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

• Activated sludge processes reduce 
several high-risk ARGs

• Activated sludge processes reduce int- 
and tnp-positive MGEs carrying ARGs

• eDNA was a relevant carrier of high-risk 
ARGs

• The proportion of phage-carrying ARGs 
increases in eDNA following activated 
sludge
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A B S T R A C T

Wastewater treatment plants are widely recognized as hotspots for antibiotic resistance. Although activated 
sludge processes are not designed to lower the abundance of pathogens or antibiotic resistance genes (ARGs), 
their effects on the pathobiome and antibiotic resistome require in-depth investigation. To this end, we collected 
wastewater samples before and after activated sludge process from five municipal wastewater treatment plants, 
each characterized by different inlet composition and treatment capacity. We extracted both intracellular and 
extracellular DNA and performed shotgun sequencing to characterize the bacterial community, pathobiome, and 
antibiotic resistome. Our aim was to assess the effects of activated sludge processes on bacterial community 
composition, the abundance of potentially pathogenic bacteria and high-risk ARGs, and the potential horizontal 
mobility of detected ARGs. Our results showed that activated sludge processes significantly reduced the abun
dance of potentially pathogenic bacteria and several high-risk ARGs. Notably, while the prevalence of plasmid- 
associated ARGs decreased following treatment, ARG-carrying contigs assigned to bacteriophages increased, 
particularly in extracellular DNA samples. Overall, activated sludge processes demonstrated a beneficial 
microbiological effect by lowering potentially pathogenic bacteria. However, the enrichment of viral particles 
carrying ARGs highlights a potential risk for ARG spreading during the following processes. These findings 
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underscore the importance of analyzing both intracellular and extracellular DNA to fully understand the role of 
activated sludge in mitigating antibiotic resistance and pathogens in wastewater.

1. Introduction

Antibiotic resistance (AR) is spreading globally, with an increasing 
number of deaths associated with antibiotic-resistant bacterial in
fections. In 2019, AR was associated with nearly 5 million deaths 
(Murray et al., 2022), and this number is predicted to rise to 8.22 million 
by 2050 (Naghavi et al., 2024). Unlike in the past, it is now understood 
that the fight against the dissemination of AR cannot be limited to 
hospitals. Thanks to the "One Health" concept, there is growing recog
nition that the environment, particularly the aquatic ecosystems, plays a 
central role in the AR cycle. Indeed, waters can be defined as “critical 
reservoirs and conduits for the dissemination of AR” (Liu et al., 2025). 
The primary sources of AR are sewage and waste from industries 
(including those of food) and healthcare facilities, as well as the 
improper disposal of unused and/or waste antibiotics (Singh and Kim, 
2025). Approximately 52% of the global population's sewage is treated 
in wastewater treatment plants (WWTPs) (summarized in Zhu et al., 
2025), which are designed to lower water pollution ensuring environ
mental quality and human health (Herrera-Navarrete et al., 2022). 
However, since WWTPs are not designed to target or effectively reduce 
antibiotic resistant bacteria and antibiotic resistance genes (ARGs) in 
wastewater, they are widely recognized as hotspots for the dissemina
tion of AR (Rizzo et al., 2013). Therefore, a detailed understanding of AR 
dynamics within WWTPs is crucial. Although disinfection is the primary 
process aimed at reducing pathogen loads in these engineered systems 
(Di Cesare et al., 2020), other intermediate processes, such as the bio
logical treatments, can play an active role in shaping the pathobiome 
and the antibiotic resistome.

Activated sludge process (ASP) is the most commonly used biological 
treatment in WWTPs for nutrient (organic carbon, nitrogen, and phos
phorus) removal (Hreiz et al., 2015), thanks to its efficiency, relatively 
simple operation, and low cost. Beyond this main function, the ASP, 
defined as a “spawning ground for resistance evolution” (Zhu et al., 
2025), may also influence the reduction or selection of pathogens and 
ARGs. Indeed, previous studies have reported different and sometimes 
contrasting results on the effects of these processes on the antibiotic 
resistome. Some showed a reduction in the abundance of faecal bacteria 
or ARGs (Manna et al., 2025; Paśmionka et al., 2021), while others 
underscored the ASP as an ideal environment for the horizontal transfer 
of ARGs and thus for their spreading (Li et al., 2025).

