPCS was prepared from 100 g of sediment
pre-incubated with SMX, to test how SMX exposure alters PCS
effects. Three beakers were used for each experimental condition
to ensure that data were available from three biological replicates.
The experimental samples were incubated with synthetic do-
mestic sewage (Supplementary Table S1) for one week (incubation
period), and then SMX (100 pg L~1) was added to all groups (stable
operation period). All experiments were conducted using a batch
sequence strategy with a hydraulic retention time of 3 days for 108
days.

2.2. Analytical methods

We detected and identified SMX and its intermediate products
via high performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS, LCMS-8040, Shimadzu, Japan) and UPLC-
QTOF-MS (Scientific Export, Canada) using previously described
methods [17]. Organic matter, total nitrogen, and total phosphorus
were measured using the potassium dichromate oxidation
external heating method, the Kjeldahl method after sulfuric acid
digestion, and the molybdenum antimony spectrophotometric
method after NaOH alkali melting, respectively. The dissolved
organic carbon concentration was measured using a total organic
carbon analyzer (TOC-VCPH, Shimadzu, Japan). Extracellular
polymeric substances (EPS) were extracted from sediment sam-
ples using a modified heat extraction method [18] and character-
ized as soluble, loosely bound, or tightly bound (Supplementary
Text S3). The protein and polysaccharide components of the EPS
were determined using Coomassie Brilliant Blue G-250 and
phenol-sulfuric acid reagents, respectively [19].

2.3. DNA extraction and sequencing

We used the DNeasy PowerSoil DNA Isolation Kit (Qiagen,
Germany) and MagPure Viral DNA/RNA Mini LQ Kit (Angen Biotech
Co., China) to extract the total DNA and viral DNA from 0.5 g
sediment samples, respectively, following the manufacturer's
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Fig. 1. Schematic illustration of the experimental design. Bacterial inoculum solution (BIS) and phage-concentrated solution (PCS) were extracted from wetland sediment and
used to establish the treatment groups, followed by incubation and a stable-operation period. BIS was extracted from 100 g of sediment and added to all systems. PCS was
prepared either from 100 g of sediment (PCS), 300 g of sediment (3PCS), or 100 g of sediment pre-incubated with sulfamethoxazole (SMX; DPCS). The treatment groups were
Control (BIS only), B100V (BIS combined with PCS from 100 g of sediment), B300V (BIS combined with PCS from 300 g of sediment), and B100DV (BIS combined with DPCS).

instructions. The quality and integrity of the extracted total DNA
was verified using 1% agarose gel. Metagenomic sequencing was
conducted using the Illumina NovaSeq 6000 platform in PE150
mode (Magigene, China). Whole-genome amplification of viral
DNA was performed using a REPLI-g Cell WGA & WTA Kit (Qiagen,
Germany). The quality of the phage DNA-amplified products was
verified using a 1% agarose gel, a Qubit 3.0 instrument, and a
Nanodrop One spectrophotometer (Thermo Fisher, MA, USA) [4].
Fastp (v0.20.1; default settings) was used to obtain high-quality
sequencing reads from the metagenome and metavirome data-
sets [20]. We determined the composition of the microbial com-
munities using MetaPhlAn4 (https://github.com/biobakery/
MetaPhlAn). Subsequently, we used MEGAHIT (v1.2.9) [21] to
cross-assemble the remaining reads of each system to obtain the
bacterial and viral contigs. The meta-large and meta-sensitive
modes were used for the metagenome and metavirome
sequencing reads, respectively. The filtered thresholds for the
nonviral (including bacterial and archaeal) and viral contigs were
set to 500 bp and 300 bp, respectively [21]. Open reading frames
(ORFs) were predicted from nonviral contigs and viral contigs
using Prodigal (v2.6.3) [22].

