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Introduction: Rapid and scalable surveillance of antimicrobial resistance (AMR)
is urgently needed in resource-constrained countries where routine monitoring
is limited. Wastewater-based metagenomics offers a potential solution for early
detection and geographic mapping of AMR.

Methods: We conducted a retrospective DNA shotgun metagenomic analysis
of untreated wastewater collected across Nagpur, India (February—April 2021).
A total of 422 grab samples were pooled into 138 composite samples from 10
urban zones and rural catchments. The bacterial microbiota and resistome were
profiled, and urban—rural patterns were compared using diversity metrics and
correlation analyses.

Results: Across all samples, 871 bacterial genera were detected, dominated
by Proteobacteria, with frequent presence of Pseudomonas, Acinetobacter,
Aeromonas, Acidovorax and Bacteroides. Beta diversity revealed statistically
significant but subtle urban—rural compositional shifts. Of 33 globally important
pathogens examined, 13 were detected at generally low relative abundance
(<1%). Vibrio cholerae appeared in one sample, while Aeromonas spp. were
most prevalent. Seven pathogens occurred in >10% of samples, with Aeromonas,
Citrobacter, and Enterobacter differing significantly between locations (p <
0.05). The resistome comprised 606 unique antimicrobial resistance genes
(ARGs), dominated by drug/biocide efflux determinants, followed by macrolide-
lincosamide-streptogramin B genes driven largely by 23S rRNA mutations.
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Carbapenemases (blaNDM, blaKPC) and colistin resistance (mcr) were
detected at lower abundance. Correlation analyses linked Pseudomonas with
mexEF/emhABC efflux and copBCDRS copper resistance operon, Acinetobacter
with oxa and dfrA, and Aeromonas with ctx, tetA, sull, dfrB/F, and gyrA/parC.

Discussion: These findings show that wastewater metagenomics sensitively
resolved clinically relevant pathogens and ARGs in an Indian urban-rural
setting, capturing nuanced geographic structure. Integrating routine DNA
metagenomics into One Health environmental surveillance could strengthen

AMR early warning and guide interventions in resource-constrained contexts.

KEYWORDS

antimicrobial resistance (AMR), India, low- and middle-income countries, One Health,
resistome, wastewater metagenomics, wastewater surveillance

1 Introduction

The COVID-19 pandemic catalyzed global recognition of
wastewater-based surveillance (WBS) as a powerful and cost-effective
tool for tracking emerging and endemic infectious diseases at the
population level (Thompson et al., 2020; Wade et al, 2022).
Wastewater reflects pooled biological signals from entire communities,
capturing pathogens shed by both symptomatic and asymptomatic
individuals. This makes it particularly valuable in low- and middle-
income countries (LMICs), where traditional surveillance and
diagnostic systems may be limited or fragmented (Crits-Christoph et
al., 2021; Hendriksen et al,, 2019). While WBS initially gained
prominence through its role in monitoring SARS-CoV-2, its broader
utility extends to the detection of respiratory, gastrointestinal,
zoonotic, and antimicrobial-resistant organisms (Asghar et al., 2014;
Knight et al., 2021; Lamba et al., 2017).

India presents a compelling case for expanded environmental
surveillance. The country faces a dual challenge of high infectious
disease burden and a growing concern around escalating antimicrobial
resistance (AMR), influenced by high antibiotic use in medicine and
agriculture, alongside limitations in wastewater treatment
infrastructure (Graham et al., 2019; Klein et al., 2018; Laxminarayan
and Chaudhury, 2016). A recent systematic review highlights that the
treatment of hospital wastewater fails to eliminate pathogens and
AMR genes, resulting in hospitals representing a significant AMR
environmental burden and public health risk (Amin et al., 2024).
Despite increasing evidence of their diagnostic value and cost-
effectiveness (Marais et al., 2023), investment in advanced technologies
such as clinical and environmental metagenomics remains limited in
many LMICs, including India. This slower uptake is not primarily a
consequence of insufficient interest, but rather of structural challenges.
These include fragmented or incomplete sewerage infrastructure,
restricted laboratory and bioinformatics capacity, financial constraints,
outdated or underdeveloped policy frameworks, limited recognition
of utility within existing surveillance systems, and the considerable
time and resources required to establish and sustain training in new
methodologies (Getchell et al., 2024).

Environmental reservoirs, especially untreated urban and rural
wastewater, play a critical role in the emergence, amplification, and
dissemination of AMR. These reservoirs facilitate horizontal gene
transfer and serve as convergence points for human, animal, and
environmental microbiomes, making them a priority in One Health
surveillance strategies (Huijbers et al., 2015; Larsson et al., 2018;
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Wellington et al., 2013). Despite this, comprehensive metagenomic
datasets from Indian wastewater systems remain scarce, and the urban
and rural perspective is lacking. Most previous studies have used
culture-based or polymerase chain reaction (PCR)-targeted
approaches, limiting insights into microbial diversity and resistome
structure across different environments (Balkrishna et al., 2024; Rout
etal,, 2023; Taneja and Sharma, 2018).

We previously reported the first RNA-Seq-based analysis of
untreated wastewater in India, conducted during the second wave of
COVID-19. This study analyzed composite samples collected from
urban and rural areas of Nagpur, Central India, and revealed extensive
circulation of SARS-CoV-2, hepatitis C virus, and a range of zoonotic
and enteric viruses, including chikungunya, rabies, and Jingmen tick
virus (Stockdale et al., 2023). The study demonstrated the power of
unbiased RNA metagenomics to detect unexpected viral threats,
assess co-infections, and monitor pathogen distribution across diverse
geographic settings.

Building on this platform, the present study applies DNA-based
shotgun metagenomic sequencing to the same wastewater surveillance
network. Our dataset comprises 138 composite samples spanning
both urban and rural catchments, one of the largest of its kind in
India, providing unprecedented resolution of bacterial communities
and the antimicrobial resistome in this setting. Our objectives were to
(1) assess the microbial composition and antimicrobial resistance gene
(ARG) burden in urban versus rural wastewater catchments; (2) detect
the presence and abundance of clinically important bacterial
pathogens and resistance genes; and (3) explore correlations between
key microbial taxa and ARGs. By combining viral and bacterial
metagenomic data from the same community surveillance network,
we aim to generate a more holistic understanding of public health
threats and AMR risks in a major urban-rural region of central India.
In doing so, we demonstrate the scalability and relevance of wastewater
metagenomics for integrated infectious disease surveillance under a
One Health framework in LMIC settings.

2 Materials and methods

2.1 Approvals for wastewater sample
collection

As this was an environmental sampling study, no formal ethics
were required from the respective institutions. However, official
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permissions for sample collection were taken from the Nagpur
Municipal Corporation (NMC).

2.2 Study design

We conducted a retrospective cross-sectional DNA metagenomic
analysis of untreated wastewater samples in Nagpur district,
Maharashtra, during the second wave of the COVID-19 pandemic
(3rd of February to 3rd April 2021). A total of 422 samples (1 L each)
were collected using sterile plastic (HDPE) leak-proof containers from
the main sewer drainage lines of 10 urban municipality zones and
from open drains or surface water bodies in rural areas from Nagpur
district. Sampling sites were selected in consultation with technical
staff from the Nagpur Municipal Corporation (NMC) to identify
primary sewer junctions receiving convergent flow from adjacent
residential catchments, thereby ensuring that collected samples
reflected mixed community effluent. Site selection additionally
accounted for accessibility and operator safety under COVID-19
restrictions (Supplementary Table 1). Samples were collected by
directly filling the containers to the 1 L mark. Each container was
sanitized with 70% ethanol, labeled with zonal identifiers, and sealed
in zip-lock bags. Sampling was carried out in the morning hours
(07:30 and 12:00), when wastewater flow rates were expected to peak
due to higher defecation frequency, as described by Heaton et al.
(1992). All collections were performed under biosafety conditions in
accordance with the Government of India standard operating
procedures (Government of India, 2020).

The samples were immediately transferred under cold chain
conditions (4 + 2 °C) to the Research Department at the Central India
Institute of Medical Sciences (CIIMS), using Thermocol boxes with ice
packs. Under aseptic conditions, individual samples were pooled in
equal volumes across geography and time to generate 138 composite
samples comprising 110 composite samples from urban zones and 28
from rural areas. Pooling ensured that each composite sample was
representative of a defined geographic catchment and minimized
variability due to temporal or diurnal fluctuations in microbial load. In
addition to reducing overall sequencing costs, pooling improved the
likelihood of detecting low-abundance pathogens and antimicrobial
resistance genes (ARGs) by concentrating signals from the same area.
Composite samples were subsequently transported under cold chain to
the Dr. B. Lal Institute of Biotechnology in Jaipur for further processing.

