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ABSTRACT: Indigenous phages play a key role in the spread of
extracellular antibiotic resistance genes (eARGs), and micro/
nanocontaminants can exacerbate this process. However, the
specific roles and mechanisms of phage communities in this
process are still not fully understood. In this study, machine
learning models were used to explore how micrometer-sized tire
crumb rubber (mTCR) affects the transmission of ARGs via phage
communities. The results showed that mTCR at environmentally
relevant concentrations significantly activated prophages, promot-
ing the spread of the ARGs. The activation mechanisms of shade-
and photoaged mTCR differed, with eARGs carried by phage being
more abundant in photoaged mTCR-treated sludge despite similar
activation efficiencies. The random forests algorithm revealed that
prophage activation induced by shade-aged mTCR was primarily driven by the metals and organic components leached from the
mTCR. Antibiotic-resistant lysogens tolerated shade-aged mTCR due to their resistance to metals and organic matter, reducing
internal prophage activation. In contrast, photoaged mTCR particles harbored more persistent free radicals, leading to the generation
of extracellular O2

•− and •OH, which damaged cell membranes and triggered prophage activation. These findings highlight the
ecological risk associated with eARGs spread via prophage induction and deepen our understanding of the need to control discarded
TCR.
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1. INTRODUCTION
The global increase in severe bacterial infections, resulting in
nearly 700,000 deaths annually, is directly linked to the rising
prevalence of antibiotic resistance genes (ARGs).1,2 As key
vectors of ARGs, phages play a critical role in the development
of antibiotic-resistant bacteria.3−6 Consequently, phage
communities in the prevalence of extracellular ARGs
(eARGs) raise ecological and health concerns. Within bacterial
cells, phages typically undergo the lytic/lysogenic cycle.7

During the lysogenic stage, phages integrate into the host’s
genome as prophages and propagate alongside the host’s cell
division, thus passively spreading ARGs through vertical
transfer.8 When exposed to environmental stressors,9,10

prophages can be activated to enter the lytic cycle and lead
to the production of phages, which facilitates the horizontal
transfer of ARGs via phage infection. This lysogenic-lytic
switch greatly enhances the development of resistant bacteria
by releasing phage particles that carry ARGs.3,8,11,12 Under-
standing how environmental factors influence phage commun-
ity dynamics and the fate of ARGs is crucial for mitigating
ARGs transmission and reducing the number of bacterial
infections. Preliminary findings find that certain pollutants,

such as antibiotics,9 nanomaterials,13,14 heavy metals10 and
triclosan,8 can activate prophages, enhancing the spread of
resistance genes. However, how environmental pollutants with
varying physicochemical properties alter bacterial metabolic
states to trigger the lytic cycle remains unclear. Additionally,
the potential impacts of prophage activation on viral
community dynamics in natural ecosystems along with the
risks of eARGs dissemination have yet to be conclusively
established.
Tire crumb rubber (TCR), an emerging contaminant, is

discharged into the environment in an estimated 5.92 million
tons annually, with a substantial portion entering wastewater
system through urban runoff.15−18 The total microplastic
concentrations in sludge are reported to range from 0.4 to 23.5
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mg/g dry weight,19 with tire wear particles contributing 30−
50% of total microplastic pollution,20−23 and the concentration
of tire wear particles in sludge is estimated to range from 0.12
to 11.75 mg/g dry weight. Wastewater system is a major
hotspot for ARGs, where most bacteria harbor prophages that
facilitate the spread of resistance genes.8,12 The substantial
introduction of TCR will inevitably cause a negative effect on
the transmission of resistance genes. Current studies have
reported that the presence of TCR can influence the
dissemination of ARGs.24,25 However, the biological mecha-
nisms by which TCR facilitates the environmental spread of
ARGs have not been elucidated. Specifically, it is of great
interest to investigate whether TCR affects phage communities
in a way that influences the dissemination of ARGs.
Moreover, photoaged micron-sized TCR (mTCR) can

generate environmentally persistent free radicals (EPFRs),
with the content increasing with photoaging duration.26,27

Long-term weathering changes the release rate and intensity of
toxic substances (e.g., organic compounds and metal ions)
from mTCR.28,29 Theoretically, these changes in the
physicochemical properties of mTCR may cause a toxic
impact on bacterial metabolism, potentially influencing ARGs
spread by phage transduction. However, relevant research in
this area is currently insufficient.
This study aims to rigorously assess the exposure risk of