2.4. Bacterial taxonomic assignment, virus identification, and
functional annotation

Bacterial taxonomy was assigned using Blast (v2.9.0+) and the
NCBI-NR database [21]. Virsorter2 (v2.2.3) [23] was applied for
virus identification, and all identified viral contigs were extracted
(Supplementary Text S4). We constructed a gene-sharing network
of viruses across the different samples using vConTACT 2.0 [24],
which assigns viral sequences to viral clusters (VCs). We annotated
the viral contig taxonomy by querying the IMG/VR database (v4)
with BLASTn [24]. We then predicted the hosts of the viral contigs
using CHERRY, a popular tool known for its high performance and
accuracy [25]. The lysogenic and lytic viral contigs and AMGs were
detected using the built-in machine-learning method in VIBRANT
[26]. ARGs were annotated using blastp based on the SARG (v2.2)
database (e-value <1 x 107>, similarity >80%, and query coverage
>70%) [27]. We estimated gene abundances with BBmap [28], and
and normalized counts as reads per kilobase million (RPKM) for
each sample. For nonviral contigs, we mapped ORF functional
annotations to the kyoto encyclopedia of gene and genome (KEGG)
database using MEGAN [29] and DIAMOND [29], and summarized
the results as heatmaps. The components of the phosphorus cycle
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were filtered according to the KEGG ontology (KO) numbers re-
ported in previous studies [28]. We used the METABOLIC [30] to
annotate genes and profile components of the carbon, nitrogen,
and sulfur cycles. DefenseFinder was used to identify antiviral
defense systems [31].

2.5. Statistical analysis

Data analysis and visualization were primarily performed using
R. The alpha-diversities (including simpson, and shannon) of the
viral and bacterial compositions were calculated using the vegan
package (https://github.com/vegandevs/vegan) in R (v4.0.3), and
the differences were compared using the F-test. Differences
among the viruses, bacterial compositions, and functional traits
were assessed using PERMANOVA, and principal component
analysis (PCA) was performed to visualize the differences. The
venn results were visualized using the UpSetR package (https://
github.com/hms-dbmi/UpSetR). The functional genes heatmap
was constructed using an online platform (http://cloudtutu.com.
cn/). The viral and bacterial co-occurrence networks were visual-
ized using Gephi (v0.9.2) [32] based on Pearson correlation co-
efficients. The key functional metabolic pathways were identified
using a random forest model (RFM) and the rfPermute package
(https://github.com/cran/rfPermute). A structural equation model
(SEM) was fitted using statistical product and service software
automatically (SPSSAU, https://spssau.com/indexs.html) to iden-
tify the shift in the virus—bacteria relationship in response to the
PCS, thereby revealing the contribution of the PCS to SMX removal.
We used a multiple regression model (MRM) to explore the re-
lationships between SMX removal and multiple factors. Before
fitting the MRM, we assessed redundancy among environmental
variables using the VARCLUS function in Hmisc and excluded
variables with Spearman's p? > 0.7. We then performed stepwise
variable removal by excluding nonsignificant variables (p < 0.05)
and refitting the model using the ecodist package until all retained
variables were significant.

3. Results and discussion
3.1. Impact of viruses on SMX removal and transformation

The addition of PCS improved SMX removal efficiency (Fig. 2a).
Compared to the control, the B100V treatment exhibited a 35.0%
higher SMX removal efficiency. Increasing PCS within a certain
range was beneficial for SMX removal: B300V exhibited a 7.8%
higher SMX removal efficiency than B100V. Treating sediment
with B100DV was also more efficient than treating it with B100V
for SMX removal. Moreover, PCS affected the physical and chem-
ical characteristics of the sediment (Supplementary Text S5), as
evidenced by an increase in organic matter content and a decrease
in SMX in the B100V-treated samples (Supplementary Table S2).
Interestingly, the time required to reach the highest SMX removal
efficiency was not affected by PCS concentration or source. B300V
and B100DV showed the same regulatory effect on SMX removal,
with similar average removal efficiencies. These results indicate
that SMX removal efficiency can be increased by adding PCS;
however, environmental conditions should be considered (e.g., pH,
temperature, and nutrient limitations) [33].