2.3 Sample collection, processing, and
nucleic acid extraction

The samples were stored and processed at the Dr. B. Lal Institute
of Biotechnology following protocols as previously described
(Stockdale et al., 2023). In brief, after collection, all samples were stored
at 4 °C for no longer than 24 h before pre-processing. Containers were
sterilized by UV treatment for 30 min, followed by heat inactivation in
a 70 °C sonicating water bath for 90 min. The samples were then
brought to room temperature (21 °C) and subjected to a two-step
filtration process: initial filtration through Whatman qualitative grade
40 paper, followed by vacuum filtration using a Millipore 0.45-pm
membrane filter. Nucleic acids were precipitated by combining 50 mL
of the filtrate with 0.9 g sodium chloride (NaCl) and 4 g polyethylene
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glycol (PEG) in a 50-mL Falcon tube. After dissolution, the mixture
was centrifuged at 4 °C for 30 min at 5750 g. The supernatant was
decanted, and the resulting pellet was re-suspended in the RNA/DNA
Shield, provided in the ZYMOBIOMICS ™ Kkit. Nucleic acids were
extracted using the ZymoBIOMICS MagBead DNA/RNA kit (R2136)
according to the manufacturer’s instructions.

2.4 Library construction and sequencing

The quality of extracted DNA was assessed using a NanoDrop
spectrophotometer and quantified using a Qubit Fluorometer
(Thermo Fisher Scientific, United States). DNA libraries were prepared
using the Illumina TruSeq® Nano DNA Library Preparation kit
(Nlumina, United States), with 100 ng of input DNA per sample. DNA
was fragmented to an average size of approximately 350 bp following
the manufacturers protocol. Library quality and fragment size
distribution were evaluated using an Agilent Tapestation with high-
sensitivity D1000 ScreenTape (Agilent Technologies, United States).
Sequencing was performed on an Illumina HiSeq 2,500 platform
using 2 x 150 bp paired-end reads, generating approximately 5 GB of
raw data per sample. FASTQ files, quality checked and adaptor
trimmed, were provided by Eurofins Genomics (Bengaluru, India).

2.5 Metagenomics analysis

Mumina paired-end reads were quality-assessed and trimmed to
remove poor quality bases (—q 20) and short reads (-1 50) using
FastQC (v0.12.1; Andrews, 2010) and FastP (v0.23.2; Chen et al.,
2018), respectively. Host-derived sequences were filtered out using
Hostile (v1.1.0; Constantinides et al., 2023) with a masked host
reference database to enhance bacterial sequence retention. Microbial
taxonomic profiling was performed using MetaPhlAn 4 (v4.1.1;
Blanco-Miguez et al., 2023). ARGs were detected using AMR++
(v3.0.6; Bonin et al., 2023) with the MEGARes 3 database. Read counts
were deduplicated and subjected to single-nucleotide polymorphism
(SNP) verification to ensure ARG specificity. Relative abundance of
ARGs was calculated from raw counts obtained from AMR++, and
normalization was conducted using Cumulative Sum Scaling (CSS)
implemented in the metagenomeSeq R package (v1.50.0; Paulson et
al.,, 2013). Where required, relative abundance was calculated using the
normalized counts. Coverage of specific genes was calculated by first
identifying the length of each gene and the number of bases covered
for each gene of interest using the deduplicated sequence alignment
files from AMR++ (Bonin et al., 2023) and SAMtools v1.21 (Danecek
et al., 2021), with secondary and low-quality alignments excluded.
Gene-level abundance and presence were determined using
ResistomeAnalyzer (Lakin et al., 2017) with default parameters.
Resistance genes were only reported when read alignments met
minimum identity requirements and covered a substantial proportion
of the reference gene length (default >80% gene coverage), thereby
excluding partial or low coverage matches arising from short conserved
regions or mobile genetic element fragments. As the MEGARes 3
database contains multiple sequences for each gene, percentage
coverage was calculated as () (bases covered) / Y (gene length) * 100).
Alignments failing to meet these thresholds were discarded, ensuring
that reported resistance genes represent near full-length gene coverage,
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reducing inflation of ARG detection due to ambiguous or low-depth
mapping (Supplementary Table 2).

2.6 Data and statistical analysis

All statistical analyses and data visualizations carried out in this
study were conducted in R (v4.4.1). The continuous variables were
compared using the independent samples t-test when the normality
assumption is valid, as evaluated using the Shapiro-Wilk test, or the
Wilcoxon rank-sum test otherwise. The specific test used is stated
where appropriate. To characterize community structure and its
determinants, we combined diversity, multivariate, and statistical
association approaches: alpha diversity metrics quantified within-
sample richness and evenness, multivariate analyses of community
structure examined between-sample compositional differences, and
correlation analysis assessed relationships between diversity,
ordination scores, and relevant environmental or clinical variables.
Each of these approaches is described briefly in the subsequent
paragraphs.

Alpha diversity metrics (Shannon, Simpson, and species richness)
and beta diversity (Bray—Curtis dissimilarity) were calculated using
MetaPhlAn supporting scripts. Diversity analyses for ARGs were
based on normalized counts and similarly assessed using Shannon,

10.3389/fmicb.2025.1722229

Simpson, and Bray-Curtis metrics calculated using the vegan package
(v2.7-1; Oksanen et al., 2025).

Multivariate analyses of community structure were carried out
using non-metric multidimensional scaling (NMDS), permutational
analysis (PERMANOVA),
permutational analysis of multivariate dispersion (PERMDISP).

multivariate of variance and
NMDS was performed using Bray—Curtis dissimilarity matrices,
implemented via the metaMDS function in the vegan package.
PERMANOVA was performed with 999 permutations using
adonis? to assess the differences in microbial and ARG community
composition between urban and rural samples. Finally, PERMDISP,
implemented via the betadisper function in the vegan package, was
used to examine differences in multivariate dispersion
among groups.

Spearman’s rank correlation analysis was performed to assess
associations with the relative abundance of ARGs and bacterial
genera present in at least 50% (69/138) of the metagenomic samples.
Hierarchical clustering was subsequently performed using a distance
matrix calculated as 1- Spearman correlation coefficient, with
complete linkage.

Finally, the representative map of the Nagpur district, India, was
produced using the Quantum Geographic Information System
Software (QGIS) v3.40.7 (QGIS, 2025), using points with the

longitude and latitude of the collection locations of the samples.
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FIGURE 1
Map of the Nagpur district, central India, indicating geographical locations of sample collection sites contributing to composite samples produced
using QGIS. Blue points denote urban sampling locations, while pink points denote rural sampling locations.
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3 Results

In this study, a retrospective DNA metagenomic survey was
performed using 138 untreated composite wastewater samples
collected from rural (n = 28) and urban (n = 110) areas of Nagpur,
Central India (Figure 1).

3.1 Comparison of urban vs. rural samples

Shotgun metagenomic analysis identified 871 unique genera across
all samples, with 97% of classified taxa belonging to the domain
Bacteria. The majority of classified reads were assigned to four
dominant phyla, shown as the median abundance and interquartile
range (IQR): Actinobacteria (0.42%; 2.06%), Bacteroidota (3.68%;
12.8%), Firmicutes (0.65%; 4.90%), and Proteobacteria (91.9%; 22.1%)
across all samples. Proteobacteria overwhelmingly dominated samples
from both locations. Within Proteobacteria, the presence of
Pseudomonas was prevalent across all samples, with a median (IQR)
relative abundance of 34.4% (83.9%). Other frequently detected genera
were Acinetobacter, Aeromonas, Acidovorax, and Bacteroides (Figure 2).
No statistical differences were observed in alpha diversity between
urban and rural samples (p = 0.6).

Beta diversity analysis revealed significant compositional differences
between locations (PERMANOVA, p < 0.001). To assess whether this
may be influenced by differences in within-group dispersion, we used
the betadisper function from vegan. The results indicated a significant
difference in dispersion between urban and rural groups (p <0.01),
suggesting that the observed PERMANOVA result should be interpreted
with caution, as compositional differences may be confounded by
heterogeneity in variance structure (Supplementary Figure 1).

10.3389/fmicb.2025.1722229

3.2 Presence of potentially clinically
relevant taxa in untreated wastewater
samples

Globally, 33 bacterial pathogens have been implicated in 13.6% of
all deaths and 56.2% of sepsis-related deaths in 2019 (Ikuta et al.,
2022). Due to their relevance, metagenomic sequences were specifically
interrogated for these 33 pathogens. Overall, 13/33 (39%) of the
targeted pathogens were detected across the wastewater samples,
although their abundance was generally low (Supplementary Table 3).
When considering the ESKAPE group, all pathogens except
Staphylococcus aureus were detected. Vibrio cholerae was also identified
in a single sample. Despite the high prevalence of the Pseudomonas
genus, P, aeruginosa was only identified in 6/138 samples.

To ensure robust statistical analysis, only pathogens present in at least
10% of samples were retained for further comparison. This threshold
yielded seven pathogens for downstream analysis. Using the Wilcoxon
rank-sum test with Benjamini-Hochberg correction, the comparison of
the relative abundance showed no significant difference between urban
and rural samples for Escherichia coli, Acinetobacter baumannii, Klebsiella
pneumoniae, and other non-pneumoniae Klebsiella. However, Aeromonas
spp., Citrobacter spp., and Enterobacter spp. demonstrated a significant
difference between sampling sites (*p < 0.05; Figure 3).

