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research primarily focuses on mammals and birds, with fish, amphibians,
reptiles, and invertebrates being comparatively understudied. This review
also identifies key trends and critical knowledge gaps across all animal taxa.
Although phenotypic methods remain the standardised approach for AST,
emerging genotypic AST techniques show potential to elucidate the origins,
diversity, and evolutionary history of AMR. Further research is needed to
clarify AMR’s impacts on biodiversity, improve surveillance of understudied
groups, and prioritise wildlife-livestock interfaces.
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Introduction

Antimicrobials are substances that can kill or treatment, prevention, and as growth promoters
inhibit the growth of microorganisms. Although in food animals, agriculture, and aquaculture
initially developed for treating infections, their ~ (Serwecinska, 2020), leading to the emergence
use was subsequently expanded to disease of Antimicrobial Resistance (AMR). AMR
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refers to the ability of microorganisms, including
bacteria, viruses, fungi, and parasites, to thrive
despite exposure to antimicrobials designed
to stop their growth or kill them (Akwongo et
al., 2025). AMR occurs when bacteria become
less susceptible to the antimicrobial through
overexpression or duplication of certain genes,
chromosomal mutations, or the acquisition
of resistance genes from other bacteria via
Horizontal Gene Transfer (HGT) (Doyle et
al., 2025). Antibiotic resistance genes (ARGs)
are the culprits and are currently recognised as
emerging pollutants (Sanderson et al., 2016).

ARGs are ancient and naturally occurring
substances that were discovered in bacteria long
before the clinical introduction of antibiotics
(D’Costa et al., 2011; Bhullar et al., 2012;
Larsen et al., 2022). While AMR can naturally
occur in bacteria as a defence mechanism against
environmental antimicrobials, the indiscriminate
use of antimicrobials is considered the main
driver of AMR emergence (Holmes et al., 2016).
AMR emerged under selective pressure exerted
by antimicrobial use outside of human medicine,
specifically in veterinary medicine, food-animal
production, and agriculture (Schwarz et al.,
2001; Economou & Gousia, 2015).

Metal contamination also contributes as a
co-selective agent, driving the enrichment of
both metal resistance genes and ARGs (Poole,
2017; Zhao et al., 2019). Bacteria with metal-
resistance genes are more likely to harbour
ARGs than those without such genes (Peng
et al., 2021; Irfan et al., 2022). Microplastics
(MPs) contamination also contributes to AMR
(Cholewinska et al., 2025) by facilitating
biofilm formation, which promotes HGT (Gross
et al., 2025; Liu et al., 2025). Mixed pollutants,
including disinfectants, metals, and antibiotics
can also adhere to MPs, creating favourable
conditions for co-selection (Balta et al., 2025).

AMR is considered one of the greatest
threats in the 21st century, hindering the efficacy
of common antimicrobials and affecting global
healthcare and economy (CDC, 2024). In
Europe, an estimated 35,000 human deaths were
attributed to AMR annually (ECDC, 2022).
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Globally, AMR infections were attributed to and
associated with 929,000 and 3.57 million deaths
in 2019, respectively (Murray et al., 2022). By
2050, AMR-associated infections are expected
to cause 10 million deaths annually, surpassing
cancer (O’Neill, 2016). From an economic
aspect, AMR is estimated to cost 100 trillion
USD globally by 2050 (Doyle et al., 2025). In
Europe, AMR results in additional healthcare
expenditure of around €1.1 billion annually,
driven by higher costs of last-resort antibiotics
and prolonged disease duration or hospital stays
(OECD, 2019).