Most studies investigating the role of ASPs in shaping the patho
biome and antibiotic resistome have focused almost exclusively on 
intracellular DNA (iDNA). Yet a growing body of evidence highlights 
that the sole analysis of iDNA overlooks a significant and still under
explored driver of ARG dissemination: extracellular DNA (eDNA). 
eDNA, including both free-floating DNA and DNA encapsulated within 
viral particles, represents an important reservoir of mobilizable genetic 
material that bacteria can acquire through active (transformation) or 
passive (transduction) horizontal gene transfer (HGT) mechanisms. It is 
now well established that eDNA is constitutively present in natural and 
engineered environments, including WWTPs, where it serves not only as 
a nutrient source and structural element of biofilms but also as a 
persistent pool of genetic information (summarized in Bairoliya et al., 
2022). Recent research has begun to clarify the contribution of eDNA as 
a carrier of ARGs within WWTPs (Savin et al., 2023). High-risk ARGs 
have been consistently detected within the eDNA fraction (Sivalingam 
et al., 2023), raising concerns on the potential of eDNA, in particular 
under anthropogenic pressures, to influence the horizontal transfer and 
selection of ARGs into downstream aquatic ecosystems (Sabatino et al., 
2025; Sivalingam et al., 2024). Despite these emerging insights, research 
on eDNA in WWTPs remains limited, with most studies focusing on the 

characterization of this DNA fraction in plant inlets and effluents. In
vestigations addressing the dynamics of eDNA within ASPs are crucial, 
especially given the high bacterial density which could lead to an 
increased potential for HGT within these matrices, yet they remain 
limited (Zhang et al., 2025), leaving a critical knowledge gap.

Thus, it is essential to deepen our understanding of the role of con
ventional ASPs in shaping the composition of the bacterial community 
as well as the abundance of potentially pathogenic bacteria and ARGs in 
wastewater, by investigating both iDNA and eDNA (we specifically 
focused on DNA contained within viral particles and free-floating DNA). 
To this end, although our study was limited to a small number of WWTPs 
and did not account for potential seasonal effects on the treatment 
processes, we analyzed 24-hour integrated wastewater samples 
collected before and after biological treatment from five different 
municipal WWTPs. We extracted the DNA fractions and applied shotgun 
metagenomic sequencing to assess differences between untreated and 
treated samples in terms of: (a) bacterial community and pathobiome 
composition, (b) antibiotic resistome composition and the abundance of 
high-risk ARGs, and (c) the potential for HGT of ARGs. The potential for 
mobility was assessed by investigating the association of ARGs with 
Mobile Genetic Elements (MGEs) and determining their genetic location 
(e.g., within bacteriophages or plasmids). The presence within these 
elements does not, however, definitively indicate active transduction or 
conjugation.

2. Material and Methods

2.1. Study Sites and Inlet Characterization

This study was conducted across five municipal WWTPs located in 
the Piedmont region of northern Italy: Verbania (VB, 45◦56′7.09" N, 
8◦33′33.32" E), Gravellona Toce (GV, 45◦56′13.14" N, 8◦25′55.90" E), 
Cannobio (CB, 46◦3′58.10" N, 8◦41′29.15" E), Novara (NO, 45◦32′49.48" 
N, 8◦27′36.78" E), and Mergozzo (MZ, 45◦57′46.70" N, 8◦26′7.41" E), 
sampled during the winter season (Fig. 1). These plants exhibit different 
inlet compositions and treatment capacities, with equivalent population 
(PE) loads in 2023 ranging from 6,919 (MZ) to 137,044 (NO). The type 
of inlet varied across sites and inlet source contributions were quantified 
as percentages of domestic (DOM), industrial (IND), hospital (HOSP), 
and tanker-delivered industrial waste (TTLW) for each plant. NO WWTP 
exhibited the most heterogeneous composition, with 69.20% DOM, 
8.06% IND, 0.86% HOSP, and 21.88% TTLW. VB WWTP showed a 
largely domestic inlet profile, with 96.18% of inputs coming from DOM 
sources, 3.54% from IND sources, and 0.28% from TTLW; no data were 
available for HOSP contributions. Similarly, GV WWTP processed an 
inlet stream composed of 99.75% DOM and 0.25% IND, with no con
tributions from HOSP or TTLW. CB WWTP, while treating 93.52% DOM 
and no IND or HOPS, received a notable 6.48% of its inlet from TTLW. 
Finally, MZ WWTP displayed the most uniform inlet profile, with an 
almost entirely DOM composition (99.99%) and negligible IND input 
(0.01%), with no HOSP or TTLW contributions. These data highlight the 
variability in wastewater sources even within a geographically limited 
region. The distribution of inlet sources for each WWTP is illustrated in 
Fig. 2, highlighting the contrasting wastewater compositions across the 
five sites. All the analyzed WWTPs utilize conventional ASPs, with 
variations in their preliminary, biological, and tertiary treatment stages 
(Fig. 2, Supplementary Information).

