Environ Monit Assess (2025) 197:467
https://doi.org/10.1007/s10661-025-13860-7

REVIEW

®

Check for
updates

The spread of antimicrobial resistance in the aquatic
environment from faecal pollution: a scoping review

of a multifaceted issue

Calum Cheung - Patrick J. Naughton - James S. G. Dooley -

Nicolae Corcionivoschi - Cathy Brooks

Received: 6 December 2024 / Accepted: 5 March 2025 / Published online: 25 March 2025

© Crown 2025

Abstract Antimicrobial resistance (AMR) is a major
global health concern accelerated by the misuse and
mismanagement of antibiotics in clinical and veterinary
settings, leading to longer treatment times, increased
costs and greater mortality rates. The environment can
play a major role as a source and disseminator of AMR,
with faecal pollution, from both anthropogenic and
non-anthropogenic sources making a significant contri-
bution. The review aimed to identify how faecal pollu-
tion contributes to AMR in surface water, focusing on
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current methods of source tracking faecal pollution. The
databases used were Medline Ovid® and Scopus. From
the search, 744 papers from January 2020 to November
2023 were identified, and after the screening, 33 papers
were selected that reported on AMR, aquatic environ-
ments and faecal pollution and were published in Eng-
lish. The studies were from six different continents,
most were from Europe and Asia indicating faecal pol-
lution is influenced by spatiotemporal differences such
as population and sanitation infrastructure. Multiple
different methodologies were used with a lack of stand-
ardised methods making comparability challenging. All
studies identified AMR strains of faecal indicator bac-
teria showing resistance to a wide variety of antibiotics,
particularly beta-lactams and tetracyclines. Few studies
investigated mobile gene elements with class 1 inte-
grons being the most frequently studied. Wastewater
treatment plants were significant contributors, releasing
large amounts of AMR bacteria into the environment.
Environmental factors such as seasonal differences,
temperature, rainfall and UV exposure, along with
local antibiotic usage influenced the local resistome.
Animals, both wild and domestic, introduced antimi-
crobial resistance genes and potential pathogens into
the aquatic environment. Overall, faecal pollution is a
complicated issue with multiple factors contributing to
and facilitating the spread of AMR. Standardisation of
methods and surveillance, robust wastewater manage-
ment and further research into AMR dissemination are
needed to address the human health, animal health and
environmental concerns.
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Introduction

Antimicrobials, in the context of this review,
include antibiotics, antiseptics and disinfectants.
Antimicrobial resistance (AMR) among bacte-
ria is an urgent global health issue. The World
Health Organization (WHO) has deemed it “One
of the greatest threats we face as a global com-
munity” (WHO, 2019). Approximately 700,000
people die from AMR bacterial infection each
year, and, if no action is taken, this figure is pre-
dicted to increase to 10 million deaths per year by
2050 (WHO, 2019). The production of antibiotics
by microorganisms is a natural process which is
designed to kill or inhibit the growth of compet-
ing microorganisms. However, many bacteria have
evolved diverse antibiotic resistance mechanisms
as a basic survival component. Recent investiga-
tions have revealed that some antibiotic resist-
ance mechanisms can also confer cross-resistance
against antiseptics and disinfectants. This is a
natural unavoidable evolutionary process as AMR
genes have been found in remote environments
with minimum human interaction, such as the Polar
Regions (Nolan et al., 2023a). The rise in AMR is
partially the result of inappropriate use of antibiot-
ics. In some jurisdictions, healthcare providers do
not restrict the use of antibiotics thereby prevent-
ing efficient monitoring of overall drug usage levels
(Hartinger et al., 2021). Antibiotic mismanagement
can occur in both human and agricultural (mainly
animals) sectors resulting in the release of antibi-
otics and antibiotic residues into the environment
(Food & Agriculture Organization of the United
Nations, 2018; Maillard et al., 2020). This can cre-
ate a selective pressure that favours more resistant
bacteria, allowing these resistant organisms to mul-
tiply leading to greater dissemination of resistance
genes (Daly et al., 2023). The consequence of the
rise of AMR is increased hospital treatment time
and cost, along with increased potential of mor-
tality resulting in further strain on healthcare sys-
tems (Hartinger et al., 2021). This has led to the
requirement for increased surveillance of AMR
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bacteria and AMR genes following the One Health
approach set out by the WHO (Larsson et al., 2018;
Tiwari et al., 2022; WHO, 2015). The One Health
initiative integrates the human, animal and environ-
mental sectors emphasising their interconnection.
Surveillance in humans and animals has been well
established, with environment surveillance a more
recent effort towards monitoring AMR progression
(Huijbers et al., 2019; WHO, 2015).

In recent years (Finley et al., 2013), the environ-
ment has been recognised for playing a major role as
a source and dissemination of AMR. Wastewater treat-
ment plants (WWTP) are seen as one of the major
sources of antimicrobial resistance genes (ARGs)
and bacteria. Antibiotics consumed by animals and
humans, along with antibiotic-resistant gut microbes
are excreted into the environment via faeces and urine
(Karkman et al., 2019). Faecal pollution in the aquatic
environment can occur from both identifiable (or point)
sources such as wastewater treatment plants and sep-
tic tank effluents and non-identifiable (or non-point)
sources such as agricultural runoff and animal defeca-
tion (Camiade et al., 2020; Flores et al., 2023; Ragot
& Villemur, 2022). Rainfall events which enable fae-
ces to enter the water systems are a key driver of dis-
semination (Ahmed et al., 2018; Gonzalez-Fernandez
et al., 2021). The combination of the various sources
of AMR highlights the complexity of tracking faecal
pollution in the aquatic environment. Faecal pollution
can have negative impacts on health, the economy and
the environment showing their interconnectedness and
validating the One Health perspective (WHO, 2015,
2023). As a result of faecal pollution, there is a dete-
rioration in drinking water quality and a greater risk of
waterborne disease outbreaks. This is due to increased
exposure to possible pathogenic bacteria via ingestion,
physical contact (dermal route) and accidental inha-
lation with AMR complicating treatment (Hinojosa
et al., 2020; Valério et al., 2022). These factors contrib-
ute to an increase in the potential disease burden and
raise the risk of transmission, resulting in increased
treatment costs and deterioration of recreational water
quality. This can cause temporary or permanent closure
of recreational sites causing a loss of income (Diaz-
Gavidia et al., 2022). The aim of this scoping review is
to identify how faecal pollution contributes to AMR in
surface water, what are current methods of identifying
sources of faecal pollution and what are the most com-
monly studied ARGs.
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Materials and methods