The main routes of AMR dissemination
to humans are through body contact, indirect
contact transmission, and aerosols (Livermore,
2000), with the gut microbiome acting as a
transporter of ARGs (Bengtsson-Palme et al.,
2015). Although AMR is considered one of the
greatest threats to global health, most research
has focused on clinical and agricultural settings
(Davies & Davies, 2010). Over the past decade,
the environment has gained recognition in
AMR dynamics. Anthropogenic sites, including
sewage systems, wastewater treatment plants,
livestock farms, and agricultural land are
critical areas for AMR transmission (Pruden et
al., 2012; McEachran et al., 2015; Pal et al.,
2016). Furthermore, ARG transmission can
occur between food animals and people through
direct contact or in proximity. Wildlife living
near humans, including companion animals, are
known to harbour ARGs and may contribute to
their spread (Bonnedahl et al., 2009; Stedt et al.,
2015).

Despite advances in AMR research,
significant knowledge gaps persist across
wildlife and livestock. In livestock, while the
profile of AMR has been well elucidated, the
factors influencing its prevalence remain poorly
understood (Graham et al., 2019). In wildlife,
despite increasing interest, AMR research lacks
depth regarding transmission dynamics, drivers
of acquisition, and the duration of AMR carriage
and shedding in the environment (Doyle et al.,
2025). Wildlife, including mammals, birds,
reptiles, fish, amphibians, and invertebrates
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is a critical indicator of environmental AMR
spread with zoonotic spillover risks (Vezeau &
Kahn, 2024), yet studies predominantly focus on
mammals and birds (Vittecoq et al., 2016; Doyle
et al., 2025). Addressing AMR dynamics across
all major taxonomic groups in livestock and
wildlife is critical, as a detailed understanding
of AMR and species-specific ecological factors
would ensure comprehensive surveillance and
effective mitigation strategies.

The AMR crisis transcends species
boundaries; however, the interconnectedness
of AMR transmission among wildlife,
domesticated animals, and humans remains
poorly understood. Existing studies often
compartmentalise these domains, overlooking
the complex exchange of AMR that occurs at
shared animal interfaces. It is critical to consider
all elements (Arnold ef al., 2016), as policies
for one sector can affect another (Rahman &
Hollis, 2023). The One Health (OH) approach is
essential as it involves interdisciplinary efforts
to address AMR dynamics by acknowledging
the interconnectedness among the health
of humans, domestic animals, wildlife, and
ecosystems (McEwen & Collignon, 2018;
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Ahmad et al., 2023). Therefore, the primary aim
of this study is as follows: (A) To review the key
patterns and determinants of AMR across these
animal groups following their taxonomy level;
(B) elucidate the roles of these animal groups
in the transmission of AMR; and (C) to assess
current methodologies employed to monitor
AMR in these animals.

Materials and Methods
Literature Search and Data Gathering

Bibliographic research was conducted to identify
previous studies on antimicrobial resistance
(AMR). Peer-reviewed articles were retrieved
from the Scopus database using a set of relevant
keywords. A list of 20 keywords (Table 1) was
used for the initial search, followed by further
filtering using “Antimicrobial Resistance” as the
main keyword. Information such as the authors’
names, affiliations, publication years, and
covered aspects was used to create infographics
that visualised trends, identified research gaps,
and highlighted areas for future study. The cut-
off point for publication mining from Scopus
was on 1* of July 2025.

Table 1: List of keywords used for publication mining

No. Search Topics No. Search Topics
1 “Antimicrobial Resistance” + “Livestock™ 11 “Antimicrobial Resistance” + “Freshwater”
2 “Antimicrobial Resistance” + “Agriculture” 12 “Antimicrobial Resistance” + “Aquatic”
3 “Antimicrobial Resistance” + “Aquaculture” 13 “Antimicrobial Resistance” + “Invertebrate”
4 “Antimicrobial Resistance” + “Wildlife” 14 “Antimicrobial Resistance” + “Insect”
5 “Antimicrobial Resistance” + “Ecology” 15  “Antimicrobial Resistance” + “Vertebrate”
6  “Antimicrobial Resistance” + “Biodiversity” 16  “Antimicrobial Resistance” + “Fish”
7  “Antimicrobial Resistance” + “Conservation” 17  “Antimicrobial Resistance” + “Amphibian”
8  “Antimicrobial Resistance” + “Fauna” 18  “Antimicrobial Resistance” + “Reptile”
9  “Antimicrobial Resistance” + “Terrestrial” 19  “Antimicrobial Resistance” + “Avian”
10 “Antimicrobial Resistance” + “Marine” 20  “Antimicrobial Resistance” + “Mammal”
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Criteria Selection and Process