2.2. Sampling strategy, DNA extraction, and shotgun sequencing

Composite 24-hour flow-proportional samples were collected for 

R. Sabatino et al.                                                                                                                                                                                                                               Water Research 293 (2026) 125413 

2 



each WWTP, based on the hydraulic retention time variability reported 
by plant operators (9–15 hours, details of the sampling are reported in 
Supplementary Information). Each water sample was prefiltered 
through a 50 µm mesh-size net to remove large particles. For the iDNA 
extraction, an aliquot of prefiltered water (from 100 to 500 ml) was 
filtered on 0.22 µm polycarbonate filters (Merck Millipore, Germany) 
and filters were stored at -20◦C until molecular processing. iDNA was 
extracted using the commercial kit DNeasy UltraClean Kit (QIAGEN, 
Hilden, Germany), according to the manufacturer's instructions. The 
eDNA was extracted as previously described (Colomer-Lluch et al., 
2011), with some modifications. In detail, an aliquot of 0.22 µm filtered 
water (from 34 to 100 ml) was loaded onto 100 kDa Amicon Ultra 
centrifugal filter units (Millipore, Bedford, MA). Then, it was centrifuged 
at 4000 g for 20 minutes at room temperature to 100-fold concentrate 
the DNA. To release phage DNA from capsid, the concentrate was 
incubated with proteinase K (20 mg/ml) at 56◦C for 2 h. Finally, eDNA 
was purified using the DNeasy UltraClean kit, following the manufac
turer’s instructions. Both fractions of DNA were analysed to measure the 
concentration using the Qubit dsDNA Assay kit (Thermo Fisher Scien
tific, Waltham, USA). It ranged between 6.7 and 27.4 µg ml-1 for iDNA 
and from 0.8 to 58.0 µg ml-1 for eDNA. The DNA samples were stored at – 
20◦C until sequencing. In parallel, negative controls (using sterilized 
MilliQ water), were processed and, since both iDNA and eDNA resulted 
not quantifiable, they were not sequenced. DNA samples were sent to an 
external service (IGA Technology Services, Udine, Italy) for 

metagenomic shotgun sequencing. Celero™ DNA-Seq Library Prepara
tion Kit (Tecan, Switzerland) was used for library preparation following 
the manufacturer’s instructions. The NovaSeq 6000 (Illumina, USA) 
platform was used, with the S1, 2 × 150 bp paired-end kit (Illumina).

2.3. Bioinformatic analysis

2.3.1. Raw read processing
Raw reads were uploaded on KBase platform (Arkin et al., 2018). 

First, read quality was assessed using FastQC v0.12.1 (Andrews, 2010), 
evaluating the overall quality of the sequenced reads, their average 
length, the duplicates, and the GC content present in each sample. Then, 
Trimmomatic v0.36 (Bolger et al., 2014) was used to remove low quality 
bases and Illumina adapters, setting the following parameters: sliding 
window size=4, sliding window min. quality= 20, leading min. qual
ity= 3, trailing min. quality= 3, min. read length= 20. Raw reads were 
made publicly available in NCBI under the accession number 
PRJNA1346432.

2.3.2. Read-based analysis
The taxonomic classification of the trimmed reads was obtained in 

the KBase platform using Kaiju v1.9.0 (low abundance filter= 0.5, 
subsample percent= 10) to align reads to a reference database (Menzel 
et al., 2016). The database used for taxonomic annotation was the mi
crobial subset of the NCBI BLAST non-redundant (nr) protein database. 

Fig. 1. Sampling sites. Location of the sampled WWTPs.

R. Sabatino et al.                                                                                                                                                                                                                               Water Research 293 (2026) 125413 

3 



Then, trimmed reads were exported from KBase and analysed for 
ARG-like sequences (hereafter ARGs) with the Resistance Gene Identi
fier (RGI, bwt mode) v6.0.3. Short DNA sequences were aligned with the 
default KMA aligner against the Comprehensive Antibiotic Resistance 
Database (CARD) v4.0.0 (Alcock et al., 2023). This analysis additionally 
included CARD's Resistomes & Variants data contained in the WildCARD 
reference database v4.0.2. For both i- and eDNA samples, the ARG 
abundances were normalised using the Transcripts Per Million (TPM) 
normalization as previously described (Sivalingam et al., 2024).

2.5.3. Assembly-based analysis
For the contig-based analyses, trimmed reads in the KBase platform 

were assembled using MEGAHIT v1.2.9 (meta-sensitive preset and 
minimum contig length 1000 bp) or metaSPAdes v3.15.3 (minimum 
contig length 1000 bp and default k-mer sizes). Then, QUAST v4.4 and 
kb_assembly_compare v1.12 were run to choose the best assembly based 
on length and size distribution of the component contigs, resulting in 
metaSPAdes assembler performing the best. To investigate contig anti
biotic resistome, the proteomes obtained with prodigal were annotated 
with RGI (main mode) v6.0.3 against the CARD v4.0.0. The dataset was 
custom-filtered to retain all strict and perfect hits, in addition to loose 
and nudged ones that showed identity ≥ 80 % and percentage length of 
reference sequence ≥ 80 %. In the ARG carrying contigs related pro
teomes, MGEs were annotated against the mobileOG database (Beatrix 
database version 1.6) using DIAMOND (thresholds: evalue < 1e− 10, 
identity > 80, query coverage > 80) (Brown et al., 2022). Contigs con
taining ARGs were also investigated via the “Virus and Plasmid Work
flow” on the NMDC EDGE platform (Kelliher et al., 2024), with 
geNomad (Camargo et al., 2023) to verify their potential plasmid or 
viral origin. This workflow identifies virus and plasmid sequences in 
assembled scaffolds and estimates the quality of viral genomes with 
CheckV (Nayfach et al., 2021). After assembly, Metagenome Assembled 
Genomes (MAGs) were binned using three different tools, i.e., MaxBin2 
v2.2.4 (Wu et al., 2016), Metabat2 v1.7 (Kang et al., 2019), and 
CONCOCT v1.1 (Alneberg et al., 2014). Then, optimization and aggre
gation of these bins were obtained using DASTool v1.1.2 (Sieber et al., 
2018). Resulting bins were analyzed using CheckM v1.0.18 (Parks et al., 
2015) for the estimation of the genome completeness and contamina
tion. Genomes with a quality score ≥ 50 were classified as high quality 
MAGs, reported as results and further discussed. All MAGs (high quality 
and all the others) were taxonomically assigned against the Genome 