Phage-concentrated solution altered the SMX transformation.
The possible degradation pathways (Fig. 2b) and intermediate
products (Supplementary Table S3) are presented. The initial steps
in the biodegradation of SMX generally involve the cleavage of N-C
and S-N bonds. In Pathway I, the PCS, especially DPCS, accelerated
the isomerization of the isoxazole ring to generate 4-amino-N-(5-
methyl-3-oxazole) benzene sulfonamide. Next, the N-C bond was
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broken to form 4-aminobenzene sulfonamide, which was ulti-
mately degraded into aniline. However, PCS had no impact on the
N-C bond breaking, with no difference observed in the relative
abundance of 4-aminobenzene sulfonamide (Supplementary
Fig. S2-S5). In Pathway II, due to the oxygen exchange that
occurred during the input of the domestic sewage, SMX was first
metabolized into 3-Amino-5-methylisoxazole (3A5MI) and 4-
aminobenzene sulfinic acid, the main products of aerobic SMX
degradation [34]. 3A5MI was then converted to 5-methylisoxazole
via oxidation and deamination and subsequently degraded to
isopropanol. PCS promoted S-N bond rupture and 3A5MI deami-
nation. Significantly, a high PCS concentration inhibited 3A5MI
deamination, as evidenced by the lower relative abundance of 5-
methylisoxazole (the downstream product of 3A5MI) caused by
B300V compared to B100V. Moreover, in B100DV, 3A5MI was not
detected, and 5-methylisoxazole reached its highest relative
abundance, indicating that 3A5MI degradation was accelerated by
DPCS. In Pathway III, benzene sulfinic acid was formed by deam-
ination of 4-amino benzenesulfinic acid, then oxidized to phe-
nylthiol and degraded into small molecules (e.g., methane and
carbon dioxide). Benzenesulfonic acid was detected only in B300V,
indicating that the high PCS concentration may have inhibited the
conversion of benzene sulfinic acid into phenylthiol.

3.2. Viruses affected the EPS content

The lower SMX content observed in the sediments treated with
PCS may have resulted from enhanced microbial degradation of
extractable SMX residues. PCS also altered the EPS composition
(Supplementary Text S6), which may, in turn, influence SMX
removal. Overall, the low-concentration PCS increased EPS pro-
duction (Supplementary Fig. S6) and microbial regulation of SMX
removal. Bacteriophages have been shown to promote microbial
adaptability under environmental stress by enriching AMGs
involved in EPS synthesis [35,36]. They have also been reported to
act as naturally occurring, environmentally friendly biofilm repair
agents by secreting lytic enzymes that degrade EPS [37]. This de-
lays the formation of overly thick EPS layers and thus enhances
nutrient supply within the biofilm and access to external nutrients
or oxygen, which are key factors for SMX removal. Interestingly,
high-concentration PCS and DPCS reduced EPS generation, indi-
cating that PCS regulated biofilm structure. These findings provide
a novel reference for microbial renewal and a solution to biological
blockage problems in sewage treatment systems.

3.3. Adding the PCS optimized virus-bacteria interactions

Across treatments, 23,299-68,070 viral contigs were identified.
These contigs clustered into 4191 VCs (approximating genus-level
groupings), and only 15 viral contigs were classified as giant vi-
ruses (>200 kb; Supplementary Table S4). PCS addition increased
the number of viral contigs and community richness scores, but
was associated with lower diversity as measured by the Shannon
and Simpson indexes (Fig. 3a). PCA showed significant separation
among the treatment systems and obvious aggregation among the
replicates (Fig. 3b). Compared with B100V, both B300V and
B100DV had more viral contigs and greater community diversity
and richness. These results indicated that high-concentration PCS
and PCS derived from sediment pre-incubated with SMX had
positive effects on viral colonization in SMX-stressed sediments.

The viral community was clearly different in treatments con-
taining PCS (R = 1, p = 0.001, Fig. 3¢). Across systems, we detected
68-106 viral types, with 34 VCs shared across the systems (Fig. 3d).
Similar to the distribution of the viral contigs, viral-type richness
was higher in B100V, B300V, and B100DV. B300V (n = 104) and
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B100DV (n = 106) showed similar viral profiles and shared 60 VCs.
Notably, B100DV contained 34 unique VCs, indicating that envi-
ronmental stressors, such as SMX contamination, can cause ge-
netic variation in viruses [21].