No formal review protocol was registered; however,
the PRISMA-ScR guidelines were followed as a
framework, and the PRISMA-ScR checklist was com-
pleted to ensure transparent reporting. The following
research questions were created to direct the review
“how does faecal pollution contribute to antimicrobial
resistance in surface water?” and “how can the source
of faecal pollution in surface water be tracked?”.

There were no predetermined genes or locations
targeted in the study, as one of the aims was to iden-
tify the most commonly studied genes. Search terms
were decided after a discussion between authors and
information specialists (Appendices (See Table 3)).
The databases used to find literature were Medline
Ovid® ALL 1946 to November 13, 2023, and Sco-
pus®. From the search terms, a search string was cre-
ated and adapted to each of the databases. All Med-
line searches were carried out using the mapped and
unmapped feature (Appendices (See Tables 3 and 4)
to find literature relevant to the terms. All Scopus
searches were carried out using the TITLE-ABS-
KEY feature of the database highlighting specific
terms in the title, abstract and keywords. All relevant
papers were exported to RefWorks®.

Inclusion criteria

The study was conducted in November 2023, which
covered the period from January 2020 to November
2023, to identify papers that were recent at the time;
this was to ensure that the review captured recent
developments and the latest advances in methods
used to identify sources of faecal pollution and track
ARGs in surface waters. Previous literature reviews
have already covered pre-2020 developments in this
field, so including earlier developments would lead
to duplication (Fewtrell & Kay, 2015; Cho, S. et al.,
2020; Mathai et al., 2020). Only articles published in
English are considered.

Articles that included “antimicrobial resistance”
and “aquatic environment” and mentioned “faeces”
as a cause of deterioration of water quality were
included. This included articles that mentioned
“wastewater treatment plants/WWTPs”, “sewage
treatment plants”, “septic tanks”, ‘“antimicrobial
resistant genes/ARGs”, “faecal indicator bacteria/
species” (E. coli, streptococci, Enterococcus spp.,

including faecal indicator phyla Firmicutes) and
articles that mentioned “microbial source tracking”.
Only primary articles were accepted.

Exclusion criteria

The study excluded articles that were about
“eroundwater”, articles outside the date range, arti-
cles that were looking at “faecal carriage”, “antibi-
otic pollution of aquatic environments” and analysis
of other substrates such as “soil”, reviews, seminars
and those that only mentioned one of the three top-
ics under investigation.

Upon further screening, papers that did not iden-
tify the source through a scientific methodology
such as source tracking or phylogenetic typing were
rejected.

Results

After conducting the searches on Medline Ovid®
and Scopus®, a total of 637 and 107 papers, respec-
tively, were identified, resulting in a combined
total of 744 papers retrieved from both databases.
On Medline Ovid® following initial title and
abstract screening, a total of 171/637 were kept and
exported to RefWorks, while the other 466 papers
were discarded. On Scopus following initial title
and abstract screening, a total of 87/107 papers
were kept and exported to RefWorks, while the
remaining were discarded; this gave a total of 258
papers. In all, 40 duplicate papers were removed,
and this resulted in a total of 218 papers. The full
screening of papers that (i) matched the inclusion
and exclusion criteria and (ii) identified the source
through means of tracking resulted in 185 papers
being discarded, and a total of 33 papers were used
for the review (Fig. 1).

After the full screening of 218 papers, a nota-
ble recurrent feature was observed. Papers such
as Kimera et al. (2021) did not definitively identify
the source and simply suggested that they are from
human or animal sources based on the sampling
location. Several studies such as Herrig et al. (2020)
also suggested that applying source tracking could
improve the study.
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Fig. 1 Identification of
studies via databases
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Data characteristics

The retained papers reported on studies that
were conducted in six different continents are
as follows: Europe (n=11), Asia (n=11), North
America (n=7), South America (n=2), Africa
(n=1) and Oceania (n=1). The countries/regions
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that the studies were conducted in were Norway,
Germany and France (n=2); Spain and Ireland
(n=4): Poland and Black Sea region (Romania,
Ukraine and Georgia): Israel, Vietnam and China
(n=T7); Korea, Malaysia and the USA (n=6); and
Canada, Brazil, Bolivia, Ethiopia and Australia
(Fig. 2).
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Fig. 2 Countries/regions included by the selected research articles (an original image created with QGIS). Legend: This map dis-
plays a world map highlighting the countries/regions investigated in the selected studies, marked in red

Discussion

This scoping review was conducted to identify (i)
how faecal pollution contributes to antimicrobial
resistance in surface water, (ii) what are current meth-
ods of identifying sources of faecal pollution, and
(iii) what are the most commonly studied ARGs. The
search criteria ensured that relevant papers published
between the years 2020 and 2023 were retrieved.

The final selection for the review consisted of 33
papers that studied the impact of faecal pollution on
the aquatic environment (Figs. 3 and 4). The stud-
ies were a combination of freshwater, marine water,
wastewater and sediment highlighting the impact of
faecal pollution in the deterioration of a variety of
water sources used for drinking water, irrigation and
recreation. The degradation of these water sources
results in greater exposure to faecal pathogens lead-
ing to more waterborne disease outbreaks with AMR
bacteria prolonging patient treatment (Valério et al.,
2022). The majority of studies came from Europe
and Asia comprising two-thirds of the entire review.
Geographically spatiotemporal differences occur
between countries with factors such as population
density, sanitation infrastructure and environmental
conditions that affect levels of faecal pollution. None
of the reference material came from Northern Ireland
and, by extension, the whole of the UK, identifying a

potential gap in knowledge and indicating an opportu-
nity for increased scientific contribution from the UK.
A limitation of using two databases is that some rel-
evant literature may not be covered due to publication
bias and search inconsistencies. The identification of
duplicates indicates overlap, which can lead to redun-
dancy in the findings as well as add to the workload
required to screen the data.