Taxonomy Database (GTDB) using GTDB-Tk v2.3.2 (Chaumeil et al., 
2022).

2.4. Statistical analysis

The statistical analyses were made in the R environment v 4.1.2 (R 
Core Development Team, 2024) with the aim to assess how the ASPs 
could influence the dynamics of the bacterial community and antibiotic 
resistome in both DNA fractions. We analysed four datasets: the whole 
bacterial community, the pathobiome (a subset of data containing only 
the bacterial genera listed as established human pathogens by Bartlett 
and colleagues) (Bartlett et al., 2022), the antibiotic resistome (i.e., the 
total content of ARGs), and high-risk ARGs. The latter were identified as 
those ranked at I and II risk levels, which correspond to the 'current 
threats' and 'future threats' classifications as defined by Zhang and col
leagues (Zhang et al., 2021). To create the list of high-risk ARGs, it was 
necessary to standardize the nomenclature between the database used in 
this study (CARD) and that used by Zhang and colleagues (Zhang et al., 
2021). Accordingly, the name of each gene listed in the cited study was 
queried in CARD, and the corresponding ARO terms and sub-terms 
(when present) were retained. For the statistical tests, we used as 
explanatory variables the WWTP (5 levels: VB, CB, GV, MZ, and NO), the 
stage related to the biological treatment (2 levels, “Pre” and “Post”), and 
the origin of DNA (2 levels, “Intra” and “Extra” cellular) and made 
nested analyses to take into account the hierarchical nature of the 
sampling activities, with the two types of origin of DNA nested within 
the two types of treatment stage, nested within the WWTPs. We calcu
lated the richness (as number of different genera or ARGs) of each 
sample, as an index of alfa diversity, and investigated, after its 
log-transformation, the factors (WWTP/Treatment stage/Origin) influ
encing its variation through a nested ANOVA for the WWTP/Treatment 
stage variables and then, applying a paired t-test for the Origin of DNA. 
Similarly, we constructed a matrix of dissimilarities using the 
abundance-based Bray-Curtis dissimilarity index, as an estimator of 
sample composition (beta diversity), and determined its drivers using a 
nested PERMANOVA, firstly, and a PERMANOVA with strata within 
paired (Intra-Extra) samples, successively. The dissimilarity matrices 
were used to plot sample composition in a dendrogram, generated 
through hierarchical linkage analysis. For the pathobiome and high-risk 
ARGs, we calculated the total abundance for each sample and tested it, 
as done for richness. Moreover, ten most abundant potentially 

Fig. 2. WWTP overview. Schematic representation of the main treatment processes applied in the analyzed WWTPs.
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pathogenic bacterial genera and high-risk ARGs were further analyzed 
using ANOVA to evaluate their dynamics across the investigated 
WWTPs. For all the datasets, the beta diversity dissimilarity matrix was 
subset into two sub-matrices (containing only iDNA and eDNA samples, 
respectively) and these ones were correlated by Mantel test, using 
Pearson’s correlation method, to determine potential relations in genus 
or ARG composition of eDNA and iDNA. A mantel test was used also to 
correlate sample composition of whole bacterial community, patho
biome, antibiotic resistome, and high-risk ARGs, by Pearson’s correla
tion analysis, to unveil possible dependency between bacteria and 
resistome. We considered compositions as correlated for r≥ 0.75 and p≤
0.05.