3.3 Abundance and diversity of ARGs in
environmental samples

A total of 606 unique ARGs were identified across all the samples,
the most prevalent category of which was drug and biocide resistance
(19.1%), primarily comprising genes encoding efflux pumps. This was
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FIGURE 3
Relative abundance of clinically relevant human pathogens detected in at least 10% of rural and urban samples. Data are presented as median values
with 25th and 75th percentiles. Statistical significance was assessed using the Wilcoxon rank-sum test with Benjamini—Hochberg correction (*p < 0.05).

followed by resistance to macrolide-lincosamide-streptogramin B (MLS)
antibiotics, accounting for 17.6% of detected ARGs, which was largely
due to mutations in the 23S rRNA gene (Supplementary Figure 2). Other
clinically significant ARGs were also identified at lower abundance; this
included carbapenemases such as blaNDM and blaKPC (3.5%) and
colistin resistance from mcr (0.7%), although the coverage of these genes
across all samples was low, 2.4 and 2.6%, respectively.

No significant difference was observed in the alpha diversity of
ARGs between urban and rural samples (Shannon, p = 0.745;
Simpson, p = 0.606; Figure 4A). ARG abundances were normalized
using cumulative sum scaling (CSS) to account for variation in
sequencing depth across samples. This normalization reduced
compositional bias and enabled robust comparison between urban

Frontiers in Microbiology

and rural wastewater communities. No statistically significant
difference was observed in total ARG abundance between urban and
rural sites (Figure 4B). However, there was a significant difference in
the beta diversity (PERMANOVA, p <0.01). This variation was
unlikely to be driven by differences in within-group dispersion, as the
PERMDISP result was not significant (p = 0.05; Figure 4C).

3.4 Relationship of ARGs and bacterial genera

To investigate associations between ARGs and bacterial genera
that were present in more than 50% of the samples, hierarchical
clustering was used to group genera using Spearman’s correlation
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(A) Violin plot showing Shannon and Simpson alpha diversity metrics for ARG diversity in samples from rural and urban locations. Black point shows
medians, with whiskers representing the 25th and 75th percentiles. (B) Box and whisker plots showing total antimicrobial resistance gene abundance
per sample across both locations. (C) NMDS ordination plots of Bray—Curtis dissimilarity of the antimicrobial resistance gene composition in rural and
urban samples. Each point represents an individual sample, with separation reflecting compositional differences. Larger circles denote median NMDS1
and NMDS2 values for each location. The stress value indicates the goodness-of-fit of the NMDS.

coeflicient values (Figure 5). This analysis revealed three distinct
clusters of genera based on their correlation with ARGs. The first
cluster consisted solely of Pseudomonas. ARGs strongly associated
with Pseudomonas were generally negatively correlated with other
genera, suggesting a distinct resistome profile. Notably, Pseudomonas
showed strong associations with efflux pump genes mexEF and
emhABC, as well as the copBCDRS copper resistance operon,
consistent with known resistance mechanisms in this genus. The
second cluster contained three genera, notably Acinetobacter, which
was strongly associated with resistance genes oxa (beta-lactamases)
and dfrA (trimethoprim resistance). The third cluster comprised
multiple genera, including Aeromonas, which were broadly associated
with diverse ARGs across multiple classes, such as ctx, tetA, sull,
dhrF/B, and quinolone resistance determinants gyrA/parC.

4 Discussion

This study provides one of the most comprehensive DNA
metagenomic analyses of untreated wastewater from both urban and
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rural areas in central India. By analyzing 138 composite samples
across Nagpur district, a central transport hub with extensive human
and goods movement, we deliver high-resolution insights into
microbial composition and antimicrobial resistance gene (ARG)
burden at the community level. Our findings demonstrate that
wastewater grab samples can yield valuable information on the
presence of ARGs and the gut-associated microbial composition of
populations within the study site. When integrated with
complementary data sources, such as clinical isolates or antibiotic
usage records, or extended through longitudinal sampling, this
approach could reveal trends and shifts over time, offering a
foundation for improved understanding of population health and
antimicrobial resistance dynamics in settings where formal diagnostic
systems are under-resourced.

Bacterial antimicrobial resistance (AMR) is a major global health
challenge, directly responsible for an estimated 1.14 million deaths in
2021. South Asia is projected to have the highest AMR-related
mortality across all age groups by 2050 (Naghavi et al., 2024). The
environment acts as an important reservoir for AMR, facilitating
resistance transmission between humans, animals, and natural
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ecosystems (Larsson and Flach, 2022). Surveillance of untreated
wastewater is therefore crucial for identifying clinically important
pathogens and ARGs circulating within communities.

Multiple mechanisms contribute to the emergence, maintenance,
and dissemination of antimicrobial resistance in wastewater
environments. Selective pressure from residual antibiotics, even at
sub-inhibitory concentrations, can maintain resistance genes and
promote horizontal gene transfer (Gullberg et al., 2011). Co-selection
by heavy metals and biocides, which are commonly present in
wastewater, can indirectly maintain antibiotic resistance genes
through genetic linkage on mobile elements (Baker-Austin et al.,
2006). The high microbial density and taxonomic diversity of
wastewater create optimal conditions for horizontal gene transfer via
conjugation, transformation, and transduction, facilitated by mobile
genetic elements including plasmids, integrons, insertion sequences,
and transposons (von Wintersdorff et al., 2016). Differential inputs to
wastewater systems further shape resistome composition: urban
catchments receive substantial contributions from hospitals and
healthcare facilities, where antibiotic selective pressure is intense
(Berendonk et al., 2015; Lépesova et al., 2020; Verlicchi et al., 2012);
rural catchments receive greater proportional inputs from agricultural
sources, including livestock excreta containing veterinary
antimicrobials and resistant commensal bacteria (He et al., 2020;
Manyi-Loh et al., 2018); and both urban and rural systems receive
domestic sewage containing human gut microbiota influenced by
community antibiotic consumption (Bengtsson-Palme et al., 2016;
Parnédnen et al., 2019; Pazda et al.,, 2019). These overlapping selection
pressures and transmission pathways make wastewater a critical
convergence point for resistance genes from multiple sources,
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underlining its importance for One Health surveillance (Hassoun-
Kheir et al., 2020; Pruden et al., 2021).

Consistent with previous Indian studies, our results show a
dominance of Proteobacteria across all samples, followed by
Bacteroidota, Firmicutes, and Actinobacteria (Gawande et al., 2025;
Marathe et al, 2019). The most abundant genera included
Pseudomonas, Acinetobacter, Aeromonas, and Acidovorax, all
associated with environmental and anthropogenic sources. This
phylum-level structure mirrors shotgun metagenomic profiles from
six hospitals across India, where Proteobacteria and Bacteroidota
similarly dominated, with Pseudomonas and Acinetobacter leading
depending on geography (Marathe et al,, 2019). A hospital-based
survey from Chennai further highlighted Acinetobacter dominance,
alongside high prevalence of sull and mphE conferring sulphonamide
and macrolide resistance, respectively (Marathe et al., 2019).

In our dataset, Pseudomonas was uniquely abundant in both
urban and rural settings, strongly associated with efflux pumps
(mexEF and emhABC) and copper resistance operons (copBCDRS).
These links highlight its dual role in metal tolerance and AMR,
aligning with previous reports from wastewater and aquatic systems
(Pal etal., 2015; Poole, 2001). Acinetobacter formed a separate cluster,
associated with oxa and dfrA genes, reflecting its well-established
multidrug resistance profile. A third, broader cluster including
Aeromonas carried diverse ARGs, such as ctx, tetA, sull, dfrB/F, and
gyrA/parC, suggesting high potential for lateral gene transfer.
Aeromonas spp. also showed significantly higher relative abundance
in rural samples compared to urban samples (Mann-Whitney U-test,
p <0.05), potentially reflecting greater exposure to environmental
water sources, agricultural runoff, and animal reservoirs characteristic
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of rural settings. Aeromonas species are ubiquitous in aquatic
environments and are known to colonize agricultural systems (Janda
and Abbott, 2010). Similarly, Enterobacter spp. showed significantly
higher relative abundance in rural samples, likely owing to its role as
an opportunistic pathogen in plants, animals, and humans, as such is
readily identified in environmental samples such as wastewater
(Davin-Regli et al., 2019). Conversely, Citrobacter spp. demonstrated
significantly higher relative abundance in urban samples (p < 0.05),
which may reflect inputs from healthcare facilities, as this organism is
a known opportunistic nosocomial pathogen (Jabeen et al., 2023).
These urban-rural differences in pathogen profiles suggest distinct
transmission pathways and reservoir dynamics between the two
settings.