Only a few of the studies followed standard meth-
ods set out by governing bodies and organisations
that provide guidelines for testing procedures such as
EUCAST (2024), which were for antibiotics suscepti-
bility testing, minimum inhibitory concentration and
enumeration of faecal indicator bacteria (FIB) (Euro-
pean Union, 2006). Enumerating FIB is used to assess
water quality and indicate potential faecal contami-
nation, suggesting the potential risk of exposure to
faecal pathogens (European Union, 2006). However,
there are many limitations with just enumerating FIB;
it does not identify the source, pathogenicity, viru-
lence or resistance of strains (Williams et al., 2022).
Therefore, studies could address this by utilising
genetic analysis. A variety of genetic techniques are
available: whole genome sequencing (WGS), Sanger
sequencing, quantitative polymerase chain reac-
tion (qPCR), metagenomics, multi-locus sequencing
typing (MLST) and phylotyping, but there was no
standardised method used in these studies (Table 1).

@ Springer
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Fig. 3 Frequency distribution of antibiotic classes studied
by the selected research articles. Legend: This histogram dis-
plays the frequency of antimicrobial resistance genes catego-
rised by antibiotic class, based on the data extracted from the

However, all studies did carry out filtration of sam-
ples for the genetic analysis. A variety of methods to
enumerate bacteria was used including the IDEXX
Colilert test (Yakub et al., 2002), filtering samples
and placing filters onto selective agar or adding drops/
microlitres of sample directly onto agar. The major-
ity of papers that did quantify bacterial counts used
colony-forming units (CFU). However, a number of
studies used most probable number (MPN) methods.
Previous studies have shown that MPN figures are
more variable and produce higher estimates than CFU
(Gronewold & Wolpert, 2008; Cho, K. H. et al. 2010)
highlighting the need for standardised methodologies
to allow for comparison between results.

Antimicrobial resistance genes

Antimicrobial resistant (AMR) strains of FIB were
identified in all the studies. The isolation of AMR
isolates was carried out using media that had been
supplemented with the following antibiotics: aztre-
onam, cefotaxime, ceftazidime, ceftriaxone, cip-
rofloxacin, colistin, fluconazole and meropenem.

@ Springer

33 selected studies. Each bar represents the number of studies
investigating a specific class of antimicrobial resistance gene
defined by the antibiotic class for which these genes confer
resistance

Additional investigations included antibiotic sus-
ceptibility testing (AST) and minimum inhibitory
concentration (MIC), with the resulting isolates of
interest being subjected to genetic analysis. These
antibiotics are commonly used, and their presence
in the aquatic environment may suggest whether
urban or agricultural activity is influencing the
waterway. Aztreonam, cefotaxime, ceftazidime,
ceftriaxone and ciprofloxacin are used as first-line
antibiotics for human infection. While colistin and
meropenem are last resort antibiotics; the authors
may have also selected these antibiotics to high-
light the increase in resistance to clinically impor-
tant antibiotics.

The most common beta-lactamase ARGs stud-
ied were blacry (N=12), blargy (N=12), blagxs
(N=11) and blagyy (N=10). This is concerning as
blacrx, blagxs and blagyy, confer resistance to car-
bapenems which are clinically significant as a last
resort antibiotic (Reynolds et al., 2020). Another com-
mon ARG within this group was blaypc (N=8) which
encodes for a carbapenemase. These enzymes have
gained much global attention as they have a broad
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Fig. 4 The frequency of MST markers studied by the selected
research articles. Legend: This histogram displays the fre-
quency of microbial source tracking markers utilised by the 33

spectrum, not only inactivating carbapenem antibiot-
ics but other clinically important beta-lactam antibiot-
ics in both Gram-negative and Gram-positive bacteria
(Chen, Z. et al. 2023). The predominant ARG studied
encoding tetracycline resistance was the fer gene with
the most common subtypes being fetA (N=8), tetO
(N=T), tetQ (N=5), tetW (N=5) and terX (N=5).
For sulphonamides, the most common resistance
gene studied was sul with the most common subtypes
being sull (N=16) and sul2 (N="T). This is concern-
ing as tetracycline and sulphonamides are not just
restricted to human use but also used in livestock
and poultry production (Damashek et al., 2022; Ma
et al., 2023). The presence of both tetracycline and
sulphonamides in waterways may indicate the poten-
tial impact of agriculture on the local resistome of the
aquatic environment, with the potential for specific
ARGs to be used as markers and indicators for agri-
cultural faecal pollution. The most common amino-
glycoside resistance genes detected were aph (N=8),
aad (N=7) and aac (N=6). Aminoglycosides are
first-line antibiotics in human medicine (Krause et al.,
2016). The most frequent quinolone resistance genes
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selected studies. Each bar represents the number of studies uti-
lising a particular marker, which are grouped by their specific
source