Family-level profiling (Fig. 3e) showed that unannotated vi-
ruses dominated in all samples, with relative abundances of
51.4-75.6%. Among annotated families, Microviridae, Siphoviridae,
and Poxviridae were most abundant in the control and B100V,
consistent with reports from clean and organochlorine-
contaminated soils [5]. Compared with the control, B100V
showed a 22.4% higher relative abundance of Microviridae (38.8%),
whereas Siphoviridae and Poxviridae decreased by 4.9% and 2.2%,
respectively. Dominant viral families varied with the concentra-
tion and type of PCS. In B300V and B100DV, Siphoviridae, Poxvir-
idae, and Genomoviridae were predominant, but their relative
abundances differed (B300V: 8.1%, 3.4%, and 4.4%; B100DV: 6.6%,
8.6%, and 12.0%, respectively). Viral concentration and types sha-
ped viral community structure and richness in response to SMX

stress. The high relative abundance of Siphoviridae may be rele-
vant to SMX removal, as the dihydrofolate reductase enzyme
encoded by Siphoviridae bacteriophage AXL1 has been shown to
induce resistance to SMX [38].

Viruses can regulate the structure and function of their hosts,
thereby influencing host resistance to pollutant stressors and
pollutant transformation. Among the identified viral contigs,
36,295 (18.6%) were annotated to hosts. Of these, 31 viruses were
linked with 20 bacterial host phyla and 747 host species
(Supplementary Table S5). At the species level, PCS affected the
variety of hosts. More specifically, 19 viral contigs were linked to 13
host phyla and 305 species in the control, 15 viruses were linked to
16 host phyla and 395 species in B100V, 19 viral contigs were
linked to nine host phyla and 421 species in B100DV, and 21 viral
contigs were linked to nine host phyla and 449 species in B300V.

At the phylum level, Proteobacteria were the most common
hosts, followed by Firmicutes, Actinobacteria, Euryarchaeota, and
Bacteroidetes (Fig. 4a). These phyla represented the dominant
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members of the bacterial community, and they are also reportedly
the most common in deep sea sediments, soils, and activated
sludge from wastewater treatment plants [26,35,39]. The relative
abundance of viral hosts at the phylum level was also influenced
by PCS concentration and type. For example, compared with those
in the control, the relative abundances of Proteobacteria, Firmi-
cutes, and Bacteroidetes were all lower in B300V and B100DV,
while the levels of Euryarchaeota and Crenarchaeota were higher
(Supplementary Fig. S7). In addition, the relative abundance of
some host species (e.g., Actinobacteria, Chlamydiae, and Cyano-
bacteria) differed between B300V and B100DV. The presence of
the PCS changed the pattern of coexistence between viruses and
bacteria under SMX stress. Across the four treatments, we iden-
tified 281 virus-host pairs. Pair counts were similar in the control
(n =65) and B100V (n = 63) (Fig. 4b). By contrast, B300V (n = 72)
and B100DV (n = 81) yielded more pairs than B100V, suggesting
higher apparent infectivity under higher PCS dose and when PCS
was derived from SMX-incubated sediment. Consistently, these
treatments showed higher abundances of anti-phage defense
systems (Supplementary Table S6), indicating increased viral
predation pressure on bacterial hosts.

Phage-concentrated solution affected the composition of the
sediment virome in terms of the abundance of lytic and lysogenic
viruses. Lytic viruses dominated the viral community (97.6-99.7%
relative abundance) and were significantly more abundant than
lysogenic viruses (p < 0.05; Fig. 4c). The coexistence of lytic and
lysogenic viruses is a natural outcome of the chaotic population
dynamics that arise within a sufficiently diverse community,
wherein obligate lytic viruses typically outcompete lysogenic vi-
ruses [36]. Lytic viruses tend to lyse their host bacterial cells and
generate a burst of viral progeny, while lysogenic viruses integrate
their genomes into the bacterial host DNA and improve surviv-
ability of the host [40]. In this study, lytic viruses remained
dominant under SMX exposure coexisted with lysogenic viruses. A

balance between lytic and lysogenic viruses has been associated
with greater microbial community stability and resilience to
pollution stress [36]. PCS addition increased the proportion of lytic
viruses, indicating that viral composition responds to viral con-
centration and type. Lysogenic viruses accounted for 1.92% of the
viruses in B100DV and 1.88% in B300V. Notably, under deterio-
rating conditions, lysogenic strains can outcompete obligate lytic
strains [36].