TCR in promoting ARG dissemination through phage-
mediated pathways and to fully uncover the mechanisms by
which environmental aging factors drive this process. For this
purpose, we collected TCR debris subjected to natural light/
dark aging to evaluate transductive ARGs spread at ambient
concentrations.19 The impact of mTCR on prophage activation
and eARGs abundance and diversity was investigated. The
contribution of mTCR leachate and its particles to prophage
activation was explored in depth using a lysogenic Escherichia
coli (λ+). Machine learning models (Random Forest) were
used to assess the significance of mTCR leachate components
on prophage induction. Finally, the different mechanisms
resulting in the prevalence of eARGs for dark- and photoaged
mTCR were addressed.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of Tire Rubber

Particles. The tire rubber samples were collected from waste
tire debris on a high school soccer field in Zhengzhou, Henan
Province, China, where they had been aging for three years.
We selected two types of tire debris: one that had been fully
exposed to sunlight and another that had remained in shaded
areas during the three-year period. After collecting the tire
debris, we conducted the following pretreatment steps to
obtain mTCR for further testing: ultrasonic cleaning with
ultrapure water for 15 min, freeze-drying, grinding the samples
using a liquid nitrogen ball mill, and sieving through a 200-
mesh sieve. The treated black microparticles were designated
as “Photoaged mTCR (P-mTCR)” and “Shade-aged mTCR
(S-mTCR)”, simulating those produced by sunlight exposure,
freeze−thaw cycles, and mechanical erosion.26

To characterize the leaching of the two tire rubber samples,
1000 mg/L of mTCR particles were immersed in ultrapure
water, followed by 30 min of ultrasonication, and shaking at 30
°C for 3 d. The mixture was passed through a 0.22 μm nylon
syringe filter, and the resulting filtrate was collected as mTCR
leachate. The metals in mTCR leachate were primarily
measured for Zn, Fe, As, and Pb, and the organic compounds

were quantitatively analyzed for dicyclohexylamine, 4-methyl-
aniline, N-cyclohexylformamide, and polycyclic aromatic
hydrocarbons (PAHs). The detailed characterization of the
mTCR leachate and particles is provided in Sections S1−S3.
2.2. Prophage Activation and eARGs Analysis.

2.2.1. Experiment I: Assessment of Prophage Induction in
Sewage Sludge. Activated sludge samples were collected from
the aerobic digestion tanks of three WWTPs located in
Zhenjiang, Jiangsu Province; Wuhan, Hubei Province; and
Hefei, Anhui Province, China. The samples, designated as ZJ,
WH, and HF, respectively, were transported to the laboratory
on ice within 4 h. An appropriate amount of wet sludge was
mixed with synthetic wastewater (Table S1) and stirred for 30
min. To remove extracellular phages, the sludge was left to
settle for 15 min, after which the supernatant was replaced with
synthetic wastewater. After being washed three times,
appropriate dark-aged or photoaged mTCR was added to the
sludge at a concentration of 3.43 mg/g of dry sludge weight.
The mixture was incubated in the dark at 37 °C for 4 h.

2.2.2. Experiment II: Phage-like Particle Identification and
Quantification. A modified poly(ethylene glycol) (PEG)
precipitation method was used to enrich phage-like particles
from sludge.30 Phage-like particles were collected from the
supernatant and sludge layer via centrifugation and sonication
at 8000 rpm and 4 °C for 5 min, then filtered through 0.45 and
0.22 μm poly(ether sulfone) membranes. The collected filtrate
was supplemented with PEG 8000 and NaCl to final
concentrations of 10% and 1 M, respectively. After overnight
incubation at 4 °C, the mixture was centrifuged at 15,000g for
30 min, and the precipitate was resuspended in 2 mL of saline-
magnesium buffer for nanoparticle tracking analysis (NTA,
Nanosight NS300, Malvern Panalytical, U.K.).31 Additionally,
phage-like particles were stained with uranyl acetate and
observed via high-resolution transmission electron microscopy
(TEM, JEM-F200, JEOL Ltd., Japan).