studied were gnrS (N=11) and mfd (N=2). The most
frequent MLSB-detected ARGs were ermB (N=6),
ermF (N=6), ereA (N=4) and inuB (N=4). Qui-
nolone and MLSB antibiotics are usually reserved as
the alternative when first-line options are not effec-
tive (Pham et al. 2019; Pardo et al., 2020). Notable
phenicol ARGs detected were cat (N=4), cml (N=3)
and floR (N=3). The most frequent colistin resistance
gene studied was mcr (N=7). The common resistance
genes studied for vancomycin were vanA (N=3),
vanB (N=3) and vanC (N=3). Colistin antibiotics
are a last resort in human medicine and if ineffective
may result in a longer infection time and high mor-
tality rates (Guo et al., 2023; Mull et al., 2020). The
extensive list of ARGs studied highlights the scien-
tific relevance of addressing resistance to antibiotics;
however, from this list, there are some missing classes
such as oxazolidinones and lipopeptides indicating a
possible knowledge gap that needs to be addressed.
The resistance gene studied for aminocoumarin
was parY; mupirocin was ileS1; triclosan was TriC
and diaminopyrimidine variants of dfr, dfrE, dfrF
and dfrG. The few papers studying resistance in
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these antimicrobials indicate a possible knowledge
gap, particularly for antimicrobials such as triclosan
and diaminopyrimidine which are used in soap and
haircare products (Althili & Lee, 2019; Garre et al.,
2018; Vincenzi et al., 2019). A variety of multiple
drug resistance (MDR) genes were analysed with
the most prevalent being gacEdeltal (N=3). MDR
occurs when bacteria are non-susceptible to at least
three or more antibiotic classes (Ho et al., 2021).
While E. coli is generally considered non-pathogenic,
the majority of healthcare-associated infections are
due to MDR pathotypes expressing extended spec-
trum beta-lactamases (ESBLs). These strains are
commonly isolated from surface waters influenced by
human activity including drinking water sources and
recreational water (Sidhu et al., 2023).

Overall, the common occurrence of these ARGs
across separate geographical locations highlights the
dissemination of resistance to these clinically impor-
tant antibiotics and the potential impact on mortal-
ity rates due to the rise in AMR-associated bacterial

Rainfall

infections. There is currently no standard set of mark-
ers for the tracking of ARGs (Leao et al., 2023) indi-
cating a gap in knowledge. However, just because
these genes are present does not mean that they are
being transcribed and biologically active. Only a few
papers carried out a phenotypic investigation through
AST and MIC assays. This emphasises the need for
routine monitoring and surveillance of ARGs in the
aquatic environment employing complementary
methodologies.

Mobile genetic elements

Mobile gene elements (MGEs) are genetic material
that can aid the capture and transmission of exog-
enous genes; they include integrons, plasmids, trans-
posons and genetic islands (Sanderson et al., 2020;
Xie, 2021). MGEs aid in the dissemination of AMR
between bacteria species by facilitating horizontal
gene transfer (HGT) of ARGs (Fig. 5). Detection of
high concentrations of MGEs suggests the possibility

Horizontal gene exchange

Fig. 5 Sources of faecal pollution and how bacteria use mobile gene elements to disseminate antimicrobial resistance genes (an

original image created with BioRender)
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of significant HGT in a particular environment (Li,
Y. et al. 2024). Overall, the papers identified various
mobile genetic elements such as plasmids (N=6),
integrons (N=13) and transposons (N=6). These
relatively low numbers from the studies suggest that
there is a knowledge gap around their true distribu-
tion. This may be due to the difficulty in detecting
MGESs as they contain many repetitive sequences,
which may cause them to be misidentified as part of
the non-coding regions. However, the increased avail-
ability of MGE sequences should facilitate the devel-
opment of more focused markers (Xie, 2021).

Source tracking markers

Microbial source tracking (MST) assays are used to
assess water quality and identify possible sources
of faecal pollution by targeting specific marker
genes (Lee, S. et al. 2020). There are a variety of
genetic markers available with the main types being
those that target bacteria such as the HF183 Bac-
teroides 16S rRNA genetic marker that can be used
to detect human faecal pollution in water environ-
ments (Lee, S. et al. 2020), those that target viruses
such as crAssphage (Agramont et al., 2020) a bac-
teriophage highly specific to human gut (Stachler &
Bibby, 2014) and those that target specific DNA such
as mitochondrial DNA (Table 2). The link between
a marker and source has been validated in previous
studies. Accurate tracking of faecal pollution can

measure the influence that human and animal faecal
pollution has on ARGs in the aquatic environment
(Chen, Z. et al. 2023). From the 33 studies, a variety
of MST markers (Fig. 4) were used to identify human
sources with the most commonly used marker being
crAssphage (N=13) and HF183 (N=13). For rumi-
nant sources, the most common is Rum2bac (N=2).
For avian sources, the most frequently used is GFD
(N=3), and for pig sources, the most common is Pig-
2-bac (N=3). The use of the same markers in differ-
ent geographical regions may suggest that it may be
possible in the future to have a single marker for each
source to track faecal pollution worldwide enabling
easier comparison of results.

Microbial community of faecal polluted water
sources

Eight studies investigated the microbial community
of samples and found that the community harboured
multiple ARGs, with non-faecal indicator phyla such
as Proteobacteria and Actinobacteria harbouring
multi-drug resistance efflux pumps that are part of
the resistance nodulation division (Bagi & Skogerbg,
2022). There is a correlation between the microbial
community at a genus level and the profile of ARGs.
Ma et al. (2023) found that the faecal indicator phyla
Firmicutes harboured the largest possible amount of
ARGs, one genus harbouring genes encoding resist-
ance to MLSB (ermf, mefA, ermB, lunB and ermQG),

Table 2 MST markers for different animal species used in source tracking in water sources

Microbial source tracking markers

Human Pig Avian Ruminant Dog Horse Universal
crAssphage! Pig-2-bac? Sg2? Rum-2-bac? BacCan? HoF? UniBac? (Lee, S.
(Agramont et al., 2020) (Christenson (Toubiana et al., 2021) (Damashek et al., (Hou et al., 2021) (Toubiana et al. 2020)
etal., 2022) 2022) etal.,
2021)
HF1832 P.ND5? GFD? Bac32? (Moretto DG3? (Williams
(Lee, S. et al. 2020) (Zhang (Lee, S. et al. 2020) etal., 2022) etal., 2022)
et al., 2022)
HumM?2? Chicken CF128? (Nolan DogBao:2 (Lee, S.
(Hou et al., 2021) mitochondrial et al., 2023a) et al. 2020)
Lanchno3? DNA’ BacR? (Prekrasna
(Williams et al., 2022) (Damashek et al., etal., 2022)
2022)
crAssphage! BacCow? (Zhang
(Agramont et al., 2020) etal., 2022)