3.4. PCS improved bacterial adaptability and metabolic capacity

The bacterial diversity and evenness in the sediments was
decreased (Fig. 5a), which might be related to the infections of lytic
viruses to host cells host cells [41]. Increasing PCS concentration
had little impact on the bacterial diversity and evenness (p > 0.05).
However, DPCS significantly reduced both metrics (p < 0.01),
consistent with higher infectivity of the viruses.

The addition of PCS changed the bacterial community compo-
sition in the sediments (Fig. 5b and c). At the phylum level (Fig. 5d),
Proteobacteria (84.5%), Firmicutes (5.3%), and Bacteroidetes (7.9%)
were dominant in the control, accounting for 97.7% of the total
bacterial abundance. Species in these phyla were also ranked as
the most important SMX-degrading bacteria [42-44]. In contrast,
the relative abundances of Proteobacteria (91.7%) and Firmicutes
(5.6%) were higher in B100V, while the level of Bacteroidetes
(0.8%) was significantly lower (these three phyla accounted for
98.1% of the total bacterial abundance; p < 0.05). The relative
abundances of these three phyla were different when the PCS
concentration was increased or when the PCS was derived from
sediment pre-incubated with SMX (B300V: 64.0%, 4.0%, and 27.6%;
B100DV: 32.1%, 3.1%, and 53.3%). Notably, Euryarchaeota were
enriched in sediments treated with the PCS, with relative abun-
dances of 0.7%, 4.3%, and 11.5% in B100V, B300V, and B100DV,
respectively. Euryarchaeota was the most abundant lineage of
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Archaea and the main viral-host phylum [26].

At the genus level (Fig. 5e), Magnetospirillum was the most
abundant in the control (43.5%) but occurred at lower relative
abundance in PCS-amended treatments. Magnetospirillum has
been reported to contain genes associated with the activation of
carbonaceous organics and small-molecular organic acids
involved in pyruvate degradation, which can provide energy for
SMX removal [45]. The addition of PCS decreased the relative
abundance of Malikia (0.01% in B100V vs. 11.0% in the control).
Increasing the PCS concentration and incubating the PCS increased
the relative abundance of Malikia (27.1% in B300V vs. 20.7% in
B100DV). Malikia reportedly contributes to the degradation of ar-
omatic compounds [46], which might substantially facilitate SMX
removal. Unclassified Bacteroidetes was the most abundant bac-
terial type in B100DV (26.2%). Bacteroidales have been shown to
correlate positively with viral presence and are considered suit-
able indicators of viral contamination of water bodies [47].
Moreover, some electroactive bacteria, such as Geobacter
(0.3-2.2%) and Shewanella (0-5.2%), were found in samples treated
with the PCS. This indicated that the PCS may have accelerated the
electron transfer rate within the sediment, thereby promoting
SMX removal. Conversely, the relative abundance of these species
was lower in B300V and B100DV. Overall, the PCS type and con-
centration impacted the microbial community structure and
function. Notably, the dominant SMX-degrading bacteria shifted
from Proteobacteria to Bacteroidetes, particularly in B100DV.

Furthermore, increasing the concentration of PCS induced
bacterial colonization [48], thereby improving bacterial adapt-
ability. Network analyses showed that, relative to the control,

bacterial community and virus-bacteria interactions were weaker
in B100V (Supplementary Fig. S8 and S9), with fewer nodes and
edges. Virus-bacteria coordination was weakened by the PCS, with
the proportion of positive correlations between viruses and bac-
teria decreasing from 57.6% (control) to 53.5% (B100V). However,
the strength of the bacterial community interactions and the
virus-bacteria interactions was higher in B300V and B100DV. The
proportion of positive correlations was 50.9% in B300V and 58.4%
in B100DV. These results suggest that DPCS had beneficial effects
on microbial survival and community stability.