Microbial alpha diversity did not differ between urban and rural
locations, whereas beta diversity analyses indicated subtle but
statistically significant differences in both community and resistome
structures. These findings indicate that while overall ARG richness
and evenness were similar across urban and rural catchments, the
composition of resistance gene profiles differed significantly between
locations. These patterns are consistent with observations from
hospital, riverine, and open drainage settings across India (Gawande
etal., 2025; Madhukar et al., 2024), reflecting differences in selective
pressures, including variation in antibiotic usage patterns, sanitation
infrastructure, healthcare facility density, treatment processes, and
agricultural practices between urban and rural environments. In
rural settings, for example, open drains often receive mixed waste
from humans, livestock, and small-scale industries, creating hotspots
for microbial interaction and horizontal gene transfer (Madhukar et
al., 2024). The detection of these subtle but consistent differences
suggests that local infrastructure and waste stream composition can
shape both microbial ecology and resistance gene circulation. This
has potential implications for pathogen and AMR transmission, as
rural systems may promote more frequent microbial exchange across
human, animal, and environmental reservoirs, whereas urban
systems may reflect more anthropogenically driven selective pressures
such as antibiotic residues and higher-density sewage inputs. The
subtle but statistically significant urban-rural differences observed in
microbial community structure and resistome composition merit
careful interpretation. Urban catchments in Nagpur are characterized
by higher population density, greater concentration of healthcare
facilities (including tertiary hospitals), more extensive sewerage
networks, and potentially higher burdens of pharmaceutical residues.
These factors may create selective environments favoring particular
resistance profiles and pathogen distributions. In contrast, rural
catchments typically feature lower population density, limited
wastewater treatment infrastructure, greater agricultural activity,
more direct animal contact, and reliance on open drainage systems
or surface water bodies. Such environments may facilitate different
patterns of microbial exchange and horizontal gene transfer,
particularly at the human-animal-environment interface. Similar
urban-rural gradients in wastewater resistomes have been reported
from other Indian regions (Diwan et al., 2018; Lamba et al., 2017;
Marathe et al., 2017) and comparable LMIC settings (Ekwanzala et
al., 2018; Auma et al.,, 2025; Nadimpalli et al., 2018), suggesting that
local infrastructure, sanitation access, and anthropogenic activities
are important drivers of geographic variation in AMR gene
circulation (Collignon et al., 2018; Larsson and Flach, 2022; Van
Boeckel et al, 2019). However, the overlapping nature of our
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ordination results indicates that these differences are subtle rather
than categorical, likely reflecting the complex mosaic of influences
operating across both urban and rural catchments in a rapidly
developing region.

Our detection of 606 unique ARGs represents a markedly higher
diversity than previously reported in Indian wastewater studies. For
comparison, metagenomic surveys of Indian river sediments typically
reported 50-150 unique ARGs (Singh et al., 2025; Gawande et al.,
2025; Rout et al., 2023), while open drain studies from Hyderabad
identified 89 ARGs and 287 antimicrobial resistance ontology (ARO)
terms (Madhukar et al., 2024). This higher ARG diversity may reflect
several factors: (1) deeper sequencing coverage in our study enabling
detection of low-abundance genes; (2) use of the comprehensive
MEGARes v3.0 database for ARG annotation; (3) the composite
sampling strategy capturing resistance gene diversity across multiple
sites; and (4) genuine differences in resistome complexity related to
local antibiotic usage patterns, wastewater treatment infrastructure,
and environmental selection pressures in central India. Importantly,
the relative abundance patterns we observed, dominance of efflux
pump genes and macrolide resistance determinants, align with reports
from Hyderabad wastewater, where 23S rRNA mutations conferring
macrolide resistance were similarly prevalent (Madhukar et al., 2024),
suggesting consistency in certain resistance profiles across Indian
urban centers despite differences in absolute ARG diversity.

Macrolides—classified as critically important by the WHO—are
widely used in Indian clinical practice and agriculture (Chakraborty et
al.,, 2024; Nair et al.,, 2010), often available over the counter and
employed as poultry growth promoters (Hennessey et al., 2025). These
practices likely drive the elevated levels of MLS resistance genes
observed. ARG classes conferring resistance to aminoglycosides and
tetracyclines were also frequently detected, consistent with patterns
reported in hospital wastewater and major Indian rivers (Marathe et al.,
2019; Rout et al., 2023; Sharma et al., 2024). Such findings underscore
the need for environmental AMR surveillance that is contextualized to
the location to inform national strategies and dissemination and
implementation across countries of wide geography and environments.
Phenotypic surveillance in four Indian cities, including Nagpur, has
shown high bacterial resistance rates to erythromycin, tetracycline,
vancomycin, ofloxacin, cefixime, and ampicillin (47-71%, Kapley et al.,
2023), supporting our genomic findings.

The distinct ARG-bacterial genus correlation profiles suggest
genus-specific resistome signatures that may reflect both intrinsic
resistance mechanisms and patterns of acquired resistance via
horizontal gene transfer. Wastewater environments represent
recognized hotspots for horizontal gene transfer due to high
microbial cell density, co-occurrence of diverse bacterial taxa,
presence of selective agents (residual antibiotics, heavy metals, and
biocides), and abundance of mobile genetic elements including
plasmids, integrons, and transposons (Bengtsson-Palme et al., 2018;
Guo et al., 2017). Recent metagenomic and genomic studies have
demonstrated extensive ARG mobilization on plasmids recovered
from wastewater-associated Pseudomonas, Acinetobacter, and
Aeromonas isolates, supporting the interpretation that observed
correlations reflect both genus-specific resistance profiles and
ongoing horizontal gene transfer dynamics (Karkman et al., 2019;
Ludden et al., 2019; Parninen et al., 2019; Petersen et al., 2019; Smalla
et al,, 2018). The strong correlation between copper resistance
operons and efflux pumps in Pseudomonas is particularly noteworthy,
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as co-selection by heavy metals has been implicated in maintaining
antibiotic resistance genes even in the absence of direct antibiotic
pressure (Baker-Austin et al., 2006; Pal et al., 2015). This co-selection
mechanism may be especially relevant in wastewater environments
where both antibiotics and metals are present at sub-inhibitory
concentrations. The strong associations between specific genera and
ARG classes are consistent with other known resistance mechanisms:
Acinetobacter species frequently harbor blaOXA carbapenemases and
trimethoprim resistance determinants (Hamidian and Nigro, 2019;
Royer et al., 2015); and Aeromonas species have been increasingly
recognized as reservoirs of mobile resistance elements, including
extended-spectrum beta-lactamases, tetracycline resistance genes,
and sulphonamide resistance determinants (Igbinosa et al., 2012; Neil
etal., 2024). These relationships indicate that the resistome structure
in both urban and rural wastewater is shaped not only by the
taxonomic composition of the microbial community but also by the
horizontal transfer of ARGs and co-selection under complex
environmental pressures.

We identified 13 of the 33 WHO priority bacterial pathogens
responsible for 13.6% of all global deaths in 2019 (Ikuta et al., 2022;
Naghavi et al., 2024), though only seven were detected in more than
10% of samples. Despite Pseudomonas prevalence at the genus level,
P aeruginosa was detected in only 6 of 138 samples, possibly due to
strain-level detection limitations or low relative abundance below
sequencing thresholds. While targeted approaches such as qPCR may
offer greater sensitivity for specific pathogens (Ahmed et al., 2020;
Maal-Bared et al., 2023), our findings illustrate that DNA
metagenomics can concurrently capture a wide diversity of clinically
relevant bacteria directly from wastewater (Brunfield et al., 2020;
Hendriksen et al., 2019; Ng et al., 2019). This breadth underscores its
value for characterizing subclinical and environmental circulation of
multiple pathogens in parallel, providing complementary insights to
targeted surveillance methods (Ng et al., 2019; Sims and Kasprzyk-
Hordern, 2020).

The public health implications of our findings are substantial.
Detection of high-priority resistance determinants, including blaNDM
carbapenemases, blaKPC carbapenemases, and mcr-mediated colistin
resistance genes in community wastewater, indicates circulation of last-
resort antibiotic resistance mechanisms beyond clinical settings. While
the relative abundance of these genes was low (2-3% of samples), their
presence in environmental wastewater suggests potential for
community transmission and highlights the importance of
strengthening antimicrobial stewardship, infection prevention and
control measures, and wastewater treatment infrastructure. The
detection of the WHO priority pathogens, including members of the
ESKAPE group, further underscores the value of wastewater-based
surveillance as a complement to clinical microbiology systems. In
resource-constrained settings where routine diagnostic capacity may
be limited, wastewater metagenomics can provide cost-effective
population-level surveillance of pathogen circulation and resistance
trends, enabling early detection of emerging threats and informing
public health interventions. Integration of wastewater surveillance data
with clinical isolate databases, antimicrobial consumption data, and
healthcare facility reports would create a more comprehensive AMR
monitoring framework aligned with the WHO Global Action Plan on
AMR and One Health principles (World Health Organization, 2015).

Our study has some limitations. First, we did not include

phenotypic validation through culture-based isolation or
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antimicrobial susceptibility testing with clinically relevant
pathogens (e.g., Pseudomonas, Acinetobacter, and Aeromonas).
While metagenomic detection of resistance genes provides insight
into genetic potential, it does not confirm functional expression or
phenotypic resistance in viable isolates. Integration of culture-
dependent approaches and antibiotic susceptibility testing in future
studies would strengthen confidence in the clinical relevance of
detected resistance determinants and establish genotype-phenotype
links. Second, integration with clinical datasets was not possible as
such data were not available. Aligning pathogen and ARG profiles
from patients and wastewater would confirm the utility of
wastewater as a proxy for population-level AMR surveillance.
Thirdly, sample pooling—while enabling board geographical
coverage—may mask fine-scale variation within individual sites.
Additionally, sampling was conducted over a 3-month period
(February-April 2021) during the dry season, and therefore, our
findings may not capture seasonal variations in microbial
composition or resistome dynamics that could occur during
monsoon or winter periods. Longitudinal monitoring with absolute
gene quantification would enable risk assessment, particularly for
high-priority ARGs, such as blaNDM, blaKPC, and mcr.
Longitudinal studies spanning multiple seasons and incorporating
higher-resolution spatial sampling would provide further insight
into temporal and local-scale drivers of wastewater microbiome
structure and AMR gene dynamics. Fourth, untreated wastewater
represents mixed human, animal, agricultural, and industrial
inputs, but source attribution remains unresolved. Physicochemical
data (e.g., nutrient load, heavy metal content, organic matter, pH,
and temperature) were not collected as part of this analysis, limiting
our ability to mechanistically link environmental variables to
observed microbial and resistome patterns. Incorporating host-
associated markers, antibiotic residues, and comprehensive
environmental metadata in future prospective studies would help
clarify resistance drivers and refine the interpretation of geographic
variation. Finally, this study focused on one district and bacterial
ARGs only. Broader geographic coverage, inclusion of viral and
fungal resistance, and embedding wastewater metagenomics into
national AMR surveillance frameworks will be critical for policy
translation under a One Health approach. Furthermore, our
findings are derived from urban and rural catchments in Nagpur
district, central India, and reflect the specific demographic,
environmental, and infrastructural context of this region. While
these results may offer insights relevant to comparable settings in
India and other low- and middle-income countries, direct
extrapolation to regions with markedly different sanitation
infrastructure, antibiotic usage patterns, or environmental
conditions should be undertaken with caution. Broader geographic
replication and comparative metagenomic surveillance across
diverse Indian states and LMICs would strengthen the
generalizability of these observations.