3. Results

3.1. Bacterial community and pathobiome composition

We identified 182 bacterial phyla and 3386 genera. Overall, at the 
genus level, Acinetobacter showed the highest abundance, followed by 
Pseudomonas and Acidovorax (Fig. 3A, Supplementary Table 1). 
Notably, NO WWTP (showing the most heterogeneous composition of 
the inlet, with almost 1% derived from HOSP) differed from the other 
plants, with Lactococcus, Gordonia, Aeromonas and Streptococcus as the 
most abundant genera in i_PRE, i_POST, e_PRE, and e_POST samples. In 
all the samples, the prevalent genera were referable to bacteria con
taining potentially pathogenic species (Fig. 3A-B, Supplementary Ta
bles 1 and 2). Richness of the bacterial community and pathobiome did 
not significantly change among the WWTPs (ANOVA: p≥ 0.989) or 
considering the treatment stage (ANOVA: p≥ 0.824). It was significantly 
higher in the iDNA than in the eDNA samples (paired t-test: p≤ 0.00001) 
(Fig. 4A-B, Supplementary Table 3). For beta diversity, the treatment 
stage was the main driver influencing bacterial community and patho
biome composition, explaining 48.1 and 47.9% of sample variance 
(PERMANOVA: p≤ 0.008), compared to 13.3 and 13.0% explained by 
the WWTP (PERMANOVA: p≥ 0.595), respectively (Supplementary 
Table 3). DNA origin was another significant factor (PERMANOVA: p=

0.002), although it accounted for a lesser extent (16.4% for the bacterial 
community and 16.7% for the pathobiome) (Supplementary Table 3). 
The dendrograms obtained from the hierarchical linkage analysis 
showed that samples clustered primarily according to treatment stage, 
with pre- and post-treatment samples forming two distinct branches, 
and secondarily by DNA origin (Supplementary Figure 1). The only 
exceptions were the e_PRE samples from the NO WWTP, which clustered 
separately from the others (Supplementary Figure 1). Regardless of the 
WWTP (ANOVA: p= 0.342), potentially pathogenic bacteria were 
significantly more abundant in the pre-treatment than in the post- 
treatment samples (ANOVA: p= 0.002) (Fig. 5A, Supplementary 
Table 3). Their total abundance did not differ according to DNA origin 
(paired t-test: p= 0.368) (Supplementary Table 3). However, among 
the ten most abundant potentially pathogenic bacteria, Streptococcus and 
Prevotella showed a contrasting abundance pattern. Streptococcus was 
significantly more abundant in eDNA than iDNA samples (ANOVA: p=
0.025), while Prevotella was more abundant in iDNA samples (paired t- 
test: p= 0.0243) (Supplementary Table 4). Furthermore, Acinetobacter 
showed a significant lower abundance in NO WWTP in respect to other 
WWTPs (ANOVA: p= 0.0115) (Supplementary Table 4); whereas 
Comamonas and Flavobacterium were significantly less abundant after 
the ASPs (ANOVA: p≤ 0.0332) (Fig. 6, Supplementary Table 4). Bac
terial communities of i- and eDNA samples were not correlated (Mantel 
test: r= 0.624, p= 0.002) (Supplementary Table 3). Also, for the 
pathobiome, no correlation was found (Mantel test: r= 0.607, p= 0.003) 
(Supplementary Table 3).

3.2. Antibiotic resistome and high-risk ARG composition

ARGs were annotated in all samples, with 1688 ARGs from 45 
different antibiotic resistance classes (Supplementary Table 5). kdpE 
(encoding for the aminoglycoside resistance) had the highest abun
dance, followed by adeF (encoding for the fluoroquinolone and tetra
cycline resistance) and Klebsiella pneumoniae kpnH (encoding for multi- 
drug resistance, MDR) (Fig. 3C, Supplementary Table 5). Concerning 
high-risk ARGs, emrB (encoding for the fluoroquinolone resistance) was 

Fig. 3. Bacterial community and antibiotic resistome. Composition per sample of the whole bacterial community A), pathobiome B), antibiotic resistome C), and 
high-risk ARGs D). Only the 40 most abundant genera/genes are shown. The abundances were expressed in percentage per sample, for genera, and using the TPM 
normalization, for genes. In the sample name, the first letter (“i” or “e”) indicates the origin of DNA (intra- or extracellular), “PRE” or “POST” codes identify the 
treatment stage (pre- or post-treatment), the last two letters indicate the WWTP: “CB” for Cannobio, “VB” for Verbania, “GV” for Gravellona Toce, “NO” for Novara, 
and “MZ” for Mergozzo.

R. Sabatino et al.                                                                                                                                                                                                                               Water Research 293 (2026) 125413 

5 



the most abundant gene, with vanY (encoding for the vancomycin 
resistance) and ermB (encoding for the macrolide-lincosamide- 

streptogramin resistance) as second and third genes for abundance 
(Fig. 3D, Supplementary Table 6). As for the bacterial community and 

Fig. 4. Richness. Number of the different bacterial genera for whole bacterial community A) and pathobiome B), or genes for the antibiotic resistome C) and high- 
risk ARGs D) according to the origin of DNA (intra- or extracellular). Single samples are depicted; the black line refers to the mean value of richness.