2.2.3. Experiment III: Metagenomic Analysis of Bacterial
and Viral Profiles. Sewage sludge samples exposed to mTCR
for 4 h were collected for metagenomic sequencing on an
Illumina HiSeq 2500 instrument (2 × 150 bp, paired-end
reads, 10 GB per sample). After quality control with FastQC
and Trimmomatic, reads were assembled with MEGAHIT.
Prodigal predicted open reading frames, and BWA calculated
contig and gene abundance. Species annotation was performed
via NCBI-NR using a DIAMOND.
For viral profiles, bacterial cells were removed via

centrifugation and filtration. PEG 8000 was added to the
filtrate to concentrate the viruses. Phage DNA was extracted
with a TaKaRa MiniBEST Kit and sequenced on an Illumina
NovaSeq 6000 platform. Sequences ≥ 2000 bp were identified
using VirFinder, VirSorter2, and the IMG/VR database.
vOTUs were clustered using Mummer with >95% similarity
and 85% coverage. VPF-Class was used for species annotation
and host prediction. Details are in Sections S4 and S5.

2.2.4. Experiment IV: Prophage-Carried ARGs Identifica-
tion. Phage sequences were identified using geNomad (v1.6.0),
while prophage was predicted with Prophage Hunter (v2.1)
with strict cutoff parameters (confidence score >90, att sites
confirmed by BLASTN). Only contigs supported by both tools
were retained as high-confidence prophage-harboring contigs.
Open reading frames (ORFs) within these contigs were
extracted, and those located in the predicted prophage regions
(defined by Prophage Hunter/geNomad coordinates) were
aligned against the SARG database (v3.0) using DIAMOND
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BLASTP with stringent thresholds (e ≤ 1 × 10−5, query
coverage ≥ 80, and identity ≥ 70%). The detailed process is
provided in Section S6.

2.2.5. Experiment V: Virus−Host Interaction Analysis.
Virus-host interactions were established using CRISPR spacer,
tRNA, homology, and tetranucleotide match methods between
viral contigs and metagenome-assembled genomes (MAGs).
CRISPR spacers in MAGs were identified with the CRISPR
Recognition Tool (CRT). tRNAs were recovered from vOTUs
by ARAGORN. The vOTUs were searched against the
CRISPR spacer database using blastn short with 97% identity
and 90% coverage. tRNA sequences from vOTUs were blasted
against MAGs with 100% identity and coverage. Homology
matches had an e-value below 10−5 and >80% identity over 1
kb and 50% of the host contig. Tetranucleotide frequency
analysis compared viral contigs to MAGs for potential host−
virus associations.
2.3. Antibiotic Susceptibility and Prophage Activa-

tion in Sewage Sludge vs Pharmaceutical Sludge.
Pharmaceutical sludge was collected from the aerobic tank of
a pharmaceutical manufacturing facilities (PMFs) wastewater
treatment plant in Xuzhou, Jiangsu Province, China (Table
S2). First, the antibiotic resistance of sewage and pharmaceut-
ical sludges was assessed using disk diffusion and live/dead
staining in the presence of antibiotics (ampicillin, gentamicin,
and rifampicin) (Section S7). Antibiotic resistance sensitivity
of microbial from Zhenjiang WWTP and PMFs was assessed
using bioorthogonal noncanonical amino acid tagging (Section
S8).32 Furthermore, the sludge was exposed to the same
antibiotics, S-mTCR, and P-mTCR at 3.43 mg/g of dry weight

and incubated in the dark at 37 °C for 4 h. Thereafter, phage-
like particles were collected and quantified using a Nanosight
NS300. Zinc (ZnCl2) and iron (FeCl3) were employed to
compare intracellular reactive oxygen species (ROS) levels and
prophage activation between antibiotic-sensitive and antibiotic-
resistant bacteria (Section S9).
2.4. Contribution of Leachate and Particles to TCR-

Induced Phage Activation. E. coli DSM4230 without (λ−)
were obtained from DSMZ Braunschweig, Germany. Prophage
was established in the λ− strain, as detailed in Section S10.
Growth experiments were conducted at 37 °C on nutrient
broth (NB) medium containing 10.0 g/L tryptone, 3.0 g/L
beef extract, 5.0 g/L NaCl, amended with 2.0 g/L maltose, and
0.12 g/L magnesium sulfate heptahydrate. Media were
autoclaved at 121 °C, pH 7.2 ± 0.2. TCR leachate, particles,
or their mixture were added at 10, 20, 50, 80, and 100 mg/L,
corresponding to 0.69, 1.37, 3.43, 5.49, and 6.86 mg/g sludge
dry weight. Bacterial suspensions were incubated with TCR at
37 °C for 4 h. Phages were quantified by the two-layer method
and NTA measurements. Moreover, intracellular ROS levels
and transcriptomic assays of bacteria were assessed. Details are
listed in Sections S11−S13.
2.5. Random Forest Feature Importance: Leachate vs