The criteria for study inclusion were refined to
include articles focusing on the prevalence of
AMR in animals (including research and reports
but excluding review papers). The initial search
returned 6,684 articles using 20 keywords. Only
peer-reviewed research articles published in
English were included. A few articles were also
excluded if they were inaccessible or did not
align with this review’s aim. Database search
records were then imported for screening and de-
duplication, during which full-text articles were
retrieved and screened before a comprehensive
Excel list of acceptable articles was developed.
A complete Excel list was utilised to ease the
extraction of information for each article. Data
were extracted and categorised by animal
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group, as shown in Table 2. All the gathered
information was collated and summarised, the
data were presented in tables or graphs.

Study Selection and Data Extraction

This review adhered to the Preferred Reporting
Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Moher et al.,
2009). The PRISMA flow diagram was utilised
to illustrate the review process, encompassing
four key stages: Identification, screening,
eligibility assessment, and final inclusion. A
three-stage screening strategy was employed,
beginning with a review of titles, keywords and
abstracts, followed by an in-depth examination
of full-text articles as shown in Figure 1.

Table 2: List of animal categorisation criteria

Category

Definition

Captive animal

Companion animal

Food animal

Livestock

Pest

Wildlife

Non-domesticated animals that are housed in managed or controlled environments
such as zoological parks, sanctuaries, or research facilities.

Animals that are kept by humans primarily for companionship, recreation, or
emotional support. This category includes traditional pets (e.g., canines, felines),
exotic species (e.g., reptiles), and equines.

Food products derived from animals (e.g., meat, poultry, fish) that are obtained from
commercial sources like markets or supermarkets, where the origin of the animal is
not specified in the study. This category is distinct from other classifications in this
review, as it focuses on post-slaughter products rather than live animals and is used
when the animal’s source (e.g., farm-raised or wild-caught) is not explicitly stated.

Animals that are raised in agricultural settings for commercial purposes. This
category encompasses poultry (e.g., broilers, layers), swine, ruminants (e.g., cattle,
goats, sheep), and aquaculture systems (e.g., shrimp and fish farms) and includes
studies conducted across various farming systems, including conventional and
organic.

Animals that are a nuisance or detrimental to human health, agriculture, or the
environment. Examples include rodents found in urban habitats and insects (e.g.,
flies) associated with agricultural operations.

Non-domesticated animals living in natural habitats. This category encompasses
a broad range of species from diverse ecosystems and includes those that may be
hunted for consumption as game meat.

Source: Adapted from Palmer (2012) and Brasileiro et al. (2023)
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Articles indentified from Scopus
database searching
(n=16,684)

|

Articles screened
(n=2,086)

A4

Articles sought for retrieval
(n=1,575)

4

Articles assessed for eligibility
(n=1,402)

Articles included in review
(n=984)

Atrticles removed before

screening:
Irrelevant studies to the
scope of review paper
(n=4,598)

Articles excluded:
= Duplicate articles (n=511)

Articles not retrieved:
= Review articles (n=173)

Articles excluded:
= Inaccessible articles (n = 73)
= Non-English articles (n =22)
= TIrrelevant articles (n = 323)

Figure 1: The PRISMA flow diagram illustrates the systematic process of study selection and data extraction

Results and Discussion
Overview of Extracted Articles

From the literature, using 20 search strings,
a total of 6,684 related research articles were
identified in the Scopus database (Table 3).
Following the identification phase, 4,598
articles were excluded as irrelevant based on
the study’s inclusion criteria. In the screening
phase, 2086 articles were assessed for relevance,
with 511 articles removed due to duplication.
This reduced the dataset to 1,575 articles;
review articles were then excluded, leaving
1,402 articles for screening. After retrieval, 73
inaccessible articles, 22 non-English articles,
and 323 irrelevant articles were excluded,
leaving 984 suitable for inclusion in the review.