Fig. 5. Pathobiome and high-risk ARGs. Total abundances of potentially pathogenic genera A) according to the treatment stage (pre- or post-treatment) and high- 
risk ARGs B) according to the DNA origin (intra- or extra-cellular). The abundances were expressed as percentage, for genera, and using the TPM normalization, for 
genes. Single samples are depicted; the black line refers to the mean value of abundances.
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pathobiome, there were no significant differences in antibiotic resistome 
and high-risk ARG richness when analyzing the plant (ANOVA: p≥
0.867) or the treatment stage (ANOVA: p≥ 0.300) (Supplementary 
Table 3). In both cases, iDNA samples had significantly higher richness 
than eDNA ones (paired t-test: p≤ 0.0023) (Fig. 4C-D, Supplementary 
Table 3). DNA origin was also the only significant factor (PERMANOVA: 
p= 0.004) explaining the antibiotic resistome composition (37.3%) 
(Supplementary Table 3), as also evident in the corresponding 
dendrogram (Supplementary Figure 1). Selecting high-risk ARGs, the 
treatment stage and DNA origin explained 44.3 and 19.7% of beta di
versity sample variance, respectively (PERMANOVA: p≤ 0.043) (Sup
plementary Table 3). The dendrogram showed that, as observed for the 
bacterial community and the pathobiome, the e_PRE samples from the 
NO WWTP grouped separately (Supplementary Figure 1). All other 
samples were clustered according to treatment stage and DNA origin 
(Supplementary Figure 1). Total high-risk ARG abundance per sample 
was higher in the eDNA than iDNA samples (ANOVA: p= 0.0036) 
(Fig. 5B, Supplementary Table 3). The WWTP and the treatment stage 
did not affect their total abundance (ANOVA: p≥ 0.893) (Supplemen
tary Table 3). However, focusing on the ten most abundant high-risk 
ARGs, vanY (in vanA cluster) was significantly more abundant in CB 
WWTP in respect to MZ, NO, and VB WWTPs (ANOVA: p= 0.0209) 
(Supplementary Table 4). aph(6)-Id and vanY (in vanB cluster) were 
significantly reduced in abundance after ASPs (ANOVA: p≤ 0.0361) 
(Fig. 6, Supplementary Table 4). Conversely vanY (in vanA cluster) 
showed the opposite trend, with a significant increase in abundance 
after ASPs (ANOVA: p= 0.0153) (Fig. 6, Supplementary Table 4). 
Additionally, emrB was significantly more abundant in eDNA than iDNA 
samples (paired t-test: p= 0.0098) (Supplementary Table 4). For the 
antibiotic resistome and high-risk ARGs, iDNA and eDNA sample com
positions were not correlated (Mantel test: r≤ 0.727, p≤ 0.002) (Sup
plementary Table 3). Additionally, the antibiotic resistome and high- 
risk ARG composition were not correlated either to bacterial commu
nity (Mantel test: r≤ 0.725, p= 0.001) or to pathobiome (Mantel test: r≤
0.688, p= 0.001) (Supplementary Table 3).

3.3. ARG-carrying contigs and MAGs

We assembled 3361 contigs containing at least one ARG: 1938 from 
the i_PRE samples, 1162 from the i_POST ones, 223 from the e_PRE ones, 
and 38 from the e_POST ones (Supplementary Table 7). Of these ones, 
221 contigs were classified as having a plasmid origin (geNomad 
plasmid score≥ 0.709): 172 from the i_PRE, 23 from the i_POST, and 26 
from the e_PRE DNA, whereas 41 had a viral origin (geNomad virus 
score≥ 0.708): 8 from the i_PRE, 9 from the i_POST, 8 from the e_PRE, 
and 16 from the e_POST DNA (Supplementary Table 7). Overall, the 
most frequent ARGs in the contigs were van genes (Supplementary 
Table 7). Moreover, we found that 380 ARG-carrying contigs also 
contained MGEs: 299 for the i_PRE samples, 45 for the i_POST ones, and 
36 for the e_PRE ones (Supplementary Table 8). Of these ones, 88 
displayed a plasmid origin, specifically 67 in the i_PRE, 11 in the i_POST, 
and 10 in the e_PRE DNA (Supplementary Table 8). We successfully 
binned contigs, obtaining 738 high quality MAGs (272 from i_PRE 
samples, 448 from i_POST ones, 7 from e_PRE ones, and 11from e_POST 
ones). 561 MAGs harbored at least one ARG: 219 from i_PRE samples, 
328 from i_POST ones, 4 from e_PRE ones, and 10 from e_POST ones 
(Supplementary Table 9). Of the ARG-carrying MAGs, 75 contained 
also at least one MGE: 62 from i_PRE samples, 12 from i_POST ones, and 
1 from e_PRE ones (Supplementary Table 9). In ARG-carrying MAGs, 
the most frequent ARGs were van genes, whereas the most frequent 
hosts, at genus level, were Acinetobacter, Flavobacterium, and C7867-001 
(Supplementary Table 9). 22 MAGs were referable to opportunistic 
pathogenic species. Of these ones, 19 harbored at least one ARG: 17 in 
i_PRE DNA (4 identified as A. johnsonii, 4 as Bacteroides uniformis, 4 as 
Escherichia coli, 3 as Collinsella aerofaciens, 1 as Dialister invisus, and 1 as 
Parabacteroides distasonis) and 2 in i_POST DNA (1 B. uniformis and 1 
C. aerofaciens), whereas 10 MAGs, all from i_PRE samples, contained 
both ARGs and MGEs (1 A. johnsonii, 4 B. uniformis, 4 E. coli, 1 
C. aerofaciens) (Supplementary Table 9).