Particles Impact. Based on the analysis of metals and
organics in TCR leachate, a random forest regression model
was constructed using Python’s sklearn library. The model
included ten variables (Fe, Zn, As, Pb, acetophenone, 4-
methylaniline, benzothiazole, N-cyclohexylformamide, dicyclo-
hexylamine, and chryzene) as input features and phage
activation efficiency as the target variable. Leave-one-out

Figure 1. Characterization of dark and photoaged mTCR. (A) Concentration of metals and organic compounds in TCR leachate. (B)
Transmission electron microscopy/energy dispersive spectroscopy (TEM/EDS) data for TCR particles. (C) Water contact angle of TCR particles.
(D) O/C ratio of TCR particles obtained by XPS analysis. (E) Chlorobenzene, phenol, and quinone-like organic compound content in TCR
particles. (F) Persistent free radicals on TCR particles. The results are expressed as the mean value ± SD.
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cross-validation (LOOCV) with mean absolute error (MAE)
as the metric was used. Hyperparameters were optimized by
using Bayesian algorithms. The best model was cross-validated
to determine the feature importance after each training session,
ensuring stability. Detailed procedures are in Section S14.
2.6. Oxidative Stress in Different Antibiotic-Resistant

Strains with TCR Exposure. Antibiotic-resistant strains used
included E. coli DH5α carrying plasmid pUC18 (ampicillin
resistance, AmpR), E. coli DH5α carrying plasmid pTM
(gentamicin resistance, GmR), E. coli NK5449 (rifampicin
resistance, RifR), and E. coli XL1-blue (tetracycline resistance,
TcR). These strains were then incubated with a 50 mg/L TCR
(dark and photoaged) mixture for 2 h, equivalent to 3.43 mg/g
of dry weight of activated sludge. After incubation in the dark
for 2 h, bacteria were collected and washed with 0.9% NaCl

solution. Intracellular ROS levels were detected using DCFH-
DA and visualized with a fluorescence microscope (Axioscope
5, ZEISS, Germany).
2.7. Statistical Analysis. All assays were performed in at

least triplicate. For sludge-related experiments, triplicate
represents independent experiments, with each sludge sample
from different wastewater treatment plants undergoing three
technical replicates. Biological replicates were applied in pure
culture assays. All the data are expressed as the mean ± SD,
and the significance of the differences was determined by an
independent t-test or one-way ANOVA. A p-value less than
0.05 indicated a significant difference.

Figure 2. Prophage induction and eARGs changes in WWTP activated sludge. (A) Fold change in phage concentration based on NTA-derived
peak distribution of phage-like particles. (B) Viral contigs at the family level. (C) Prophage content change. (D) Sankey diagram linking sample
type, phage-carried ARGs, and resistance mechanism. (E) Abundance of prophage-carried ARGs. ZJ, WH, and HF represent Zhenjiang, Wuhan,
and Hefei WWTPs, respectively. Sludge treated with 3.43 mg mTCR per gram dry weight for 4 h; untreated sludge as control. The results are
expressed as the mean value ± SD; * denotes p < 0.05 between the indicated groups.
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3. RESULTS AND DISCUSSION
3.1. Alterations in TCR Physicochemical Properties

due to Light Exposure. Leachate analysis detected the
release of heavy metals (Zn, Fe, As, and Pb, etc.) and organic
compounds (dicyclohexylamine, chrysene, 4-methylaniline, N-
cyclohexylformamide, acetophenone, PAHs, and 6PPD (N-
(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine)) from
TCR (Figure 1A).33,34 Zn and dicyclohexylamine were the
predominant pollutants found in the leachate of S-mTCR.
Overall, S-mTCR leachate had higher metal and organic
concentrations than P-mTCR leachate, contradicting reports
that photoaging accelerates the release of these pollutants from
tire wear particles (Figure 1A).28,29 This difference may arise
because laboratory light aging of tire wear particles typically
only lasts about a month and lacks exposure to environmental