These limitations are offset by key strengths. Our dataset of 138
composites from 422 samples is among the largest DNA metagenomic
wastewater surveys in India, spanning both urban and rural
catchments. Use of untargeted shotgun metagenomics enabled
simultaneous profiling of 871 genera, 606 ARGs, and 13 clinically
important pathogens, including high-priority determinants, such as
blaNDM, blaKPC, and mcr. Importantly, it is one of the few studies
to compare microbial and resistome structures across urban and
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rural wastewater in India, offering ecological and public health
insights.

From a One Health perspective, untreated wastewater
represents a critical convergence point for microbial exchange
between humans, animals, and the environment. In India, high
antibiotic consumption, unregulated drug sales, limited wastewater
treatment, and extensive environmental mixing zones create
conditions that favor resistance evolution and dissemination
(Laxminarayan and Chaudhury, 2016; World Health Organization,
2015). Our findings from Nagpur illustrate how metagenomic
analysis of wastewater can capture clinically relevant pathogens and
ARGs across urban-rural settings, offering insights with relevance
beyond the local context. Looking forward, planetary health
considerations must be incorporated into AMR planning: climate
change-driven floods, droughts, and heatwaves will increasingly
disrupt wastewater infrastructure and reshape microbial dynamics,
with potential to accelerate resistance emergence (van Bavel et al,,
2024). Addressing this challenge requires integrated strategies that
combine metagenomics-based environmental monitoring with
strengthened antibiotic stewardship and the development of
sustainable alternatives such as bacteriophage or probiotic
interventions.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions

BS: Writing - review & editing, Formal analysis, Writing — original
draft, Data curation. AmN: Project administration, Methodology,
Investigation, Funding acquisition, Writing — review & editing. AH:
Methodology,
administration, Writing - review & editing. SA: Data curation, Funding

Investigation, Funding acquisition, Project
aquisition, Methodology, Investigation, Project administration,
Writing - review & editing. AAN: Data curation, Methodology,
Investigation, Project administration, Writing - review & editing. SS:
Methodology, Investigation, Funding acquisition, Writing — review &
editing, Project administration. AS: Resources, Writing — review &
editing, Supervision. RG: Funding aquisition, Resources, Writing —
review & editing, Supervision. EA: Writing - review & editing,
Supervision, Resources. SC: Writing - review & editing. TB: Resources,
Writing - review & editing, Supervision. UV: Software, Writing —
review & editing, Validation. RSK: Funding aquisition, Writing -
review & editing, Project administration, Data curation, Investigation,
Methodology. RA: Validation, Investigation, Writing - review &
editing, Funding acquisition, Supervision, Methodology, Visualization,
Resources, Formal analysis, Writing - original draft. AB: Methodology,
Writing - review & editing, Investigation, Writing — original draft,
Supervision, Funding acquisition, Visualization, Validation, Resources,
Project administration, Conceptualization, Data curation, Formal
analysis. TM: Data curation, Resources, Project administration,
Methodology, Conceptualization, Visualization, Validation, Writing —
review & editing, Writing - original draft, Formal analysis,
Investigation, Funding acquisition.

Frontiers in Microbiology

11

10.3389/fmicb.2025.1722229

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This study was supported by the Research
(UKRI) Global Challenges Research Fund (GCRF) grant number
H54810, as supported by Research England and the Biotechnology and
Biological Sciences Research Council grant number BB/Y007336/1.

Acknowledgments

We would like to thank Hemanshi Dudani, Prachi Gandhi,
Samiksha Ridhorkar, Sonal Silodhiya, Ankita Arun Bharshankh,
Jayhree Shukla, Rima Biswas, and Lokendra Singh from the CIIMS
and Ekta Meena, Vikky Sinha, Tamanna Pamnani, and Komal Pal
from Dr. B. Lal Institute of Biotechnology, Jaipur, for their support and
contributions to the present study.

Conflict of interest

Author SS was employed by the company Dr. B. Lal Clinical
Laboratory Pvt., Ltd.

The remaining author(s) declare that the research was conducted
in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1722229/
full#supplementary-material

SUPPLEMENTARY TABLE 1

Sample collection information of all samples from urban, rural and natural
wastewater sites used in the project. This data includes date and time of
sample collection, weather metrics, location, locality and any local amenities.

SUPPLEMENTARY TABLE 2

Summary file documenting all antimicrobial resistance genes in each
individual sample used in the project. This includes alignment metrics and
the number of reads and depth associated to each gene.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1722229
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1722229/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1722229/full#supplementary-material

Secker et al.

References

Ahmed, W,, Bertsch, P. M., Bivins, A., Bibby, K., Farkas, K., Gathercole, A., et al.
(2020). Comparison of virus concentration methods for the RT-qPCR-based recovery
of murine hepatitis virus, a surrogate for SARS-CoV-2 from untreated wastewater. Sci.
Total Environ. 739:139960. doi: 10.1016/j.scitotenv.2020.139960

Amin, N,, Foster, T., Shimki, N. T., and Willetts, J. (2024). Hospital wastewater (HWW)
treatment in low- and middle-income countries: a systematic review of microbial
treatment efficacy. Sci. Total Environ. 921:170994. doi: 10.1016/j.scitotenv.2024.170994

Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence data.
Available online at: https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
[Accessed November 07, 2025].

Asghar, H., Diop, O. M., Weldegebriel, G., Malik, E, Shetty, S., El Bassioni, L., et al.
(2014). Environmental surveillance for polioviruses in the global polio eradication
initiative. J. Infect. Dis. 210, $294-8303. doi: 10.1093/infdis/jiu384

Auma, S., Barasa, J. E., Kosgei, C., Bisem, N., Rono, S., and Korir, R. (2025). Profile of
predominant gram-negative pathogenic bacteria in river Sosiani and wastewater systems
in Eldoret town, Uasin Gishu County, Kenya. Microbiol Spectr 13:¢0120625. doi: 10.1128/
spectrum.01206-25

Baker-Austin, C., Wright, M. S., Stepanauskas, R., and McArthur, J. V. (2006). Co-
selection of antibiotic and metal resistance. Trends Microbiol. 14, 176-182. doi: 10.1016/j.
tim.2006.02.006

Balkrishna, A., Singh, S., Ghosh, S., Arya, V. P, Mohini, et al. (2024). Assessment of
antibiotic resistance profiles in cultivable coliform organisms isolated from Ganga River
waters across the upper, middle, and lower ganga stretch. Acharya Balkrishna, Shelly
Singh, Sourav Ghosh, Ved Priya Arya, Mohini bioRxiv. doi: 10.1101/2024.03.20.585858

Bengtsson-Palme, J., Hammarén, R., Pal, C,, Ostman, M., Bjérlenius, B., Flach, C.-E,
etal. (2016). Elucidating selection processes for antibiotic resistance in sewage treatment
plants using metagenomics. Sci. Total Environ. 572, 697-712. doi: 10.1016/j.
scitotenv.2016.06.228

Bengtsson-Palme, J., Kristiansson, E., and Larsson, D. G. J. (2018). Environmental
factors influencing the development and spread of antibiotic resistance. FEMS Microbiol.
Rev. 42:fux053. doi: 10.1093/femsre/fux053

Berendonk, T. U, Manaia, C. M., Merlin, C., Fatta-Kassinos, D., Cytryn, E., Walsh, E,
et al. (2015). Tackling antibiotic resistance: the environmental framework. Nat. Rev.
Microbiol. 13, 310-317. doi: 10.1038/nrmicro3439

Blanco-Miguez, A., Beghini, E,, Cumbo, E, Mclver, L. J., Thompson, K. N., Zolfo, M.,
et al. (2023). Extending and improving metagenomic taxonomic profiling with
uncharacterized species using MetaPhlAn 4. Nat. Biotechnol. 41, 1633-1644. doi:
10.1038/5s41587-023-01688-w

Bonin, N., Doster, E., Worley, H., Pinnell, L. J., Bravo, J. E., Ferm, P, et al. (2023).
MEGARes and AMR++, v3.0: an updated comprehensive database of antimicrobial
resistance determinants and an improved software pipeline for classification using high-
throughput sequencing. Nucleic Acids Res. 51, D744-D752. doi: 10.1093/nar/gkac1047