Viruses can assist bacteria in responding to SMX stress by
regulating metabolic processes that support the host bacterium's
survival and nutrient cycling. The metabolic capacity of sediment
bacteria was improved by the addition of PCS. Specifically, B100V
showed enrichment of metabolic pathways related to bacterial
survival (e.g., replication and repair, membrane transport, trans-
port and catabolism, and signaling molecules and interaction) and
energy production (e.g., carbohydrate metabolism, biosynthesis of
other secondary metabolites, glycan biosynthesis and metabolism,
and metabolism of terpenoids and polyketides) (Supplementary
Fig. S10a). This indicates that the PCS enhanced bacterial survival
under SMX stress. This finding aligns with previous studies that
viruses help bacteria survive under benzo[a]pyrene or organo-
chlorine stress [4,5]. Moreover, the diversity and richness of genes
related to element cycling (i.e., carbon, nitrogen, phosphorus, and
sulfur cycling) were altered by the PCS (Supplementary Fig. S10b).
While the number of each gene was higher when the PCS was
added, the relative abundances of them were decreased
(Supplementary Fig. S10c).
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3.5. Virus-encoded AMGs played an important role in SMX
degradation

The number and types of virus-encoded AMGs were shaped by
the viruses present [40]. Furthermore, AMGs modulated the
metabolism of the host bacteria and microbial-driven biogeo-
chemical processes. The number of AMGs detected in the control
was 26, whereas 275 AMGs were detected in B100V (Fig. 6a).
Compared with B100V, fewer AMGs were detected in B100DV
(n=137)and B300V (n = 161), and there were 14 fewer AMG types
in B100DV (Fig. 6b). The relative abundance of AMGs encoded by
lytic viruses decreased by 24.1% when PCS was derived from 100 g
sediment pre-incubated with SMX (Supplementary Fig. S11) due to
the enrichment of certain AMGs under SMX stress. Moreover, only
eight AMG types were shared across the four systems, indicating
that the PCS type and concentration affected the AMGs' function
and role. Furthermore, viral communities with different pro-
portions of lytic and lysogenic viruses tend to mediate microbial-
driven biogeochemical cycles via AMGs in different ways. The
relative abundance of lytic virus-encoded AMGs was higher than
that of lysogenic virus-encoded AMGs across the four systems
(Supplementary Fig. S11). Given that this type of ratio has been
shown to improve host translation efficiency and viral progeny
reproduction [49], it likely facilitated the degradation and trans-
formation of SMX in this study. Hence, the high-concentration PCS
and DPCSs influenced the AMG composition. In addition, PCS (at
low concentration) accelerated the degradation and trans-
formation of SMX by increasing the number and diversity of AMG.

The metabolic pathways associated with the virus-encoded
AMGs were enriched for amino acid metabolism, biosynthesis of
other secondary metabolites, carbohydrate metabolism, meta-
bolism of cofactors and vitamins, metabolism of terpenoids and
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polyketides, glycan biosynthesis and metabolism, and energy
metabolism (Fig. 6a). The AMGs related to microbial metabolism
and energy production may be involved in SMX degradation and
transformation. In particular, the AMGs related to folate biosyn-
thesis, which is associated with cofactor and vitamin metabolism,
were ranked as the most common [50], representing nine, six, and
five annotated genes (e.g., queC/D/E/F) in B100V, B300V, and
B100DV, respectively, while they were not detected in the control
(Supplementary Fig. S12). Additionally, these AMGs were enriched
in B100DV, indicating that DPCS was more effective at alleviating
ROS, as folate has potent antioxidant properties [51]. Other AMGs
associated with cell membrane integrity and robustness were
detected, namely I[pxD (B100V), vanY (B300V), and NEU1 (B100DV),
with relative abundances of 4.1%, 0.01%, and 3.9%, respectively.

AMGs related to element cycling (e.g., carbon, nitrogen, and
sulfur cycling) enhanced the host bacteria's competitiveness for
nutrients. Sediment is generally rich in nutrients, especially
polysaccharides and organic sulfur compounds derived from ani-
mals and plants (Fig. 6¢).