factors such as rainwater flushing and weather changes.27,28,35

In this study, by contrast, P-mTCR from natural environments
underwent prolonged aging (about three years) and faced
various weather conditions such as rainfall and freeze−thaw
cycles, which may result in the massive loss of heavy metals
and organic pollutants.
S-mTCR displayed a dense and relatively uniform structure

with large, aggregated flakes, while P-mTCR showed smaller
fragmented flakes with less distinct edges, suggesting more
advanced weathering (Figure 1B). This weathering increased
P-mTCR’s dispersibility in water by enhancing its hydro-
philicity and introducing more oxygen-containing functional
groups on its surface (Figures 1C,D and S1). Energy dispersive
X-ray spectroscopy revealed that both shade-aged and
photoaged TCR contained a variety of metal elements,
including Zn, Mg, Al, Si, Mo, Cu, and Fe (Figure 1B),

Figure 3. Tracing analysis of activated prophage. (A) Network analysis of prophage-host interactions at the genera level. Green, blue, and red nodes
represent host genera, ARGs-free prophages, and ARGs-containing prophages, respectively. (B) Venn diagram of unique and shared hosts at the
genera level in control, S-mTCR, and P-mTCR treatments. (C) Prophage-host linkages between ARGs-containing prophages and potential
antibiotic-resistant bacteria. ZJ, WH, and HF represent Zhenjiang, Wuhan, and Hefei WWTPs, respectively. Sludge treated with 3.43 mg mTCR
per gram dry weight for 4 h; untreated sludge as control.
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aligning with previous studies.36 Moreover, P-mTCR shows
higher levels of chlorobenzene, phenol, and quinone compared
to S-mTCR (Figure 1E), correlating with their higher EPFR
concentrations (Figure 1F). EPFR levels have increased from
1.3 × 1016 spins/g in S-mTCR to 1.2 × 1017 spins/g in P-
mTCR. These types of compounds (e.g., pentachlorophenol,37

1,2-dichlorobenzene,38 2,6-dibromohydroquinone,39 and phe-
nol40) contributed to the formation of persistent free radicals
(Figure S2). In summary, P-mTCR exhibited a higher degree
of aging compared to S-mTCR (Figure 1B−1F), indicating
that P-mTCR had released metals and organic matter earlier.
Thus, moderately aged S-mTCR retained a higher ability to
release metals and organic matter compared with P-mTCR
(Figure 1A). This result demonstrated that aging conditions
and collection time of aged samples significantly impact
pollutant release from rubber particles.
3.2. Varied eARGs Abundance Despite Similar

Prophage Induction: Dark vs Photoaged TCR. NTA
measurements showed that S-mTCR and P-mTCR signifi-
cantly increased prophage activation in sludge from all three
WWTPs (ZJ, WH, and HF), with the highest fold changes in
sludge from Wuhan WWTP reaching 5.97 and 5.93,
respectively (Figures 2A and S3). TEM imaging, using sludge
from Zhenjiang WWTP as an example, further confirmed the
presence of various phage-like particles in the activated sludge
(Figure S4).41 Under specific triggers like DNA damage or
environmental stress, prophages can shift from lysogenic to
lytic states, releasing phage particles into the environment.7

These phages infect other bacteria and start new lysis cycles,7

which changes the proportions and distributions of phages and
their carried ARGs.42 Viral metagenomic sequencing revealed

that mTCR exposure led to significant changes in phage
communities (Figure 2B). This occurred despite the microbial
community structure remaining relatively stable (Figure S5).
Notably, viral contigs annotated as prophages were scarcely
detected in the control group (Figure 2C). In contrast, S-
mTCR and P-mTCR treatment significantly increased the
proportion of prophages in the activated sludge from all three
WWTPs, rising from nearly 0 to 13−33%. This indicates that
mTCR exposure triggered prophage activation, causing cell
lysis and the release of bacterial genomic DNA in the activated
sludge.
Naturally, prophages often carry ARGs, which are released