Brumfield, K. D., Leddy, M., Usmani, M., Cotruvo, J. A., Tien, C. T, Dorsey, S., et al.
(2022). Microbiome Analysis for Wastewater Surveillance during COVID-19. mBio. 13:
€0059122. doi: 10.1128/mbio.00591-22

Chakraborty, D., Debnath, E, Giri, S., Saha, S., Pyne, S., Chakraverty, R., et al. (2024).
Contribution of veterinary sector to antimicrobial resistance in one health compendium:
an insight from available Indian evidence. Front Vet Sci 11:1411160. doi: 10.3389/
fvets.2024.1411160

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884-i890. doi: 10.1093/bioinformatics/bty560

Collignon, P, Beggs, J. J., Walsh, T. R., Gandra, S., and Laxminarayan, R. (2018).
Anthropological and socioeconomic factors contributing to global antimicrobial
resistance: a univariate and multivariable analysis. Lancet Planet Health 2, €398-e405.
doi: 10.1016/S2542-5196(18)30186-4

Constantinides, B., Hunt, M., and Crook, D. W. (2023). Hostile: accurate
decontamination of microbial host sequences. Bioinformatics 39:btad728. doi: 10.1093/
bioinformatics/btad728

Crits-Christoph, A., Kantor, R. S., Olm, M. R., Whitney, O. N., Al-Shayeb, B.,
Lou, Y. C,, et al. (2021). Genome sequencing of sewage detects regionally prevalent
SARS-CoV-2 variants. MBio 12:€02703-20. doi: 10.1128/mbio.02703-20

Danecek, P, Bonfield, J. K., Liddle, J., Marshall, J., Ohan, V., Pollard, M. O, et al.
(2021). Twelve years of SAMtools and BCFtools. GigaScience 10:giab008. doi: 10.1093/
gigascience/giab008

Davin-Regli, A., Lavigne, J. P, and Pages, J. M. (2019). Enterobacter spp.: update on
taxonomy, clinical aspects, and emerging antimicrobial resistance. Clin. Microbiol. Rev.
32, €00002-e00019. doi: 10.1128/cmr.00002-19

Diwan, V., Hanna, N., Purohit, M., Chandran, S., Riggi, E., Parashar, V,, et al. (2018).
Seasonal variations in water-quality, antibiotic residues, resistant bacteria and antibiotic
resistance genes of Escherichia coli isolates from water and sediments of the Kshipra River
in Central India. Int. J. Environ. Res. Public Health 15:1281. doi: 10.3390/ijerph15061281

Frontiers in Microbiology

12

10.3389/fmicb.2025.1722229

Ekwanzala, M. D., Dewar, J. B., Kamika, I., Momba, M. N. B., Titilawo, Y., et al. (2018).
Systematic review in South Africa reveals antibiotic resistance genes shared between
clinical and environmental settings. Infect Drug Resist 11, 1907-1920. doi: 10.2147/
IDR.S170715

Gawande, P. S., Manigandan, V., Sankar Ganesh, R., Kannan, V. R., Ramu, K., and
Murthy, M. V. R. (2025). Comprehensive metagenomic analysis of bacterial diversity
and antimicrobial resistance genes in coastal sediments from urbanized Indian cities.
Gene Rep 40:102239. doi: 10.1016/j.genrep.2025.102239

Getchell, M., Wulandari, S., de Alwis, R., Agoramurthy, S., Khoo, Y. K., Mak, T.-M.,
et al. (2024). Pathogen genomic surveillance status among lower resource settings in
Asia. Nat. Microbiol. 9, 2738-2747. doi: 10.1038/s41564-024-01809-4

Government of India. (2020). Specimen collection, packaging and transport guidelines for
2019 novel coronavirus. Available online at: https://covid19dashboard.mohfw.gov.in/
pdf/5Sample%20collection_packaging%20%202019-nCoV.pdf [Accessed November 07, 2025].

Graham, D. W,, Bergeron, G., Bourassa, M. W, Dickson, J., Gomes, F, Howe, A., et al.
(2019). Complexities in understanding antimicrobial resistance across domesticated
animal, human, and environmental systems. Ann. N. Y. Acad. Sci. 1441, 17-30. doi:
10.1111/nyas.14036

Gullberg, E., Cao, S., Berg, O. G., IIbick, C., Sandegren, L., Hughes, D., et al. (2011).
Selection of resistant bacteria at very low antibiotic concentrations. PLoS Pathog.
7:¢1002158. doi: 10.1371/journal.ppat.1002158

Guo, J., Li, J., Chen, H., Bond, P. L., and Yuan, Z. (2017). Metagenomic analysis reveals
wastewater treatment plants as hotspots of antibiotic resistance genes and mobile genetic
elements. Water Res. 123, 468-478. doi: 10.1016/j.watres.2017.07.002

Hamidian, M., and Nigro, S.J. (2019). Emergence, molecular mechanisms and global
spread of carbapenem-resistant Acinetobacter baumannii. Microb Genomics 5:¢000306.
doi: 10.1099/mgen.0.000306

Hassoun-Kheir, N., Stabholz, Y., Kreft, J.-U., de la Cruz, R., Romalde, J. L., Nesme, J.,
etal. (2020). Comparison of antibiotic-resistant bacteria and antibiotic resistance genes
abundance in hospital and community wastewater: a systematic review. Sci. Total
Environ. 743:140804. doi: 10.1016/j.scitotenv.2020.140804

He, Y., Yuan, Q., Mathieu, J., Stadler, L., Senehi, N., Sun, R., et al. (2020). Antibiotic
resistance genes from livestock waste: occurrence, dissemination, and treatment. NPJ
Clean Water 3:4. doi: 10.1038/s41545-020-0051-0

Heaton, K. W, Radvan, J., Cripps, H., Mountford, R. A., Braddon, E E., and
Hughes, A. O. (1992). Defecation frequency and timing, and stool form in the general
population: a prospective study. Gut 33, 818-824.

Hendriksen, R. S., Munk, P, Njage, P., van Bunnik, B., McNally, L., Lukjancenko, O.,
et al. (2019). Global monitoring of antimicrobial resistance based on metagenomics
analyses of urban sewage. Nat. Commun. 10:1124. doi: 10.1038/s41467-019-08853-3

Hennessey, M., Alarcon, P., Samanta, I, Fournié, G., Paleja, H., Papaiyan, K., et al.
(2025). Formulating antibiotic policy: analysis of India’s ban on colistin use in food
producing animals. Prev Vet Med 240:106534. doi: 10.1016/j.prevetmed.2025.106534

Huijbers, P. M. C, Blaak, H., de Jong, M. C. M., Graat, E. A. M,
Vandenbroucke-Grauls, C. M. J. E., and de Roda Husman, A. M. (2015). Role of the
environment in the transmission of antimicrobial resistance to humans: a review.
Environ. Sci. Technol. 49, 11993-12004. doi: 10.1021/acs.est.5b02566

Igbinosa, I. H., Igumbor, E. U,, Aghdasi, F,, Tom, M., and Okoh, A. 1. (2012). Emerging
Aeromonas species infections and their significance in public health. Sci. World J.
2012:625023. doi: 10.1100/2012/625023

TIkuta, K. S., Swetschinski, L. R., Robles Aguilar, G., Sharara, F, Mestrovic, T.,
Gray, A. P, et al. (2022). Global mortality associated with 33 bacterial pathogens in 2019:
a systematic analysis for the global burden of disease study 2019. Lancet 400, 2221-2248.
doi: 10.1016/50140-6736(22)02185-7

Jabeen, 1., Islam, S., Hassan, A. K. M. L, Tasnim, Z., and Shuvo, S. R. (2023). A brief
insight into Citrobacter species - a growing threat to public health. Front Antibiot
2:1276982. doi: 10.3389/frabi.2023.1276982

Janda, J. M., and Abbott, S. L. (2010). The genus &lt;i&gt;Aeromonas&lt;/i&gt;:
taxonomy, pathogenicity, and infection. Clin. Microbiol. Rev. 23, 35-73. doi: 10.1128/
c¢mr.00039-09

Kapley, A., Sheeraz, M. S., Kukade, S., Ansari, A., Qureshi, A., Bajaj, A., et al. (2023).
Antibiotic resistance in wastewater: Indian scenario. Environ. Pollut. 337:122586. doi:
10.1016/j.envpol.2023.122586

Karkman, A., Pirninen, K., and Larsson, D. G. J. (2019). Fecal pollution can explain
antibiotic resistance gene abundances in anthropogenically impacted environments. Nat.
Commun. 10:80. doi: 10.1038/s41467-018-07992-3

Klein, E. Y., Van Boeckel, T. P, Martinez, E. M., Pant, S., Gandra, S., Levin, S. A, et al.
(2018). Global increase and geographic convergence in antibiotic consumption between
2000 and 2015. Proc. Natl. Acad. Sci. USA 115, E3463-E3470. doi: 10.1073/pnas.1717295115

Knight, G. M., Glover, R. E., McQuaid, C. E, Olaru, I. D,, Gallandat, K., Leclerc, Q. J.,
et al. (2021). Antimicrobial resistance and COVID-19: intersections and implications.
eLife 10:e64139. doi: 10.7554/eLife.64139

