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Abstract

Hospital-based antimicrobial resistance (AMR) surveillance misses information from
asymptomatic individuals and the community at large. Wastewater-based (WBS) surveillance is a
viable alternative. This review aimed to identify current WBS surveillance practices in Low- and
Middle-Income Countries, outline areas of convergence and divergence, and identify gaps for
future work. A literature search was carried out on Google Scholar using the queries
“wastewater-based surveillance” OR “wastewater-based epidemiology” AND “antimicrobial
resistance” OR “antibiotic resistance genes” AND “low- and middle-income countries”. We
reduced the initial 957 papers to 31 articles after excluding reviews, meta-analyses, letters,
conference abstracts, and commentaries. We assessed the 31 articles for methodology and
findings. We found surveillance methods to be either culture-dependent or culture-independent.
Culture—dependent methods required isolating and characterizing pathogens. Culture-
independent methods included quantitative polymerase chain reaction (QPCR), high-throughput
gPCR, metagenomic sequencing, Oxford Nanopore-based whole-genome sequencing, and
measuring pharmaceutical residues and chemical markers. The studies agreed that AMR findings
in wastewater properly reflected AMR patterns in the population. Disagreements remained over
the best wastewater sampling method, the impact of tourism, and the effect of seasonal changes
on local antimicrobial resistance profiles. The review shows a need for more longitudinal studies,
as well as studies that link clinical AMR data and antibiotic use in a given environment to
corresponding environmental data. It also provides an evidence base and research agenda for
scaling WBS in resource-limited settings. Wastewater-based surveillance for AMR is a viable,
cost-efficient option for monitoring AMR in resource-poor settings. Therefore, it should be
integrated into the national antimicrobial resistance surveillance system. The government should
also prioritise investment in portable sequencing platforms and rapid analytical methods to
strengthen timely detection of emerging AMR threats.

Keywords: Antimicrobial Resistance, Wastewater-Based Surveillance, Low- and Middle-Income
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Introduction and Background
The transmission of infectious diseases demonstrates a close interconnection among humans,

animals, and the environment. Consequently, effective control measures must account for
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environmental factors. The One Health concept captures this perspective, emphasizing that
human health is intrinsically linked to animal health and the shared environment. Among the
issues One Health addresses is antimicrobial resistance (AMR). Antimicrobial-resistant
organisms can rapidly disseminate through communities, the food supply, healthcare settings,
soil, and water, thereby complicating the prevention and control of certain infections in both

animals and humans.

Antimicrobial resistance (AMR) is a global public health problem (WHO, 2024). However, low-
and middle-income countries (LMICs) bear the greater burden of morbidity and mortality due to
AMR and are likely to continue to do so for some time (Murray et al., 2022; WHO, 2024).
Challenges that drive AMR in LMICs include: high burden of infectious diseases, limited
laboratory diagnostic capacity, inadequate surveillance systems, and inappropriate use of
antibiotics in both humans and animals (Laxminarayan et al., 2013; O’Neill, 2016; Sriram et al.,

2021). To track AMR, surveillance is necessary.

AMR surveillance is an important public health measure. It makes the early detection of changes
in AMR incidence and prevalence possible and informs the early institution of appropriate
interventions. Currently, the majority of AMR surveillance programs in LMICs are hospital-
based. Individuals who show signs and symptoms of infectious diseases are the targets. The
limitations of hospital-based surveillance include missing out on resistance in the community and
environmental reservoirs (Ashley et al., 2018; Tacconelli et al., 2018). To mitigate the limitations
of hospital-based AMR surveillance systems in LMICs, various alternative approaches have been
explored, including Wastewater-based Surveillance (WBS) (Choi et al., 2018; Rusifiol et al.,
2020; Medema et al., 2020; Sims & Kasprzyk-Hordern, 2020). The objectives of this review
were to (1) identify the current WBS surveillance practices in LMICs, (2) outline areas of

convergence and divergence, and (3) identify gaps in the literature.