into the extracellular environment during bacterial cell lysis.3

The monkey diagram illustrates the linkage between WWTPs,
treatments, ARGs-carrying prophages, and resistance mecha-
nisms (Figure 2D). Major resistance pathways, particularly
efflux pumps (e.g., tet genes) and target modification (e.g., erm
genes), demonstrated stronger association with P-mTCR
treatment compared to S-mTCR treatment. The genes tetA,
tetB, and tetT confer resistance to tigecycline, tetracycline, and
doxycycline, respectively.43 poxtA grants resistance to chlor-
amphenicol, florfenicol, linezolid, doxycycline, and tetracy-
cline.44,45 mupB and mupA enable resistance to mupirocin.46

erm is linked to resistance to erythromycin, lincomycin,
clindamycin, quinupristin, pristinamycin IA, and virginiamycin
S. ole confers resistance to oleandomycin, and optrA provides
resistance to linezolid, chloramphenicol, and florfenicol (Figure
2D).47 Strikingly, the relative abundance of activated
prophages carrying ARGs in all activated sludge samples
from all three WWTPs (ZJ, WH, and HF) was significantly
higher in the P-mTCR treatment compared to the S-mTCR

Figure 4. Differences in prophage activation in Zhenjiang WWTP and PMF sludge after TCR exposure. (A) Live/dead staining. (B) Fluorescence
intensity of homopropargylglycine-labeled bacteria. (C) Fold change in phage concentration. Sludge treated with 3.43 mg mTCR per gram for 4 h.
Untreated sludges as controls. The results are expressed as the mean value ± SD; ** and *** represent p < 0.01 and p < 0.001, respectively.
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group (Figure 2E). This result indicates that both dark-aged
and photoaged CR induce prophage activation and alert phage
communities. Notably, although two types of mTCR exhibit
similar efficiencies in inducing prophage activation (Figure
2A−2C), photoaged mTCR-treated activated sludge from all
three WWTPs (ZJ, WH, and HF) shows a higher prevalence of
eARGs compared to dark-aged mTCR-treated sludge.
3.3. Insignificant Impact of Dark-Aged TCR on

Prophage Activation in Antibiotic-Resistant Bacteria.
The activation of prophages by environmental stress (e.g.,
antibiotics, metal ions) is linked to the interaction between
prophages and their hosts, as these pollutants can induce
bacterial stress responses like DNA damage and SOS system.12

As shown in Figure 3A, the prophage-host networks for each
WWTP (ZJ, WH, and HF) revealed that both S-mTCR and P-
mTCR treatments increased the complexity of prophage−host
interactions, particularly those involving ARGs-carrying
prophages (red nodes). The number of host genera associated
with prophages was substantially higher in the S-mTCR and P-
mTCR groups compared to the control across all three
WWTPs (Figure 3B). For instance, in the ZJ sample, 52 and
44 unique host genera were identified under S-mTCR and P-
mTCR treatments, respectively, while only 14 were found in
the control. Notably, only 23, 22, and 9 genera were commonly
observed in both mTCR treatments in ZJ, WH, and HF,
respectively (Figure 3B), suggesting that S-mTCR and P-
mTCR induced prophage activation through different
mechanisms, likely driven by their distinct aging processes
and chemical properties. While the overall numbers of
activated prophages were similar in both mTCR treatments
(Figure 2A), the host association patterns of ARGs-containing

prophages exhibited marked differences (Figure 3C). Given
that ARGs are initially randomly integrated into the bacterial
genome, variations in their presence within prophages may
reflect differences in the extent of ARGs dissemination among
different genera. For example, Pseudomonas aeruginosa, a
common pathogen with resistance to multiple antibiotics in
hospital infections,48 was detected as the most vOTUs with
ARGs in all identified genera (Figure 3C).
Considering the limited overlap in host genera across

different mTCR treatments, we hypothesize that S-mTCR and
P-mTCR may induce prophage activation through distinct
mechanisms. Furthermore, with a lower proportion of ARGs-
containing prophages in the S-mTCR treatment than in the P-
mTCR treatment, prophage activation was compared in
antibiotic-resistant sludge from PMFs and antibiotic-sensitive
sludge from WWTPs under mTCR exposure. Results showed
that under exposure to antibiotics, the mortality of bacteria in
activated sludge from WWTPs was higher than that in sludge
from PMFs (Figure 4A). Metabolism activity assay using
bioorthogonal noncanonical amino acid tagging showed that
antibiotics significantly hindered protein synthesis in the
sensitive strain MG1655 and microbial communities from
WWTPs sludge, indicating that activated sludge from WWTPs
was more sensitive to antibiotics than PMFs sludge (Figure
4B). Moreover, prophage activation in S-mTCR treatments
also varied, showing a more pronounced decrease in antibiotic-
resistant sludge from PMFs compared with the more
antibiotic-sensitive sludge from WWTPs, similar to the effects
seen under antibiotic treatment (Figure 4C). In contrast, no
significant change in prophage activation was observed
between sludge communities from PMFs and WWTPs under