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1722229
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2020.139960
https://doi.org/10.1016/j.scitotenv.2024.170994
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/infdis/jiu384
https://doi.org/10.1128/spectrum.01206-25
https://doi.org/10.1128/spectrum.01206-25
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1101/2024.03.20.585858
https://doi.org/10.1016/j.scitotenv.2016.06.228
https://doi.org/10.1016/j.scitotenv.2016.06.228
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1038/nrmicro3439
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1093/nar/gkac1047
https://doi.org/10.1128/mbio.00591-22
https://doi.org/10.3389/fvets.2024.1411160
https://doi.org/10.3389/fvets.2024.1411160
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1016/S2542-5196(18)30186-4
https://doi.org/10.1093/bioinformatics/btad728
https://doi.org/10.1093/bioinformatics/btad728
https://doi.org/10.1128/mbio.02703-20
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1128/cmr.00002-19
https://doi.org/10.3390/ijerph15061281
https://doi.org/10.2147/IDR.S170715
https://doi.org/10.2147/IDR.S170715
https://doi.org/10.1016/j.genrep.2025.102239
https://doi.org/10.1038/s41564-024-01809-4
https://covid19dashboard.mohfw.gov.in/pdf/5Sample%20collection_packaging%20%202019-nCoV.pdf
https://covid19dashboard.mohfw.gov.in/pdf/5Sample%20collection_packaging%20%202019-nCoV.pdf
https://doi.org/10.1111/nyas.14036
https://doi.org/10.1371/journal.ppat.1002158
https://doi.org/10.1016/j.watres.2017.07.002
https://doi.org/10.1099/mgen.0.000306
https://doi.org/10.1016/j.scitotenv.2020.140804
https://doi.org/10.1038/s41545-020-0051-0
https://doi.org/10.1038/s41467-019-08853-3
https://doi.org/10.1016/j.prevetmed.2025.106534
https://doi.org/10.1021/acs.est.5b02566
https://doi.org/10.1100/2012/625023
https://doi.org/10.1016/S0140-6736(22)02185-7
https://doi.org/10.3389/frabi.2023.1276982
https://doi.org/10.1128/cmr.00039-09
https://doi.org/10.1128/cmr.00039-09
https://doi.org/10.1016/j.envpol.2023.122586
https://doi.org/10.1038/s41467-018-07992-3
https://doi.org/10.1073/pnas.1717295115
https://doi.org/10.7554/eLife.64139

Secker et al.

Lakin, S. M., Dean, C., Noyes, N. R., Dettenwanger, A., Ross, A. S., Doster, E., et al.
(2017). MEGARes: an antimicrobial resistance database for high throughput sequencing.
Nucleic Acids Res. 45, D574-D580. doi: 10.1093/nar/gkw1009

Lamba, M., Graham, D. W,, and Ahammad, S. Z. (2017). Hospital wastewater releases
of carbapenem-resistance pathogens and genes in urban India. Environ. Sci. Technol. 51,
13906-13912. doi: 10.1021/acs.est.7b03380

Larsson, D. G. J., Andremont, A., Bengtsson-Palme, J., Brandt, K. K., de Roda
Husman, A. M., Fagerstedt, P, et al. (2018). Critical knowledge gaps and research needs
related to the environmental dimensions of antibiotic resistance. Environ. Int. 117,
132-138. doi: 10.1016/j.envint.2018.04.041

Larsson, D. G. J., and Flach, C.-F. (2022). Antibiotic resistance in the environment.
Nat. Rev. Microbiol. 20, 257-269. doi: 10.1038/s41579-021-00649-x

Laxminarayan, R., and Chaudhury, R. R. (2016). Antibiotic resistance in India: drivers and
opportunities for action. PLoS Med. 13:¢1001974. doi: 10.1371/journal.pmed.1001974

Lépesovd, K., Olejnikovd, P., Mackulak, T., Cverenkarové, K., Krahulcovd, M., and
Birosova, L. (2020). Hospital wastewater — important source of multidrug resistant
coliform bacteria with ESBL-production. Int. J. Environ. Res. Public Health 17:7827. doi:
10.3390/ijerph17217827

Ludden, C., Raven, K. E., Jamrozy, D., Gouliouris, T., Blane, B., Coll, F, et al. (2019).
One health genomic surveillance of Escherichia coli demonstrates distinct lineages and
mobile genetic elements in isolates from humans versus livestock. MBio 10, €02693-
€02618. doi: 10.1128/mBi0.02693-18

Maal-Bared, R., Qiu, Y, Li, Q,, Gao, T., Hrudey, S. E., Bhavanam, S., et al. (2023). Does
normalization of SARS-CoV-2 concentrations by pepper mild mottle virus improve
correlations and lead time between wastewater surveillance and clinical data in Alberta
(Canada): comparing twelve SARS-CoV-2 normalization approaches. Sci. Total Environ.
697:158964. doi: 10.1016/j.scitotenv.2022.158964

Madhukar, M. K., Singh, N, Iyer, V. R., Sowpati, D. T, Tallapaka, K. B., Mishra, R. K.,
et al. (2024). Antimicrobial resistance landscape in a metropolitan city context using
open drain wastewater-based metagenomic analysis. Environ. Res. 252:118556. doi:
10.1016/j.envres.2024.118556

Manyi-Loh, C., Mamphweli, S., Meyer, E., and Okoh, A. (2018). Antibiotic use in
agriculture and its consequential resistance in environmental sources: potential public
health implications. Molecules 23:795. doi: 10.3390/molecules23040795

Marais, G., Hardie, D., and Brink, A. (2023). A case for investment in clinical
metagenomics in low-income and middle-income countries. Lancet Microbe 4, e192-
€199. doi: 10.1016/S2666-5247(22)00328-7

Marathe, N. P, Berglund, F, Razavi, M., Pal, C., Droge, J., Samant, S., et al. (2019).
Sewage effluent from an Indian hospital harbors novel carbapenemases and integron-
borne antibiotic resistance genes. Microbiome 7:97. doi: 10.1186/540168-019-0710-x

Marathe, N. P, Pal, C., Gaikwad, S. S., Jonsson, V., Kristiansson, E., and Larsson, D. G. J.
(2017). Untreated urban waste contaminates Indian river sediments with resistance genes
to last resort antibiotics. Water Res. 124, 388-397. doi: 10.1016/j.watres.2017.07.060

Nadimpalli, M., Delarocque-Astagneau, E., Love, D. C,, Price, L. B., Huynh, B.-T,, Collard, J.-
M, et al. (2018). Combating global antibiotic resistance: emerging one health concerns in
lower- and middle-income countries. Clin. Infect. Dis. 66, 963-969. doi: 10.1093/cid/cix879

Naghavi, M., Vollset, S. E., Ikuta, K. S., Swetschinski, L. R., Gray, A. P,, Wool, E. E,, et al.
(2024). Global burden of bacterial antimicrobial resistance 1990-2021: a systematic analysis
with forecasts to 2050. Lancet 404, 1199-1226. doi: 10.1016/S0140-6736(24)01867-1

Nair, G. B, Ramamurthy, T., Bhattacharya, M. K., Krishnan, T., Ganguly, S.,
Saha, D. R,, et al. (2010). Emerging trends in the etiology of enteric pathogens as
evidenced from an active surveillance of hospitalized diarrhoeal patients in Kolkata,
India. Gut Pathog 2:4. doi: 10.1186/1757-4749-2-4

Neil, B., Cheney, G. L., Rosenzweig, J. A., Sha, J., and Chopra, A. K. (2024).
Antimicrobial resistance in aeromonads and new therapies targeting quorum sensing.
Appl. Microbiol. Biotechnol. 108:205. doi: 10.1007/s00253-024-13055-z

Ng, C., Tan, B, Jiang, X. T,, Gu, X., Chen, H., Schmitz, B. W,, et al. (2019).
Metagenomic and resistome analysis of a full-scale municipal wastewater treatment
plant in Singapore containing membrane bioreactors. Front. Microbiol. 10:172. doi:
10.3389/fmicb.2019.00172

Oksanen, J., Simpson, G., Blanchet, E, Kindt, R., Legendre, P,, Minchin, P, et al (2025).
Vegan: community ecology package. Available online at: https://cran.r-project.org/
package=vegan [Accessed November 07, 2025].

Pal, C., Bengtsson-Palme, J., Kristiansson, E., and Larsson, D. G. J. (2015). Co-
occurrence of resistance genes to antibiotics, biocides and metals reveals novel insights
into their co-selection potential. BMC Genomics 16:964. doi: 10.1186/
512864-015-2153-5

Pirninen, K. M. M., Narciso-da-Rocha, C., Kneis, D., Berendonk, T. U., Cacace, D.,
Do, T. T, et al. (2019). Antibiotic resistance in European wastewater treatment plants
mirrors the pattern of clinical antibiotic resistance prevalence. Sci. Adv. 5:eaau9124. doi:
10.1126/sciadv.aau9124

Frontiers in Microbiology

10.3389/fmicb.2025.1722229

Paulson, J. N,, Stine, O. C,, Bravo, H. C., and Pop, M. (2013). Differential abundance analysis
for microbial marker-gene surveys. Nat. Methods 10, 1200-1202. doi: 10.1038/nmeth.2658

Pazda, M., Kumirska, J., Stepnowski, P., and Mulkiewicz, E. (2019). Antibiotic
resistance genes identified in wastewater treatment plant systems - a review. Sci. Total
Environ. 697:134023. doi: 10.1016/j.scitotenv.2019.134023

Petersen, T. N., Rasmussen, S., Hasman, H., Caroe, C., Beelum, J., Schultz, A. C., et al.
(2019). Meta-genomic analysis of toilet waste from long distance flights; a step towards
global surveillance of infectious diseases and antimicrobial resistance. Sci. Rep. 9:9616.
doi: 10.1038/srep11444

Poole, K. (2001). Multidrug efflux pumps and antimicrobial resistance in Pseudomonas
aeruginosa and related organisms. J. Mol. Microbiol. Biotechnol. 3, 255-264.