The selected peer-reviewed articles were then
classified by country, year, animal category,
taxonomic group, and methodology used in
AMR studies. From publications across six
animal groups, we further categorised livestock
and wildlife into taxonomic groups; only these
two groups will be discussed in the subsequent
subtopics, in line with the original objectives.

A global rise in publications on AMR
surveillance in animals is observed from 1995
to 2024 (Figure 2). This indicates a growing
scientific interest in this topic over the past
decades. From 2014 to 2015, a rapid increase in
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Table 3: List of search strings used and number of research articles in each bibliographic search

Number of Publications (Scopus)

No. Keywords Rese;l[;?ctlz: l::ticles Total of Extracted
Available Papers
1 “Antimicrobial Resistance” + “Livestock” 1,048 422
2 “Antimicrobial Resistance” + “Agriculture” 731 147
3 “Antimicrobial Resistance” + “Aquaculture” 609 185
4 “Antimicrobial Resistance” + “Wildlife” 233 179
5  “Antimicrobial Resistance” + “Ecology” 232 27
6  “Antimicrobial Resistance” + “Biodiversity” 198 28
7  “Antimicrobial Resistance” + “Conservation” 139 26
8  “Antimicrobial Resistance” + “Fauna” 8 1
9  “Antimicrobial Resistance” + “Terrestrial” 19 4
10 “Antimicrobial Resistance” + “Marine” 422 87
11 “Antimicrobial Resistance” + “Freshwater” 118 88
12 “Antimicrobial Resistance” + “Aquatic” 555 92
13 “Antimicrobial Resistance” + “Invertebrate” 99 23
14 “Antimicrobial Resistance” + “Insect” 325 15
15 “Antimicrobial Resistance” + “Vertebrate” 38 2
16  “Antimicrobial Resistance” + “Fish” 696 262
17  “Antimicrobial Resistance” + “Amphibian” 127 0
18  “Antimicrobial Resistance” + “Reptile 45 22
19  “Antimicrobial Resistance” + “Avian” 163 48
20 “Antimicrobial Resistance” + “Mammal” 879 185

publication frequency was observed, concurrent
with the publication of the “Global Action Plan
on Antimicrobial Resistance” guidelines by the
World Health Organisation (WHO) in 2015.
However, despite the rising trend of AMR
studies in animals over the past decade, these
studies have been conducted in only 93 of 195
countries worldwide, with most concentrated in
several countries, with China leading, followed
by the United States (Figure 3).

Publications on AMR research in animals
exhibit a clear bias toward livestock (Figure 4),
as livestock are often perceived as the primary
reservoirs for AMR due to the extensive use of

antibiotics (Economou & Gousia, 2015). Wildlife
has previously been reported as a neglected
group in AMR studies (Vittecoq et al., 2016).
An increasing interest in this group since 2019
is evident (Figure 5). However, the remaining
animal categories, food animals, companion
animals, captive animals, and pests, remained
stagnant. While being underrepresented and
stagnant in research, food animals, companion
animals (Saengsitthisak et al., 2020; Marques
et al., 2021; Unger et al., 2022; Sebola et al.,
2023), captive animals (Ahmed et al., 2007
Wang et al., 2013; Kim et al., 2024), and pests
(Ge et al., 2019; Kakooza et al., 2025) harbour
AMR of medical importance.
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Figure 2: Trends in publication of AMR research in animals from 1997 to 2024
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Figure 3: Geographic distribution of published research on AMR in animals
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Figure 5: Publication trends in AMR research by animal categories from 1997 to 2024