Fig. 6. Most abundant potentially pathogenic bacterial genera and high-risk ARGs. The abundances of the ten prevalent potentially pathogenic bacteria and 
high-risk ARGs were statistically tested. Among the selected bacteria and ARGs, only those showing significant differences according to the treatment stage (pre- or 
post-treatment) are presented. The abundances were expressed as percentage, for genera, and using the TPM normalization, for genes. Single samples are depicted; 
the black line refers to the mean value of abundances.
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4. Discussion

The differences in inlet composition and treatment configuration of 
the sampled WWTPs influenced bacterial community and antibiotic 
resistome. The NO WWTP received the most heterogeneous inlet, 
including HOSP wastewater and a substantial fraction of TTLW. Such 
variability likely generated fluctuations in organic load and oxygen 
demand, potentially affecting dissolved oxygen stability and the effec
tive sludge and hydraulic retention times. These conditions may increase 
microbial stress and cell lysis, which is consistent with the distinctive 
bacterial community and resistome composition in eDNA samples. In 
contrast, CB, VB, GV, and MZ WWTPs treated mainly DOM wastewater 
(> 93%) and are therefore expected to operate under more stable sludge 
and hydraulic retention time and dissolved oxygen conditions. This 
stability likely supported the more homogeneous patterns in both iDNA 
and eDNA samples observed in these plants.

Overall, the bacterial community, considering all samples analyzed 
regardless of the sample origin (iDNA or eDNA), sample type (pre- or 
post-treatment), or the specific WWTP sampled, showed a high pro
portion of potentially pathogenic bacteria, with Acinetobacter and 
Pseudomonas being the most abundant. This finding aligns with previous 
literature, which identifies these bacteria as members of the core 
microbiome of WWTPs (Palanisamy et al., 2022) and as prevalent 
components of the activated sludge bacterial communities (L. Wang 
et al., 2024). Furthermore, eDNA extracted from post-treated samples 
was dominated by Streptococcus across all the investigated WWTPs, and 
it was never detected among the three most abundant bacteria in any 
iDNA sample, suggesting an important effect of the ASPs on its removal, 
in line with previous findings (Shchegolkova et al., 2016). ASPs also 
played a significant role in reducing the total abundance of potentially 
pathogenic bacteria, as previously reported (Barrios-Hernández et al., 
2020; Wen et al., 2009), particularly Comamonas and Flavobacterium, 
and in shaping the composition of the pathobiome. In contrast, ASPs did 
not affect the richness of the bacterial communities, which was signifi
cantly influenced only by the origin of the sample, with iDNA consis
tently showing a significantly higher richness than eDNA (Sivalingam 
et al., 2023; Sivalingam et al., 2024). These findings, obtained by 
analyzing both iDNA and eDNA, clearly demonstrate the potential of 
ASPs to reduce potentially pathogenic bacteria and call for dedicated 
experiments to strengthen this property and improve the overall func
tioning of WWTPs, thereby decreasing reliance on disinfection.

Similarly, the richness of the antibiotic resistome was significantly 
higher in iDNA than in eDNA. However, eDNA proved to be the main 
vector of high-risk ARGs, particularly emrB (a fluoroquinolone resis
tance gene, Lomovskaya and Lewis, 1992), as their abundance was 
significantly higher in eDNA compared to iDNA. This further emphasizes 
the role of eDNA in carrying and potentially disseminating ARGs, and 
increasingly supports its analysis to obtain a clearer understanding of 
ARG dynamics within WWTPs. ASPs did not significantly affect the 
richness or composition of the antibiotic resistome, nor the abundance 
of high-risk ARGs. However, when differences in abundance of the 
prevalent high-risk ARGs were evaluated in relation to the effect of 
ASPs, except for vanY (within the vanA cluster), which was significantly 
more abundant in the treated samples (indicating an increase after 
ASPs), these genes were significantly more abundant in the untreated 
samples (indicating reduction due to ASPs). Specifically, a significant 
trend of reduction was observed for vanY (within the vanB cluster) and 
aph(6)-Id. vanY is part of the gene cluster responsible for glycopeptide 
resistance (Arthur et al., 1992) and aph(6)-Id encodes for resistance 
against streptomycin (Ashenafi et al., 2014).