Figure 5. Effects of leachate and particles on mTCR-induced prophage activation. (A) Prophage quantification. (B) Feature importance of metals
and compounds in prophage induction. (C) Correlation matrix of metals and organic compounds on prophage activation. (D) Intracellular ROS
response. (E) Impact of O2

•− scavenger on prophage activation. E. coli (λ+) was treated with 50 mg/L mTCR fractions for 4 h; untreated group as
control. The results are expressed as the mean value ± SD. Different letters denote p < 0.05.
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P-mTCR treatment (Figure 4C). This indicated that anti-
biotic-resistant lysogens may be tolerant to S-mTCR, thereby
mitigating the activation of internal prophages. Common
resistance mechanisms in prokaryotes against antibiotics and
metals49 (or organic matter)50 are frequently observed. The
distinct mechanisms of S-mTCR and P-mTCR on antibiotic-
resistant lysogens may arise from the differing roles of the
mTCR physicochemical properties in prophage activation.
3.4. Key Physicochemical Properties of mTCR in

Prophage Activation. To further determine the mechanism
of mTCR on prophage activation, an E. coli (λ+) strain was
used to analyze the key physicochemical properties of mTCR
that trigger prophage induction. Despite similar activation
efficiencies being observed in the mixture treatments of S-
mTCR and P-mTCR, S-mTCR leachate induced more
prophage activation than P-mTCR leachate. Conversely, P-
mTCR particles were more effective than S-mTCR particles in
activating prophages (Figures 5A and S6). Based on an analysis
of metals and organics in TCR leachate, a comprehensive
random forest regression model was developed, and an R-
squared value of 0.85 was achieved (Section S14), indicating
strong explanatory power. The feature importance analysis of
various metals and organics in mTCR-induced prophage
activation revealed that Fe had the highest contribution to
prophage activation (score ∼0.46), followed by As and Pb
(scores 0.18−0.13) (Figure 5B). In contrast, organics were

significantly less important. Apart from dicyclohexylamine, the
feature importance scores for other organics were below 0.03.
Figure 5C presents a correlation matrix of different metals and
organics involved in mTCR-induced prophage activation. The
colors represent the strength and direction of the correlations
(positive or negative). Leachate components showed syner-
gistic effects, notably between metals (Figure 5C). These
results indicated that leachate, especially its metal fractions,
contributed to S-mTCR-induced prophage activation.
Metals and organic pollutants act as inducers to promote

phage activation due to their toxicity to microorgan-
isms.20,51−53 However, antibiotic-resistant strains often show
co- or cross-resistance to metals by reducing permeability,
altering drugs/metals, enhancing efflux, modifying targets, or
sequestering substances.49 Additionally, PAHs can also affect
bacterial efflux pumps, inducing mutations that enable
resistance to both antibiotics and PAHs.50 As shown in Figure
5D, for the antibiotic-sensitive strain DSM4230(λ+), both S-
mTCR and P-mTCR treatments increased intracellular
oxidative stress with no significant difference between them.
However, in strains with different antibiotic resistance
phenotypes, S-mTCR treatment did not induce intracellular
ROS generation, whereas P-mTCR treatment still triggered
oxidative stress. These results showed that S-mTCR failed to
induce oxidative stress toxicity in antibiotic-resistant bacteria,
aligning with the observed decrease in prophage activation in