In both livestock and wildlife, the largest
animal groups studied for AMR are mammals,
birds, and fish (Figure 6). Within livestock,
research has primarily focused on mammalian
species such as swine, cattle, and sheep, rather
than on poultry. This is unsurprising, as the
global biomass of livestock is dominated by pigs

and cattle, which exceeds domesticated poultry,
primarily chickens (Bar-On et al., 2018). Fish
production should be prioritised, as aquaculture
is one of the fastest-growing food sectors
globally (Garlock et al., 2020), with current
practices heavily dependent on antimicrobials
(Liwet al., 2017).
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Figure 6: Taxonomic distribution of published research on AMR in (A) livestock and (B) wildlife

In wildlife AMR, studies have been
conducted on major mammalian groups,
including rodents (Furness et al., 2017), bats
(McDougall et al., 2019), shrews (Furness et
al., 2017), primates (Tanga et al., 2024), even-
toed unglulates (Darwich et al., 2021; Mbehang
Nguema et al., 2021), odd-toed ungulates
(Rojas-Jiménez et al., 2019), carnivores
(Osinska et al., 2020), lagomorphs (Silva et
al., 2010), marine mammals (Prichula et al.,
2016), and marsupials (McDougall et al., 2023).
Studies have been conducted in urban (Darwich
et al., 2021), semi-wild (Mushahidur Rahman
et al., 2025), and wild populations (Mbehang
Nguema et al., 2021). Wild fish and reptiles
remain comparatively understudied, with both

groups representing less than 10% of research.
Increased attention toward these groups is
crucial, as wild fish are consumed as food
animals (Diaz-Formoso ef al., 2023) and reptiles
are increasingly kept as pets (Zajac et al., 2021).
Amphibians are the most understudied group
despite being highly sensitive to environmental
changes and represent the most threatened
vertebrate taxon (IUCN, 2026).

In both wildlife and livestock, invertebrate
studies primarily focus on taxa relevant to direct
food production. Among wildlife, bivalves
are the most studied group while in livestock,
research focuses on crustaceans, largely driven
by studies on the shrimp aquaculture industry,
which represents one of the most heavily traded
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aquaculture commodities worldwide (Miao &
Wang, 2020). Insects are neglected despite the
rapid growth of edible insect farming (Han et
al., 2017) and their long-standing role as a food
source in several regions and cultures (Raheem
etal., 2019).

Overall, AMR surveillance studies on
animals, including both livestock and wildlife,
mainly focus on zoonoses and public health
risks. As AMR in livestock and wildlife is
mainly attributed to the indiscriminate use
of antimicrobials (Holmes et al., 2016), it
is expected that AMR will have profound
ecological and biodiversity impacts. Previously,
the presence of antibiotics in the environment
may reduce microbial diversity and alter the
microbial community structure (Grenni et
al., 2018). Consequently, loss of microbial
diversity could facilitate the spread of AMR in
the environment (Chen et al., 2019). While the
impacts of antimicrobial use on ecosystems are
being better elucidated, the causal link between
AMR and wildlife and biodiversity loss remains
poorly understood (Mitchell, 2023; UNEP,
2023).

Patterns and Determinants of AMR in Animal
Populations

AMR in Livestock

The livestock sector is the major user
of antimicrobials for growth stimulants,
prophylaxis and disease treatment, animal health
maintenance, and productivity improvement
(Musa et al., 2021; Amancha et al., 2023;
Dancova et al., 2024; Kerek et al., 2024).

AMR in Swine

The swine industry accounts for the highest
global antimicrobial use (AMU) among
livestock, surpassing both cattle and poultry
(Van Boeckel ef al., 2015). Accordingly, swine-
derived isolates often exhibit higher levels of
AMR, including a greater prevalence of MDR
and ARGs, than those from other livestock
(Lettini et al., 2016; AbuOun et al., 2021; Fu
et al., 2024; Kiula & Makene, 2025). Although
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AMU is strongly associated with AMR in
swine, MDR remains clevated in swine-derived
isolates, even in settings with lower AMU than
in other livestock sectors (AbuOun et al., 2021).
Environmental drivers, including antibiotics,
heavy metals and nutrients, likely act together
to support the long-term persistence of ARGs
in swine production systems (Tu et al., 2023).
However, lower AMR and MDR prevalence
have been reported in swine-associated isolates
compared to those from cattle (Chung et al.,
2025) and poultry (Mtemisika et al., 2022; Chea
etal., 2025).