! Virus target, 2 Bacterial target, > Mitochondria target
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aminoglycosides (aadA and aadE), tetracyclines
(tetM, tet36, tetO, tetW, tet32, tetO, tetX, and tet44),
chloramphenicols (floR) and MDR (gacEdeltal).
Similarly, Chen et al. (2020) found six MDR genes
to be related to the indigenous microbial community.
Hiruy et al. (2022) found that during the wet season,
greater amounts of rainfall resulted in more runoff
and soil erosion, which caused more soil-related gen-
era, such as Vicinamibacter and Legionella, to be pre-
sent in the aquatic environment potentially exchang-
ing ARGs with the indigenous microbiome. This
suggests that some ARGs originate from non-faecal
bacteria and that there may be an exchange of ARGs
between faecal and non-faecal bacteria.

Hou et al. (2021) found that in subtropical water-
sheds, MLSB and tetracycline resistance occur in
bacterial species commonly found in the gut: Bac-
teroides, Faecalibacterium, Clostridium, Blautia
and Ruminococcus, suggesting that faecal pollution
aids in the dissemination of MSLB and tetracycline
resistance. This highlights the potential role faecal
pollution may have in influencing the ARG profile
of watersheds, particularly urban waterways. In con-
trast, Ma et al. (2023) suggest that constant waste-
water input contributes to the microbial community,
impacting surface waters. However, this input does
not affect the ARG profile, as horizontal gene trans-
fer is not retained due to a change in environmental
conditions. This change may be attributed to seasonal
changes affecting pH, total organic carbon and heavy
metal concentrations.

Other microorganisms

From the selected studies, there was little investiga-
tion into other faecal-associated microorganisms such
as protozoa (N=2), bacteriophage (N=3) and viruses
(N=1). These organisms play a significant role in dis-
ease and can act as a reservoir and disseminate AMR.

Like FIB, protists can be indicators of water qual-
ity; however, there have been few broad investigations
of protists in urban environments (Lee, S. et al. 2020;
Allsing et al., 2022). Both papers reported the pres-
ence of protozoa with Lee et al., (2020a, 2020b) pro-
filing the protist community identifying potential for
human disease outbreaks, while Allsing et al. (2022)
detected the presence of protozoa and viruses that
cause human disease, suggesting that the presence

of any live virus or microbe may influence disease
through activities such as swimming.

Only three studies investigated bacteriophages
outside of the MST marker crAssphage. Nolan et al.
(2023b) and Sala-Comorera et al. (2021) found ARGs
to be harboured by the bacteriophages. While Sander-
son et al. (2020) investigated HGT, this highlights the
impact that bacteriophages play as a reservoir and
a disseminator of AMR. Bacteriophages may also
spread AMR from the environment to animals and
humans with ingestion of contaminated water and
shellfish (Nolan et al., 2023b). Overall, the low num-
ber of studies that investigated these microorganisms
indicates a potential knowledge gap that should be
addressed.

Correlation of mobile genetic elements with args

The most common MGEs studied were integrons
notably class 1 integrons (infI1) being the most fre-
quently studied. Markers associated with HGT such
as integrons are usually found in areas where there
is prevalent anthropogenic pressure particularly
where wastewater is being deposited (Niestepski
et al., 2020). For this reason, it has been proposed
to use intll as an indicator of anthropogenic pollu-
tion (Nguyen et al., 2021). The integrons intl1, intI2
and intI3 are more common in terrestrial environ-
ments and less common in marine environments.
Toubiana et al. (2021) found that infI2 and infI3 may
be more specific as they were detected during peak
faecal contamination during peak beach attend-
ance, while infI1 may indicate other urban pollution.
However, using infI1 as a marker may be unsuitable
because it has the potential to contain ARGs, allow-
ing for self-selection and potentially leading to chal-
lenges in distinguishing ARG dissemination from
faecal pollution (Zhang et al., 2022). infIl has also
been identified to be utilised for the adaptation of
other environmental stresses such as heavy metal in
plankton-associated bacterial communities (Toubi-
ana et al., 2021). Reynolds et al. (2020) highlight the
complexity of integrons which are often associated
with other MGEs resulting in further dissemination
of ARGs that are commonly found in conjunction
with intl1 such as sulphonamide resistance gene sull.
Zhang et al. (2022) support these findings with sull
and sul2 having the strongest correlation with the
abundance of infll. Metagenomic analysis by Chen

@ Springer



467 Page 14 of 24

Environ Monit Assess (2025) 197:467

et al. (2020) found MGEs with the most associated
resistance genes, the most common being infIl and
mupirocin resistance gene ileS1 and transposase /591
contained sul2. These findings highlight the role that
MGEs particularly intI1 have in shaping the resistome
of the aquatic environment. The study also found that
river sediment contributed significantly to the amount
of MGEs indicating that the dissemination of ARGs
within the river was largely connected to horizontal
transfer promoted by the MGEs. Hou et al. (2021)
found that the transposases tnpA-07 fuelled by the
input of faecal bacteria are the keystone of HGT in
an urban lagoon. Altogether, these studies highlight
the significant role MGEs play in the persistence and
dissemination of AMR within the aquatic environ-
ment introduced by anthropogenic pressures such as
wastewater.