Figure 6. Proposed mechanisms of mTCR triggering prophage induction and promoting the transduction of released ARGs-containing prophages.
Differentially expressed genes in transcriptomics relevant to λ phage activation in E. coli (λ+). E. coli (λ+) was treated with 50 mg/L mTCR
fractions. Untreated group was used as control.
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antibiotic-resistant sludge from PMFs compared to more
antibiotic-sensitive sludge from WWTPs (Figure 4C). Addi-
tional experiments involving zinc and iron demonstrated that
antibiotic-resistant bacteria are also resistant to heavy metals.
Treatment with 10−50 mg/L ZnCl2 or 50 mg/L FeCl3
significantly increased intracellular ROS levels in WWTPs
sludge, whereas no notable effect was observed in PMFs sludge
(Figure S7A,B). Furthermore, phage concentrations in
WWTPs sludge were elevated following treatment with 20
mg/L ZnCl2 or 50 mg/L FeCl3, while no significant differences
were observed in PMFs sludge (Figure S7C). This suggests
that co- or cross-resistance between antibiotic and metal allows
antibiotic-resistant lysogens to tolerate S-mTCR, leading to a
lower release of ARGs-containing prophages.
For S-mTCR, intracellular ROS increased in E. coli DSM

4230 (λ+), but outer membrane permeability did not change
(Figure S8). However, P-mTCR exposure increased both
intracellular ROS and the outer membrane permeability in
lysogenic bacteria. High levels of persistent free radicals were
detected on P-mTCR particles (Figure 1F), leading to elevated
levels of extracellular O2

•− (Figure S9A). These unstable
extracellular O2

•− quickly transformed into extracellular •OH
(Figure S9B), disrupting outer membrane stability.14 The
presence of O2

•− scavenger thiourea significantly inhibited λ
phage activation induced by P-mTCR but barely impact the
prophage activation in the S-mTCR group (Figure 5E). Thus,
persistent free radicals on P-mTCR particles induced the
production of extracellular O2

•− and •OH, which impaired the
outer membrane and then indirectly triggered intracellular
oxidative stress.
Elevated intracellular ROS can lead to DNA damage.54 After

exposure to mTCR, E. coli (λ+) upregulated genes related to
DNA repair pathways (Figures 6 and S10). For example, SOS
response-associated genes, e.g., recA, umuC, sulA, dinB, and
ruvA, all increased over 1.6-fold after treated by mTCR (Figure
S11). To mitigate the oxidative stress, the expression of genes
related to the oxidative stress system (e.g., ahpC, ahpF, sufA,
and sufD) was upregulated. Especially importantly, genes
linked to λ phage replication and assembly also increased
significantly when exposed to both dark- and photoaged
mTCR (Figure 6), indicating the improvement of prophage
induction. Therefore, whether directly via leachate or indirectly
via persistent free radicals, S-mTCR and P-mTCR induced
intracellular ROS, leading to DNA damage, activating the SOS
response, and ultimately triggering prophage activation and
release. Our findings reveal how S-mTCR and P-mTCR
facilitate the spread of ARGs by triggering prophage activation
through distinct mechanisms.

4. ENVIRONMENTAL IMPLICATIONS
With annual global emissions of 5.92 million tons, the
persistence of TCR has led to a gradual environmental
concentrations, which inevitably spread across various environ-
mental scenarios.35 As major reservoirs for TCR, WWTPs have
accumulated significant amounts of TCR, with sludge
concentrations reaching up to 42.7 g/kg.15 Additionally,
indigenous lysogenic bacteria harboring prophages are highly
abundant and diverse in WWTPs.12 Such a spatial coexistence
provides opportunities for intensive TCR-lysogen interactions.
Consequently, TCR particles and their leachate will trigger the
activation of prophages, resulting in the disintegration of
lysogenic cells and the release of newly formed phages. These
eARGs may transfer to other bacteria through transformation

and transduction, leading to the spread of eARGs among the
bacterial populations. Moreover, the physicochemical proper-
ties of RCE will be altered when exposed to real environmental
conditions. Variations in the adsorption capacity, surface
activity, and reactivity of aged TCR can affect the efficiency
and mechanisms underlying prophage activation, resulting in
substantial environmental consequences and ecological risks.
Overall, this study uniquely demonstrated that TCR

exposure contributed to improving the ARGs dissemination
by phage transduction. While both shaded and photoaged
mTCR induced similar shifts in phage communities within
activated sludge, they exhibited distinct impacts on the spread
of extracellular eARGs. Further analysis revealed that shade-
mTCR activated prophages primarily through metals and
organics in leachate, whereas persistent free radicals generated
by photoaged mTCR were more effective at prophage
activation in antibiotic-resistant lysogens. Our findings provide
new insights into the environmental risks associated with
discarded TCR and deepen our understanding of eARGs
dissemination caused by prophage activation.
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