Most AMR comparative studies have not
included direct comparisons of AMU across
livestock species. Surveillance methodologies
also differ in terms of sample sources and
number, the bacterial species of interest,
and the antimicrobial susceptibility testing
(AST) approaches, which can bias prevalence
estimates. The contrasts in AMR prevalence
across different species may reflect not only
true differences in AMU but also differences in
surveillance coverage and reporting standards.

The choice of surveillance sample type
also affects the observed AMR profiles. Higher
levels of antibiotic resistant bacteria (ARB) and
ARGs have been reported in environmental
samples, including slaughterhouse effluents,
farm dust, and air, compared to faecal samples
(Gao et al., 2023; Niharika et al., 2024). Swine
nasal samples also show a higher prevalence
of AMR than faecal or feed samples (Narvaez-
Bravo et al., 2016) while airborne dust often
contains the highest AMR levels compared
with swine carcasses and end products (Hein
et al., 2024). Farm dust acts as a major ARG
reservoir, largely originating from faeces and
other sources such as skin, mucus, feed, and the
environment via aerosolisation (Luiken et al.,
2022). Given the frequent zoonotic transmission
of AMR from swine to farmers (Oppliger et
al., 2012), incorporating diverse sample types
is essential for AMR surveillance as it not only
yields distinct AMR patterns but also reflects
different transmission risks.
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AMR prevalence in swine also varies
geographically. In China, MDR levels in swine-
associated isolates can exceed 99% (Li et al.,
2025), whereas isolates from New Zealand
remain largely susceptible to key antimicrobials
(Harrow et al., 2004; Rivas et al., 2020). AMR
in livestock was also more prevalent in China
than in European and other Asian countries (Liu
et al., 2013). High AMR levels in China can be
attributed to its position as the largest consumer
of antimicrobials in livestock production
globally (Van Boeckel et al., 2015), driven
by rising demand for animal protein and the
expansion of intensive farming systems.

Swine production systems further influence
AMR patterns. Intensive farming is associated
with higher ARG abundance and increased
AMR prevalence compared to extensive
systems (Pirolo et al., 2019; Mencia-Ares et
al., 2020). Swine from large-scale farms and
slaughterhouses also exhibit higher AMR levels
than those from small-scale and free-range
farms (Yan et al., 2014). Organic and low-AMU
farming systems are often proposed to reduce
AMR. While some reported lower ARGs and
AMR prevalence in organic farms (Keelara et
al., 2013; Bassitta et al., 2022), others find no
differences in overall ARG classes between
production systems (Lee et al., 2025). This
indicates that reducing AMU alone may not
immediately decrease AMR. Other factors,
including environmental stress, seasonality,
biosecurity, and farm management practices
also contribute to AMR dynamics in swine
farming (Moro et al., 1998; Farzan et al., 2010;
Luiken et al., 2022).

AMR in Ruminant

AMR in ruminants is largely attributed to
AMU. Antibiotics are commonly administered
to livestock; however, this contributes to
long-term risks to food security (Kaur et al.,
2024). Antibiotics, including tetracycline,
ampicillin, and sulfonamides are often applied
at sub-therapeutic levels in ruminant production
systems, creating selective pressure that favours
the survival and proliferation of ARB (Manyi-
Loh et al., 2018). This is further exacerbated by
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the persistence of antibiotic residues in animal
products even after treatment has stopped.
These residues enter the food chain, acting as a
reservoir for resistance that can be transmitted to
humans (Ghimpeteanu et al., 2022; Aminzare et
al., 2024; Bacanli, 2024).