The use of microbial source tracking to identify
sources of faecal pollution and args

MST markers are a valuable tool for identifying the
possible source of faecal pollution and the source of
ARGs in the aquatic environment. Williams et al.
(2022) found a significant correlation between the
human faecal marker HF183 and drfAl, sull, gnrS
and vanB resistance genes highlighting the link of
raised ARG abundance and sewage input. The study
by Chen et al. (2023) found that crAssphage abun-
dance significantly correlated with the abundance of
aminoglycoside (aadA, aac(6’)-1b, aadAl, aadA2,
aphAl, aadAS), MLSB (ermF), tetracyclines (tetX),
quinolones (aac(6’)-Ib), phenicols (catB3, floR), sul-
phonamides (sull, dfrA12), MDR (#0lC) and beta-
lactams (blagxa10)-

The study by Zhang et al. (2022) found a cor-
relation between the carbapenem resistance gene
blaypy., and human markers (BacHum and
CPQO056) and pig markers (Pig-2-Bac, P.ND5) sug-
gesting that occurrence was due to combined human
and pig pollution. A swine fever outbreak and the
subsequent decrease in pig breeding resulted in a
slight decrease in blaypy., abundance. However,
due to human faecal pollution being prevalent
throughout the watershed, this decrease was not
significant. Similarly, Damashek et al. (2022) found
that the human faecal marker HF183 strongly cor-
related with carbapenem resistance genes blacyx. ;s

@ Springer

blagyy and blagp- in a multi-use watershed. The
study found that the correlation between carbap-
enem resistance and ruminant and poultry markers
was weaker compared to HF183; this suggests that
while agricultural faecal pollution contributes to
some of the ARGs, human faecal pollution remains
the main source. These two studies highlight the
usefulness of MST markers in identifying sources
of faecal pollution and their contribution to the
resistome of the aquatic environment.

A variety of factors influence the efficacy of MST
markers, and differences exist between markers.
Human markers, such as the Bacteroides marker
HF183 and Bacteroides phage crAssphage, have dif-
ferent decay rates. crAssphage can be detected for
more than 21 days, persisting longer than HF183,
which can be detected for up to 10 days (Ballesté
et al.,, 2019; Nolan et al., 2023b; Sala-Comorera
et al., 2021). Therefore, crAssphage can travel fur-
ther along the watershed (Zhang et al., 2022). This
can influence the interpretation of results with pro-
longed persistence resulting in an overestimation
of human faecal pollution, potentially giving false-
positive results. Another important factor is the
sensitivity and specificity of markers; many stud-
ies have a variety of results due to spatiotemporal
differences arising between locations, countries
and population. This can result in one MST marker
being highly specific and highly sensitive in one
area but not specific or sensitive in another area, e.g.
in southern France, HF183 shows 56% sensitivity,
while in California, USA, it is associated with 61%
sensitivity (Toubiana et al. 2020) and in China, it
has a 36% sensitivity (An et al., 2020). This can be
attributed to differences in the gut microbiome, diet
and sanitation infrastructure (Cao et al., 2013). This
highlights the need for local investigations and ring
trials to validate the use of markers. Some markers
also showcase cross-reactivity between other spe-
cies. Zhang et al. (2022) found that BacHum can
cross-react with pigs and cattle. This cross-reaction
resulted in BacHum correlating with the rumi-
nant-associated ARG trerO, while the other human
marker, CPQO056, did not. Cross-reactivity can
result in false-positive and false-negative results; it
is therefore important to consider this when select-
ing markers and highlights the importance of using
multiple markers.



Environ Monit Assess (2025) 197:467

Page 15 0of 24 467

The contribution of wastewater treatment to AMR
dissemination

WWTPs play a significant role in contributing to
faecal pollution of surface waters illustrated by sev-
eral of the studies (Agramont et al., 2020; Niestepski
et al., 2020; Sanderson et al., 2020; Nguyen et al.,
2021; Bagi and Skogerbo 2022; Damashek et al.,
2022; Hiruy et al., 2022; Kneis et al., 2022; Chen,
Z. et al. 2023; Li, Q. et al. 2023; Leao et al., 2023).
WWTPs harbour antibiotic residues and heavy metals
creating an environment that selects for resistant bac-
teria. Chen et al. (2023) found that ARGs encoding
resistance to tetracyclines, aminoglycosides and sul-
phonamides such as tefT, teftW, tetX, strA, strB, sull
and sul2 (Fig. 3) were the most commonly found in
WWTP samples. Agramont et al. (2020) found that
aquatic lakes impacted by mining and wastewater
effluent harboured an abundance of ARGs and infI1
indicating the impact of anthropogenic activity. This
is consistent with Niestepski et al. (2020) findings
on the impact of various wastewater effluent ranging
from treated to urban wastewater on the aquatic envi-
ronment. The study found a direct link with the con-
tribution of wastewater to concentrations in E. coli,
enterococci and Bacteroides fragilis and the abun-
dance of ARGs. Damashek et al. (2022) extended the
investigation by studying the entire watershed and
found that non-point sources, such as aging septic
tanks and sewage infrastructure, contribute signifi-
cantly to the dissemination of AMR in aquatic envi-
ronments. Consistent with this, Bagi and Skogerbg
(2022) also found possible pathogenic strains of
Arcobacter and Bacteroides, suggesting that con-
tinuous release of sewage into streams can result in
a greater spread of sewage effluent towards beaches.
Hence, the release of constant low-level wastewater
may introduce potential pathogens into areas used for
bathing.

There are many conflicting findings between the
studies. The findings from Li et al. (2023) suggest
that wastewater from WWTPs contributes to the
release of ESBL E. coli. Strains from WWTPs exhibit
genetic similarity to those found in the aquatic envi-
ronment of the study, suggesting that the resistance
genes along with the virulence factors and MGEs
can disseminate from this source into water used for
recreation, drinking water or irrigation in agricul-
ture. Niestepski et al. (2020) findings also suggest

that WWTPs are a source of contamination of river
water introducing potentially pathogenic strains of B.
fragilis, E. faecalis and E. coli which harbour ARGs,
along with class 1 and class 2 integrases aiding the
dissemination of AMR. Conflicting with these find-
ings, a study by Kneis et al. (2022) found that ARGs
that encode for resistance to trimethoprim (dfrB) and
beta-lactams (blapgy, and ampS) did not show a rela-
tionship with wastewater. Instead, these genes were
most likely to be from the natural water microbiome
independent of human influence or could be the result
of non-point anthropogenic activities thereby empha-
sising the need for validated markers to unequivocally
determine sources.