AMGs associated with several polysaccharide metabolism pro-
cesses (i.e., amino sugar and nucleotide sugar metabolism, fructose
and mannose metabolism, galactose metabolism, pentose and glu-
curonate  interconversions, arabinogalactan  biosynthesis—
mycobacterium, lipopolysaccharide biosynthesis, N-glycan biosyn-
thesis, and polyketide sugar unit biosynthesis) were significantly
enriched when the PCS was added, especially in B100V (p < 0.05).
The findings of a previous study suggest that increased abundances
of these AMGs are associated with the generation of amino sugars
and their release via cell lysis [52]. Amino sugars are a major con-
stituent of the bacterial cell wall and can accumulate in the short
term due to cell lysis caused by viral infection. In addition, these
compounds can supply adenosine triphosphate for the bacterial
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metabolism of SMX. Some AMGs associated with cellulose synthase
(bcsA), lipopolysaccharide biosynthesis (IpxADH), polysaccharide
biosynthesis (algA), and EPS (rfbABCD) are reportedly involved in
biofilm formation [53]. In our study, the relative abundance of
IpxAD, algA, and rfbABCD increased with the addition of the PCS.
Among these AMGs, 1fbB showed the highest relative abundance,
indicating that viruses played an important role in regulating the
EPS structure. However, increasing the PCS concentration was more
effective than using DPCS.

The AMG cysH encodes an enzyme involved in the assimilatory
sulfate reduction pathway that catalyzes the reduction of phos-
phoadenylyl sulfate to sulfite [48]. This AMG was detected in
B100V (relative abundance: 6.7%), B300V (1.0%), and B100DV
(0.4%). Its relatively higher abundance in B100V was attributed to
sulfate assimilation and the direct sulfonation of organic mole-
cules [54]. Viral cysH has been ubiquitously detected in marine,
freshwater, soil, engineered, human, wetland, and thermal spring
microbiomes [55].

3.6. PCS decreased the abundance of ARGs

The relative abundances of ARGs harbored by bacteria and vi-
ruses changed upon PCS addition. Overall, the abundance of ARGs
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decreased (Supplementary Fig. S13a). Compared with the control
(2299.6 coverage), the total ARG abundance in B100V (989.7
coverage) decreased by 57.0%, which was not significantly different
from that in B300V (993.5 coverage) (p > 0.05). Notably, DPCS had
a more pronounced negative effect on ARG abundance, with a total
ARG abundance of 933.5 coverage in B100DV. Viruses in the
environment are often hosted by bacteria that carry ARGs, and
more than half of them are lytic in nature [56], while the contri-
bution of lysogenic virus-mediated transduction is relatively low.
In our study, lytic viruses were dominant across all systems, while
the proportion of ARGs carried by lysogenic viruses was <0.2%
(Supplementary Fig. S13b), indicating that the viral community
played a greater role in the lysis of antibiotic-resistant bacteria
than in ARG proliferation [13,57]. DPCS had a more significant
negative effect on the ARGs, while the PCS concentration showed
no significant effect.

In the control, we detected 17 ARG types and 132 ARG subtypes
carried by bacteria (Fig. 7a). The dominant types were multidrug
(35.5%), bacitracin (15.2%), and sulfonamide (11.4%) ARGs (Fig. 7b).
The ARG diversity increased with the addition of the PCS, with 18
ARG types and 144 ARG subtypes carried by bacteria detected in
B100V. The relative abundance of multidrug ARGs significantly
increased to 49.5% (p < 0.05), while that of sulfonamide ARGs
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decreased to 6.01%. PCS addition increased the ARG diversity by
inducing non-corresponding ARG types and reducing corre-
sponding ARG types. Compared with B100V, the relative abun-
dance of multidrug ARGs (19.1%) was reduced and the relative
abundance of sulfonamide ARGs (11.3%) increased when the PCS
concentration was higher. However, compared with B100V, the
ARG diversity decreased with the addition of DPCS; 16 ARG types
and 122 ARG subtypes were detected in B100DV. This result may
be related to the antibiotic's specific selectivity under SMX stress.
The most dominant types in B100DV were aminoglycoside (20.8%),
tetracycline (16.8%), and multidrug (11.8%) ARGs. Compared with
B100V, B100DV exhibited a higher relative abundance of sulfon-
amide ARGs (10.8%). Thus, viruses affected the total ARG abun-
dance and the ARG types and subtypes.