Pruden, A., Vikesland, P.]., Davis, B. C., and de Roda Husman, A. M. (2021). Seizing the
moment: now is the time for integrated global surveillance of antimicrobial resistance in
wastewater environments. Curr. Opin. Microbiol. 64, 91-99. doi: 10.1016/j.mib.2021.09.013

QGIS (2025). QGIS geographic information system. Available online at: https://qgis.
org/ (Accessed August 07, 2025).

Rout, A. K., Tripathy, P. S., Dixit, S., Behera, D. U,, Behera, B,, Das, B. K., et al. (2023).
Unveiling the microbiome landscape: a metagenomic study of bacterial diversity,
antibiotic resistance, and virulence factors in the sediments of the river ganga, India.
Antibiotics 12:1735. doi: 10.3390/antibiotics12121735

Royer, S., Faria, A. L. V,, Seki, L. M., Chagas, T. P. G., Campos, P. A., Batistao, D. W. D.
E, etal. (2015). Spread of multidrug-resistant Acinetobacter baumannii and Pseudomonas
aeruginosa clones in patients with ventilator-associated pneumonia in an adult intensive
care unit at a university hospital. Braz. J. Infect. Dis. 19, 350-357. doi: 10.1016/j.
bjid.2015.03.009

Sharma, N., Das, B. K., Bhattacharjya, B. K., Chaudhari, A., Behera, B. K., Kumar, A. P,
et al. (2024). Metagenomic insights into microbial community, functional annotation,
and antibiotic resistance genes in Himalayan Brahmaputra River sediment, India. Front.
Microbiol. 15:1426463. doi: 10.3389/fmicb.2024.1426463

Sims, N., and Kasprzyk-Hordern, B. (2020). Future perspectives of wastewater-based
epidemiology: monitoring infectious disease spread and resistance to the community
level. Environ. Int. 139:105689. doi: 10.1016/j.envint.2020.105689

Smalla, K., Cook, K., Djordjevic, S. P, Klimper, U,, and Gillings, M. (2018).
Environmental dimensions of antibiotic resistance: assessment of basic science gaps.
FEMS Microbiol. Ecol. 94:fiv039. doi: 10.1093/femsec/fiy195

Singh, R., Singh, A. P,, Kumar, S., Giri, B. S., and Kim, K. H. (2019). Antibiotic resistance
in major rivers in the world: A systematic review on occurrence, emergence, and
management strategies. J. Clean. Prod. 234: 1484-1505. doi: 10.1016/j.jclepro.2019.06.243

Stockdale, S. R., Blanchard, A. M., Nayak, A., Husain, A., Nashine, R., Dudani, H.,
et al. (2023). RNA-Seq of untreated wastewater to assess COVID-19 and emerging and
endemic viruses for public health surveillance. Lancet Regional Health - Southeast Asia
14:100205. doi: 10.1016/j.lansea.2023.100205

Taneja, N., and Sharma, M. (2018). Antimicrobial resistance in the environment: the
Indian scenario. Indian J. Med. Res. 149, 119-128. doi: 10.4103/jjmr.IJMR_331_18

Thompson, J. R., Nancharaiah, Y. V., Gu, X., Lee, W. L., Rajal, V. B., Haines, M. B, et al.
(2020). Making waves: wastewater surveillance of SARS-CoV-2 for population-based
health management. Water Res. 184:116181. doi: 10.1016/j.watres.2020.116181

van Bavel, B, Berrang-Ford, L., Moon, K., Gudda, E, Thornton, AJ, Robinson, REFS,
et al. (2024). Intersections between climate change and antimicrobial resistance: a
systematic scoping review. Lancet Planet Health. 12: e1118-e1128. doi: 10.1016/
$2542-5196(24)00273-0

Van Boeckel, T. P, Pires, ], Silvester, R., Zhao, C., Song, J., Criscuolo, N. G, et al.
(2019). Global trends in antimicrobial resistance in animals in low- and middle-income
countries. Science 365:eaaw1944. doi: 10.1126/science.aaw1944

Verlicchi, P, Al Aukidy, M., and Zambello, E. (2012). Occurrence of pharmaceutical
compounds in urban wastewater: removal, mass load and environmental risk after a secondary
treatment—a review. Sci. Total Environ. 429, 123-155. doi: 10.1016/j.scitotenv.2012.04.028

von Wintersdorff, C. J. H., Penders, J., van Niekerk, J. M., Mills, N. D., Majumder, S.,
van Alphen, L. B,, et al. (2016). Dissemination of antimicrobial resistance in microbial
ecosystems through horizontal gene transfer. Front. Microbiol. 7:173. doi: 10.3389/
fmicb.2016.00173

‘Wade, M. J., Lo Jacomo, A., Armenise, E., Brown, M. R., Bunce, J. T., Cameron, G. J.,
et al. (2022). Understanding and managing uncertainty and variability for wastewater
monitoring beyond the pandemic: lessons learned from the United Kingdom national
COVID-19 surveillance programmes. J. Hazard. Mater. 424:127456. doi: 10.1016/j.
jhazmat.2021.127456

Wellington, E. M., Boxall, A. B., Cross, P, Feil, E. ], Gaze, W. H., Hawkey, P. M., et al.
(2013). The role of the natural environment in the emergence of antibiotic resistance in
gram-negative bacteria. Lancet Infect. Dis. 13,155-165. doi: 10.1016/s1473-3099(12)70317-1

World Health Organization (2015). Global action plan on antimicrobial resistance.
Available online at: https://www.who.int/publications/i/item/9789241509763 [Accessed
November 07, 2025].

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1722229
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/nar/gkw1009
https://doi.org/10.1021/acs.est.7b03380
https://doi.org/10.1016/j.envint.2018.04.041
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1371/journal.pmed.1001974
https://doi.org/10.3390/ijerph17217827
https://doi.org/10.1128/mBio.02693-18
https://doi.org/10.1016/j.scitotenv.2022.158964
https://doi.org/10.1016/j.envres.2024.118556
https://doi.org/10.3390/molecules23040795
https://doi.org/10.1016/S2666-5247(22)00328-7
https://doi.org/10.1186/s40168-019-0710-x
https://doi.org/10.1016/j.watres.2017.07.060
https://doi.org/10.1093/cid/cix879
https://doi.org/10.1016/S0140-6736(24)01867-1
https://doi.org/10.1186/1757-4749-2-4
https://doi.org/10.1007/s00253-024-13055-z
https://doi.org/10.3389/fmicb.2019.00172
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1186/s12864-015-2153-5
https://doi.org/10.1186/s12864-015-2153-5
https://doi.org/10.1126/sciadv.aau9124
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1016/j.scitotenv.2019.134023
https://doi.org/10.1038/srep11444
https://doi.org/10.1016/j.mib.2021.09.013
https://qgis.org/
https://qgis.org/
https://doi.org/10.3390/antibiotics12121735
https://doi.org/10.1016/j.bjid.2015.03.009
https://doi.org/10.1016/j.bjid.2015.03.009
https://doi.org/10.3389/fmicb.2024.1426463
https://doi.org/10.1016/j.envint.2020.105689
https://doi.org/10.1093/femsec/fiy195
https://doi.org/10.1016/j.jclepro.2019.06.243
https://doi.org/10.1016/j.lansea.2023.100205
https://doi.org/10.4103/ijmr.IJMR_331_18
https://doi.org/10.1016/j.watres.2020.116181
https://doi.org/10.1016/S2542-5196(24)00273-0
https://doi.org/10.1016/S2542-5196(24)00273-0
https://doi.org/10.1126/science.aaw1944
https://doi.org/10.1016/j.scitotenv.2012.04.028
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.1016/j.jhazmat.2021.127456
https://doi.org/10.1016/j.jhazmat.2021.127456
https://doi.org/10.1016/s1473-3099(12)70317-1
https://www.who.int/publications/i/item/9789241509763

	Metagenomic insights into the urban–rural variation of antimicrobial resistance and pathogen reservoirs in untreated wastewater from central India
	1 Introduction
	2 Materials and methods
	2.1 Approvals for wastewater sample collection
	2.2 Study design
	2.3 Sample collection, processing, and nucleic acid extraction
	2.4 Library construction and sequencing
	2.5 Metagenomics analysis
	2.6 Data and statistical analysis

	3 Results
	3.1 Comparison of urban vs. rural samples
	3.2 Presence of potentially clinically relevant taxa in untreated wastewater samples
	3.3 Abundance and diversity of ARGs in environmental samples
	3.4 Relationship of ARGs and bacterial genera

	4 Discussion

	Acknowledgments
	References