These studies confirm that wastewater significantly
contributes to faecal pollution of surface waters
through the release of ARGs and potentially patho-
genic microorganisms, emphasising the public health
risk along with the ecological concern. This high-
lights the need for standardised and robust wastewater
management practices.

The influence of the environment on faecal pollution

Environmental factors can influence faecal contami-
nation and ARGs with temperature, pH and UV light
exposure affecting the local microbial community
(Leao et al., 2023). The presence of heavy metals like
zinc can exert pressure selecting for resistant bacte-
ria in soil which can be introduced into the aquatic
environment via runoff; the presence of zinc and
lead correlates with an increased abundance of genes
encoding resistance to erythromycin (Agramont et al.,
2020). To complicate this, further DNA from both
humans and animals along with ARG decay rates can
be influenced by the flow, dilution, sediment absorp-
tion and exposures such as UV light exposure (Chen,
Z. et al. 2020). Li et al. (2023) found that the detec-
tion rate of ESBL E. coli decreased with higher lev-
els of rainfall suggesting a dilution effect of rain to
the river system. This is consistent with Hiruy et al.’s
(2022) findings which found seasonal differences in
bacterial communities in both wastewater influent and
riverine bacterial communities, with the wet season
causing a reduction in faecal streptococci and ESBL
E. coli. Williams et al. (2022) found that 4 days of
rainfall resulted in raised levels of human faecal
markers. However, this may be due to the fact that
Bacteroides can persist longer than FIB or that the
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genetic assays that quantify these markers detected
nonviable bacteria which otherwise would not grow
using traditional cultural-based methods. Stormwa-
ter infrastructure can play a significant role in faecal
pollution and the subsequent dissemination of ARGs.
Often, stormwater infrastructure is built near sew-
age infrastructure and can receive inputs from sew-
age during dry weather due to leaks and blockages,
as well as overflow during rainfall events introducing
untreated sewage into the aquatic environment (Wil-
liams et al., 2022). Rainfall can also introduce nutri-
ents, silt and other pollutants that have built up during
dry periods, and this can alter the composition of the
local microbiota with pathogens that were present in
the silt and sediment being introduced (Lee, S. et al.
2020). This change in species composition can also
alter the resistome.

Differences in the antibiotics used can affect the
local resistome; in Ireland, ciprofloxacin, sulphona-
mide, fluoroquinolone, tetracycline, trimethoprim
and beta-lactam class antibiotics are some of the
most used in both human and veterinary medicine
(Nolan et al., 2023a, 2023b; Reynolds et al., 2020;
Sala-Comorera et al., 2021). Beta-lactam antibiotics
such as penicillins and cephalosporin are the most
prescribed antibiotic in Irish hospitals accounting
for 50% of prescriptions (Reynolds et al., 2020); this
resulted in blapg,, genes being the most abundant
ARG found in all four papers followed by blagyy and
blacrx which were also found in high abundance in
two of the papers. All three ARGs also correlated
with human faecal markers HF183 (Nolan et al.,
2023a; Reynolds et al., 2020; Sala-Comorera et al.,
2021) and crAssphage (Nolan et al., 2023b). How-
ever, these particular ARGs may have been selected
because beta-lactams are the most common antibiotic
used in the healthcare sector within Ireland and there-
fore are clinically important.

@ Springer

Animals can contribute to faecal pollution through
fouling along waterways. Wild animals such as birds
and deer overlap habitats with livestock where they
may indirectly ingest AMR by grazing on faecal-con-
taminated pasture. Many of these animals often use
wastewater effluent impacted sites for drinking water
thereby ingesting AMR bacteria which can colonise the
guts of these animals. They disseminate AMR bacteria
by migrating to another area and defecating, this can be
very prevalent with birds due to their ability to cover
large distances. Some pathogenic strains of bacteria are
often associated with animals; deer have been found
to harbour virulent strains of Salmonella enterica
serovar Typhimurium (Lee, S. et al. 2020). Dogs and
birds have been known to harbour clinically important
ARGs and therefore are a potential vector for the dis-
semination of AMR bacteria within the environment
further increasing faecal contamination (Reynolds
et al., 2020; Williams et al., 2022). The study by Wil-
liams et al. (2022) found that dog faeces and sewage
on beaches increase the levels of Enterococcus by 95%.
The persistence of ARGs within the aquatic environ-
ment at sites with minimal human impact suggests that
wild animals such as deer and birds have a role in con-
taminating water sources (Nolan et al., 2023a). Domes-
tic animals can also contribute; dogs are often walked
in popular recreation sites such as beaches, hiking trails
and rivers thus becoming a possible non-point source
of faecal pollution (Reynolds et al., 2020). Tetracycline
and sulphonamide resistance genes were some of the
most abundant ARGs studied by the papers and could
be attributed to both non-point and source point faecal
pollution. As stated, these antibiotics are not restricted
to human usage but employed in both livestock and
poultry farming. Damashek et al. (2022) found that tet-
racycline resistance showed a strong correlation with
areas within the watershed that had a greater agricul-
tural influence. However, Zhang et al. (2022) showed
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that even though fefW and fetO are efflux pumps for
tetracycline, the source and variation of locations were
inconsistent. This may be because the occurrence
and abundance of terW were strongly associated with
human faecal markers. While the occurrence and abun-
dance of tetO being associated with pig, ruminant and
poultry faecal sources, this suggests that different spe-
cies may have different associated ARGs which could
be utilised as a possible marker for agricultural and
urban sources. Manure from these animals can be a
source for these genes to enter the environment; antibi-
otic residues in livestock and poultry can be consumed
from their meat (Ma et al., 2023) leading to exposure
and selection for resistant bacteria within the intesti-
nal tract. Thornton et al. (2020) found infl1to be pre-
sent within the entire watershed despite different land
uses and levels of pollution; sulphonamide resistance
is often associated with infl1 which may indicate that
it may be persistent within the natural environment due
to other stresses.