Bacteria-carried ARG subtypes differed between the control
and B100V (Fig. 7c). The most common subtypes were bacA
(14.4%), sull (10.1%), and multidrug ABC transporter (6.2%) in the
control; and multidrug transporter (7.9%), multidrug ABC trans-
porter (6.5%), and acrB (6.5%) in B100V. The relative abundance of
sull was 5.9% lower in B100V than in the control, whereas sull in
B100DV was higher than in B100V but remained below the control
level. These results indicate that DPCS promoted ARG proliferation,
and the ARG transfer activity induced by DPCS was reduced
compared to that in the control. However, the relative abundance
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of sull increased with the PCS concentration (11.3% in B300V).
Therefore, it is crucial to choose the appropriate PCS concentration
and type when planning to regulate ARG abundance using viruses.

3.7. Identification of direct and indirect drivers of SMX removal

In wetland sediment, SMX removal is influenced by the
composition of the microbial community. We used MRM to clarify
the relative contributions of the bacterial and viral communities to
SMX removal (Fig. 8a). The overall differences in SMX removal
were best explained by the bacterial and viral communities (R* =1,
p < 0.05). In the first MRM analysis, the phyla Proteobacteria,
Euryarchaeota, and Firmicutes had larger partial regression coef-
ficient values (|b| = 8.17, 4.50, and 23.60, respectively), while the
phylum Bacteroidetes had a smaller but significant partial
regression coefficient (|b| = 0.47). In the second MRM analysis,
Siphoviridae, Genomoviridae, Poxviridae, and Microviridae all had a
larger effect on SMX removal (|b| = 10.19, 7.98, 5.50, and 2.87,
respectively) than the unannotated viruses (|b| = 0.11).

To explore the direct and indirect impacts of the PCS on SMX
removal, we used RFM to identify the most influential functional
metabolic pathways in bacteria and viruses (Supplementary
Fig. S14). In bacteria, the most abundant functional metabolic
pathways were the excretory system, xenobiotic biodegradation
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and metabolism, environmental adaptation, viral protein families,
and genes of unknown function. In viruses, the most abundant
functional metabolic pathways were cell growth and death,
metabolism protein families, genetic information processing (un-
classified), amino acid metabolism, and aging. These results indi-
cated that the PCS influenced bacterial adaptability and metabolic
capacity.

We then used SEM to analyze the effects of PCS addition on
SMX removal and microbial function in wetland sediments
(Fig. 8b). SMX removal, bacterial function and metabolism, and
viral function and metabolism were all significantly improved by
PCS addition (p < 0.05). Bacterial metabolism showed a significant
positive correlation with viral metabolism (p < 0.001), suggesting
that viruses may promote coevolution between bacteria and vi-
ruses in wetland sediments. However, there was no significant
association between virus-carried AMGs and SMX removal
(p > 0.05). Thus, it appears that PCS affected bacterial metabolism
by enriching virus-encoded AMGs. Together, these findings indi-
cate that the PCS indirectly enhanced SMX removal by enriching
virus-encoded AMGs and bacterial metabolism. The viruses
effectively redirected the metabolic processes of the host bacteria.

4. Conclusion

In this study, virus-bacteria interactions and virus-encoded
AMGs facilitated microbial adaptation to SMX stress in wetland
sediment. PCS addition significantly increased EPS secretion and
enriched degradation bacteria, functional genes related to micro-
bial adaptability, and AMGs. Positive virus-bacteria interactions
improved SMX removal, and viruses reduced bacterial resistance
and the corresponding ARG types by lysing antibiotic-resistant
bacteria. Moreover, the concentration and type of PCS signifi-
cantly affected the virus-bacteria interactions. Collectively, our
findings indicate that viruses play an important ecological role for
viruses in shaping microbial responses to pollutant stress and
highlight their potential to enhance bioremediation in wetland
sediments. Our findings provide a theoretical foundation for
reducing the environmental and health risks associated with an-
tibiotics and ARGs.
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