Analysis of the MAGs confirmed these findings. Specifically, the 
abundance of potentially pathogenic MAGs carrying at least one ARG 
decreased after treatment. The only two potentially pathogenic MAGs 
detected in the iDNA isolated from the post-treated samples were 
B. uniformis and C. aerofaciens, which have been previously found to be 
prevalent in inlets of WWTPs and the human gut (Li et al., 2015). 

Approximately 13% of the isolated MAGs positive for at least one ARG 
were also positive for one MGE. Among the potentially pathogenic ones, 
the most abundant were B. uniformis and E.coli, both recovered from 
iDNA in pre-treated samples. Similarly, about 11% of all contigs car
rying at least one ARG were also positive for MGEs. MGEs carrying ARGs 
and transposase genes (tnp) were found to be more abundant than those 
positive for the integrase (int) genes. Notably, among the int-positive 
elements, only one was specifically annotated as an intI gene, which is 
the identifying marker for integrons. These differences suggest a higher 
overall relevance of transposons in the dissemination of ARGs compared 
to int-positive MGEs across the ASPs of the different WWTPs. Further
more, both tnp-positive and int-positive MGEs associated with ARGs 
were more frequent in the iDNA before the ASPs. This finding indicates 
that the ASPs may negatively affect the potential for the horizontal 
spread of ARGs mediated by these MGEs. A relevant fraction (nearly 7%) 
of contigs positive for at least one ARG were identified as being of 
plasmid origin, suggesting that conjugation may be the primary mech
anism of HGT across ASPs, confirming previous findings obtained in 
WWTPs (Sivalingam et al., 2023; Tamai et al., 2025). Interestingly, 
nearly 1% of the total contigs carrying at least one ARG were attributed 
to a viral origin and, when taxonomically identified, they were anno
tated as Caudoviricetes, a class of viruses with helical tails and icosahe
dral capsids representing the most abundant viruses able to infect almost 
all bacterial lineages (Liu et al., 2021) and frequently found in WWTPs 
(Jin et al., 2025). These viral-origin contigs were detected in higher 
numbers in treated samples compared to untreated ones, particularly 
within the eDNA fractions. Only one of these contigs, originating from 
eDNA, was assigned to a bacterial MAG. This may be due to the smaller 
fragment size typical of eDNA, which can hinder contig assignment to 
MAGs during binning, or to the possibility that the DNA is encapsulated 
within a viral particle rather than part of a bacterial genome. These 
findings suggest that ASPs may have enhanced bacterial cell lysis or 
favored the selection of extrachromosomal bacteriophages. Further
more, these results support the role of bacteriophages as reservoirs of 
ARGs, especially in wastewater, contributing to the spread of AR in 
environments impacted by anthropogenic pollution (Calero-Cáceres 
et al., 2019; Subirats et al., 2016). These results also clearly identify the 
plasmids as the prevalent carriers of ARGs, as widely documented in 
WWTPs (Munk et al., 2022) while highlighting a marginal but still 
measurable contribution of bacteriophages that should not be over
looked when investigating AR in wastewater and in aquatic environ
ment (Marti et al., 2014; Sabatino et al., 2023). Altogether, these 
findings, although limited to field-based analyses and not accounting for 
the operational parameters of ASPs, which could provide valuable in
sights into the mechanisms underlying the reduction of potentially 
pathogenic bacteria and ARGs, and despite based exclusively on shotgun 
metagenomics data that may introduce biases, particularly in pathogen 
identification, underscore the importance of analyzing both iDNA and 
eDNA fractions to fully characterize the antibiotic resistome of aquatic 
samples and to comprehensively assess the impact of biological pro
cesses on the pathobiome and antibiotic resistome.

5. Conclusions

While acknowledging the limitations of an exclusively sequencing- 
based approach, the investigation of potentially pathogenic bacteria 
and ARGs annotated in both iDNA and eDNA fractions through shotgun 
metagenomics enables a comprehensive understanding of the role of 
ASPs in reducing these micropollutants in WWTPs. ASPs were found to 
effectively lower the abundance of both potentially pathogenic bacteria 
and several high-risk ARGs. Furthermore, this study provides new in
sights into the effects of ASPs on the dynamics of ARGs associated with 
MGEs. While plasmids are well established as important carriers of ARGs 
within microbial communities from WWTPs, the contribution of viruses 
to ARG dissemination remains debated (Wang et al., 2024). In this work, 
we report for the first time that contigs carrying ARGs and likely of viral 
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origin were more abundant in post-treated samples, particularly in the 
eDNA fraction. This observation suggests that, under these conditions, 
ARGs may preferentially be associated with free viral particles rather 
than integrated prophages, pointing to a potentially underestimated role 
of viruses in the persistence and spread of ARGs within WWTP microbial 
communities. Thus, monitoring bacteriophages becomes increasingly 
important during wastewater treatment, not only after disinfection. 
Overall, this study demonstrates that ASPs play a central role in 
combating the spread of AR and underlines the need for further research 
to develop strategies that optimize ASP performance before proceeding 
to tertiary treatments.
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