23



Wastewater-Based Surveillance for Antimicrobial RESISTANCE vvveeeereereeeeeee coveene

Design and Methodology
Literature search

The queries ‘“wastewater-based surveillance” OR “wastewater-based epidemiology” AND
“antimicrobial resistance” OR “antibiotic resistance genes” AND “low- and middle-income

countries” were used to conduct a Google Scholar search. The search returned 957 papers.
Inclusion and Exclusion Criteria

All 957 papers underwent title and abstract screening for original research articles, excluding
reviews, meta-analyses, letters, conference abstracts, and commentaries. A final list of 31 articles

was arrived at for this review.
Data Extraction and Analysis

The 31 articles reviewed for this paper were assessed for their methodology, laboratory work,
and findings. Where appropriate, articles were compared for convergent and/or divergent

findings, as well as gaps in the literature that future studies could address.
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Results and Discussions
Surveillance methods used

The studies utilized various types of wastewater samples, such as household wastewater, fecal
sludge from on-site sanitation systems, open drain samples, urban river water, hospital
wastewater, and various types of waste from abattoirs and slaughterhouses (Muhammad et al.,
2026; Capone et al., 2025; Heljanko et al., 2024; Stange et al., 2025; Yapi et al., 2025; Cheung et

al., 2025; Gomi et al., 2024).
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The methods used were either culture-dependent or culture-independent. Culture-dependent
methods followed standard pathogen isolation and characterization procedures (Stange et al.,
2025; Santosaningsih et al., 2023; Njoga et al., 2025; Rodriguez Guevara et al., 2025; Garba et
al., 2026; Boum et al., 2026; Evoung Chandja et al., 2026; Alam et al., 2026). Culture-
independent methods included quantitative polymerase chain reaction (QPCR), high-throughput
gPCR, metagenomic sequencing, Oxford Nanopore-based Whole Genome Sequencing and
measuring pharmaceutical residues and chemical markers (Cheung et al., 2025; Smith et al.,
2024; Gomi et al., 2024; Secker et al., 2026; Freitas et al., 2026; Radwan et al., 2026; Kumari et

al., 2025; Mtetwa et al., 2024; Deedat et al., 2025; Pimenta et al., 2025).
Areas of convergence

i. Wastewater Antimicrobial Resistance (AMR) status as an indicator of population AMR

profile

Several studies came to the same conclusion: that the status of wastewater and related
environmental samples can serve as an indicator of population health with respect to AMR and
infection trends (Muhammad et al., 2026; Ousmane et al., 2023; Smith et al., 2024; Capone et al.,
2025; Jamtsho et al., 2026; Islam et al., 2024; Hassard et al., 2022). Household water in Nigeria,
community wastewater in Niger, and Bangladesh showed antibiotic resistance genes and
pathogen patterns that were comparable with community exposures (Muhammad et al., 2026;
Ousmane et al., 2023; Saha et al., 2026). Studies from South Africa and India showed that
resistome patterns in influent water correlated well with the urban-rural distribution of antibiotic
use (Smith et al., 2024; Secker et al., 2026). These findings support the conclusion that WBS
status is a cost-effective, non-invasive marker of infection trends and antibiotic use in the

community.

ii. Hospital and abattoir WBS as a reflection of AMR in human and animal health
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Studies from Uganda, Nepal, Burkina Faso, Cameroon, Gabon, Egypt and Bangladesh reported
high levels of ESBL, AmpC-p-lactamase and carbapenemase genes among E. coli, Klebsiella spp
and other Enterobacteriaceae in hospital wastewater, often exceeding levels found in municipal
wastewater (Stange et al., 2025; Thakali et al., 2021; Garba et al., 2026; Boum et al., 2026;
Evoung Chandja et al., 2026; Radwan et al., 2026; Alam et al., 2026). Research in South African
abattoirs also showed that the level of AMR markers in abattoir wastewater corresponded to the
levels of antibiotic use in animal production settings (Heljanko et al., 2024; Santosaningsih et al.,
2023). Thus, prioritizing surveillance of hospital and abattoir wastewater would provide a

reflection of AMR in human and animal health settings.
iii. Pervasiveness of multidrug-resistant pathogens

The majority of studies found that multidrug-resistant (MDR) bacteria, such as extended-
spectrum beta-lactamase (ESBL) producing bacteria, were found in wastewater, hospital
effluents, and corresponding environmental samples (Stange et al., 2025; Cheung et al., 2025;
Gomi et al., 2024; Njoga et al., 2025; Rodriguez Guevara et al., 2025; Garba et al., 2026; Boum
et al., 2026; Evoung Chandja et al., 2026; Radwan et al., 2026; Alam et al., 2026). These studies
found high levels of E. coli, Klebsiella spp, Campylobacter, Enterobacter cloacae complex, and
other Enterobacteriaceae species in hospital wastewater that were resistant to various antibiotics.
In addition, ESBL, AmpC-B-lactamase, and carbapenemase genes were frequently found in these
bacteria (Garba et al., 2026; Evoung Chandja et al., 2026; Alam et al., 2026). Multidrug-resistant
profiles of environmental isolates from rivers, hospital effluents, and municipal wastewater from
Panama and South Africa showed both environmental and clinical origins of multidrug-resistant

pathogens (Rodriguez Guevara et al., 2025; Smith et al., 2024).
Areas of divergence