Conclusion

These studies highlight the complexity of ARG dis-
semination in the aquatic environment driven by fae-
cal pollution from both urban and rural sources with
human and animal inputs. Faecal pollution introduces
different microorganisms particularly bacteria, which
facilitate the dissemination of ARGs and MGEs into
the environment across different geographical loca-
tions, emphasising the need for routine monitoring
and surveillance of these genetic components within
the aquatic environment. A major difficulty arises
from investigators using different measurements
highlighting the need for standardised methods to
ensure comparability of interpretation and therefore
to recognise emerging transnational issues. A mix of

genetic and culture-based methods will aid in deter-
mining which ARGs are being transcribed. MST has
proven to be a valuable tool in the determination of
faecal pollution sources, but its’ efficacy depends
on accounting for spatiotemporal dynamics indicat-
ing that local investigations should identify the best
marker for usage and there are currently no stand-
ards set for the tracking of ARGs, which needs to be
addressed. Robust wastewater management practices
and future research into AMR dissemination and sur-
veillance should address human health, animal health
and environmental concerns with a focus on a One
Health approach to encompass the multitude of fac-
tors affecting faecal pollution. A potential limitation
of the study was the period (January 2020 to Novem-
ber 2023) of the literature identified for the scoping
study. Some research laboratories were closed and/
or working to minimal levels during the pandemic
period, or their work was refocused to the national
need for coronavirus SARS-CoV-2 testing. This may
have restricted the collection of data during that time.
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Table 4 Search query for Medline

1

10

11
12
13
14
15

16
17
18

19
20
21

22
23
24
25
26

27
28

(antimicrobial resist* or antibiotic resist¥).mp. [mp=title, book title, abstract, original title, name of substance word, subject
heading word, floating sub-heading word, keyword heading word, organism supplementary concept word, protocol supple-
mentary concept word, rare disease supplementary concept word, unique identifier, synonyms, population supplementary
concept word, anatomy supplementary concept word]

Drug Resistance, Multiple, Bacterial/ or Drug Resistance, Bacterial/

lor2

(faecal pollut* or faecal contam* or fecal pollut® or fecal contam*).mp. [mp=title, book title, abstract, original title, name of
substance word, subject heading word, floating sub-heading word, keyword heading word, organism supplementary concept
word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, synonyms, popula-
tion supplementary concept word, anatomy supplementary concept word]

Feces/ or Sewage/

4or5

(surface water* or bathing water*).mp. [mp=title, book title, abstract, original title, name of substance word, subject heading
word, floating sub-heading word, keyword heading word, organism supplementary concept word, protocol supplementary
concept word, rare disease supplementary concept word, unique identifier, synonyms, population supplementary concept
word, anatomy supplementary concept word]

Rivers/ or Water Supply/ or Water/

7 or8

(microbial source tracking or bacterial source tracking or microbial contamination tracking or microbial tracing).mp. [mp=title,
book title, abstract, original title, name of substance word, subject heading word, floating sub-heading word, keyword heading
word, organism supplementary concept word, protocol supplementary concept word, rare disease supplementary concept
word, unique identifier, synonyms, population supplementary concept word, anatomy supplementary concept word]

Escherichia coli/ or Water Microbiology/ or Water Pollution/ or Environmental Monitoring/

10or 11

3and 6 and 9 and 12

limit 13 to (english language and yr="2020 -Current")

(antimicrobial resist* or antibiotic resist*).mp. [mp=title, book title, abstract, original title, name of substance word, subject
heading word, floating sub-heading word, keyword heading word, organism supplementary concept word, protocol supple-
mentary concept word, rare disease supplementary concept word, unique identifier, synonyms, population supplementary
concept word, anatomy supplementary concept word]

Anti-Bacterial Agents/ or Drug Resistance, Microbial/ or Drug Resistance, Bacterial/

150r 16

(faecal pollut* or faecal contam* or fecal pollut* or fecal contam*).mp. [mp=title, book title, abstract, original title, name of
substance word, subject heading word, floating sub-heading word, keyword heading word, organism supplementary concept
word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, synonyms, popula-
tion supplementary concept word, anatomy supplementary concept word]

Escherichia coli/

18 or 19

(Surface water* or stream* or river* or lake* or wetland* or reservoir*).mp. [mp=title, book title, abstract, original title,
name of substance word, subject heading word, floating sub-heading word, keyword heading word, organism supplementary
concept word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, synonyms,
population supplementary concept word, anatomy supplementary concept word]

Rivers/

21 or23

17 and 20 and 23

limit 24 to (english language and yr="2020 -Current")

(antimicrobial resist* or antibiotic resist*).mp. [mp=title, book title, abstract, original title, name of substance word, subject
heading word, floating sub-heading word, keyword heading word, organism supplementary concept word, protocol supple-
mentary concept word, rare disease supplementary concept word, unique identifier, synonyms, population supplementary
concept word, anatomy supplementary concept word]

Anti-Bacterial Agents/ or Drug Resistance, Bacterial/ or Drug Resistance, Multiple, Bacterial/

26 or 27

@ Springer
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Table 4 (continued)

29 (faecal pollut* or faecal contam* or fecal pollut* or fecal contam*).mp. [mp=title, book title, abstract, original title, name of
substance word, subject heading word, floating sub-heading word, keyword heading word, organism supplementary concept
word, protocol supplementary concept word, rare disease supplementary concept word, unique identifier, synonyms, popula-
tion supplementary concept word, anatomy supplementary concept word]

30 Feces/ or Environmental Monitoring/ or Escherichia coli/
31 290r30

32 (surface water* or bathing water*).mp. [mp=title, book title, abstract, original title, name of substance word, subject heading
word, floating sub-heading word, keyword heading word, organism supplementary concept word, protocol supplementary
concept word, rare disease supplementary concept word, unique identifier, synonyms, population supplementary concept

word, anatomy supplementary concept word]
33 Rivers/mi, vi [Microbial, Virology]
34 32o0r33
35 28and 31 and 34
36 limit 35 to (english language and yr="2020 -Current")
37 250r26
38 14o0r37
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