A. Sampling method efficiency
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There were mixed results in terms of the efficiency of the sampling methods used for detecting
microorganisms and/or genetic determinants in wastewater. For example, the use of passive
sampling methods such as activated carbon-based sampling devices and Moore Swabs was
efficient for the detection of Antibiotic Resistance Genes (ARGSs) at very low concentrations
(Holzer et al., 2025; Yapi et al., 2025). In contrast, grab sampling at various sewer nodes and at
sewer pumping stations using well-designed sampling protocols yielded high sensitivities for
detecting Salmonella typhi in environmental samples as well as for estimating the number of
typhoid cases in the community (Oktaria et al., 2025). Thus, the efficiency of the various

sampling methods appears to be pathogen-specific.
B. Impact of tourism on local resistomes

A study conducted in Guadeloupe showed that international tourism did not have a significant
impact on local AMR profiles (Pimenta et al., 2025). However, a study conducted in several
cities in Brazil showed that tourism-related human mobility influenced the ARG and virulence
gene composition found in the urban wastewater, thus influencing the local resistome pattern

(Freitas et al., 2026).
C. Seasonal dynamics

Studies investigating seasonal changes in wastewater samples have produced different results.
Studies conducted in Uganda and Mozambique showed some seasonal changes in the load of
pathogens and ARGs, which were partly linked to hydrological changes due to rainfall (Stange et
al.,, 2025; Capone et al., 2025). Metagenomic analyses conducted over several sampling
campaigns in Brazil also revealed temporal changes in resistomes (Freitas et al., 2026). In
contrast, studies conducted in South Africa and Bangladesh showed relatively stable resistomes

over periods of sampling (Smith et al., 2024; Saha et al., 2026).

Identified research gaps
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i. Paucity of longitudinal data

Most of the studies carried out were cross-sectional or short-term (Muhammad et al., 2026;
Ousmane et al., 2023; Cheung et al., 2025; Gomi et al., 2024; Saha et al., 2026; Radwan et al.,
2026). Only a few long-term WBS studies have been conducted. These were carried out in
Mozambique, Indonesia, and Brazil (Capone et al., 2025; Murni et al., 2024; Freitas et al., 2026).
Long-term wastewater-based surveillance studies are urgently needed to understand AMR

dynamics and to assess the impact of interventions in LMICs.
ii. Lack of linked metadata

There is a need for studies using WBS for AMR detection and resistome characterization to
include information on associated clinical AMR data. So far, only a few hospital-based studies
have information on associated clinical microbiology data from the pharmacy and/or from patient
samples and have linked this to information on the corresponding hospital effluent resistomes

(Deedat et al., 2025; Garba et al., 2026).
Conclusion

This review identified wastewater-based surveillance for AMR as a viable, cost-efficient option
for monitoring AMR in resource-poor settings, providing surveillance data and serving as an
early warning system for emerging resistance before it leads to treatment failure in clinical
settings. However, to maximize public health impact, more longitudinal studies are needed, as
well as studies that provide clinically linked metadata. This paper provides an LMIC-focused
synthesis of methodological approaches, convergent and divergent findings, and critical evidence
gaps in wastewater-based AMR surveillance. This provides an evidence base and research

agenda for scaling WBS in resource-limited settings.
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Recommendations

1. Wastewater-based surveillance (WBS) should be formally integrated into the Nigerian
national antimicrobial resistance surveillance system, with national public health
laboratories and reference centres designated as coordinating hubs for metagenomic
analysis and data interpretation. Such integration would enable environmental
surveillance data to be included in public health decision-making.

2. The government, through the Ministry of Health, should prioritise investment in portable
sequencing platforms and rapid analytical methods, e.g., Nanopore-based whole-genome

sequencing. This will strengthen the timely detection of emerging AMR threats.
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