Inruminants, the prevalence of AMR is more
widespread than previously thought (Xu et al.,
2022). Key bacteria include E. coli, Salmonella
spp., and Campylobacter spp., which serve as
major carriers of ARGs (Zhao ef al., 2001; Zare
etal.,2014; Barlow et al.,2015; Lee et al., 2023;
Veloo et al., 2025). These bacteria frequently
exhibit MDR, thus, limiting treatment options
for animals and humans (Haulisah et al., 2021;
Nazir et al., 2025). Recently, isolates from cattle
have developed resistance to clinically important
antibiotics (Garcia-Diez et al., 2024; Barrientos-
Villegas et al., 2025; Oh et al., 2025). This not
only affects the animal’s health but also poses a
significant public health threat through zoonotic
transmission risks from direct animal contact,
consumption of contaminated animal products,
or environmental contamination (Ma et al.,
2021). Inadequate waste management on farms
facilitates the spread of ARB into groundwater,
rivers, and surrounding ecosystems (Endale ef
al., 2023).

Heavy metals also contribute to the
development of AMR in ruminants. Resistance
to heavy metals often co-occurs with AMR
through co-selection mechanisms (Engin et
al., 2023). High concentrations of copper, zinc,
and mercury in feed additives, fertilisers, and
irrigation systems create an environment that
promotes the persistence and spread of resistant
strains (Yazdankhah et al., 2018; Samreen et al.,
2021). This highlights that AMR in ruminants
is driven not only by AMU, but also by the
complex interplay between antibiotics, metals,
and environmental contaminants.

AMR in Poultry

Poultry farming is one of the fastest-growing
livestock industries worldwide and an important
source of affordable protein. However, the
intensive use of antimicrobials has made poultry
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farming a contributor to the global AMR crisis.
Large-scale production systems and routine
AMU are common in low- and middle-income
countries with limited veterinary oversight and
regulatory control (Hedman ef al., 2020; Hosain
et al., 2021). High levels of resistance have
been reported from poultry-associated isolates,
including Salmonella, E. coli, Campylobacter,
and Enterococcus.

Across Africa and Asia regions, MDR
isolates are widespread, with frequent resistance
to fluoroquinolones, tetracyclines, sulfonamides,
and B-lactams (Panyako et al., 2022). Avian
pathogenic E. coli (APEC) often carries multiple
ARGs, while isolates from poultry farms show
resistance rates exceeding 70% to common
antimicrobials. Despite this, research has focused
more on mammalian livestock, even though
AMU in poultry ranks just below swine globally
(Van Boeckel et al., 2015). This is concerning,
given the rapid growth of poultry production
and the heavy reliance on antimicrobials. The
consequences extend beyond farms, as ARB
and antimicrobial residues can spread through
contaminated meat, eggs, manure, and farm
dust, posing risks to human health and the wider
environment (Hedman et al., 2020; Hosain et
al.,2021).

AMR in Aquaculture

Aquaculture has increasingly been recognised
as a significant reservoir of AMR. Multiple
regional studies reported a high prevalence
of ARB populations in farmed fish, shrimp,
and prawns, as well as in their surrounding
environments. ARBs have been isolated from
aquaculture ponds, sediments, and aquatic
animals (Shakerian et al., 2018; Narayanan
et al., 2020; Yang et al., 2021; Patel et al.,
2023; Ubeyratne et al., 2023; Devadas et al.,
2025). These isolates exhibit MDR, especially
to tetracyclines, sulfonamides, f-lactams,
quinolones, and aminoglycosides (Lim ef al.,
2013; Liu et al., 2017; Nadella et al., 2021).
Intensive use of antibiotics in aquaculture
creates strong selective pressure, promoting
the persistence of ARB populations (Liu et al.,
2017; Zhou et al., 2023).
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Aquaculture environments also harbour
diverse ARGs and MGE, which promote HGT
(He et al., 2015; 2019; Lin et al., 2016). Isolates
carrying MGEs have been found in shrimp ponds
in China (He et al., 2015; 2019) while the highly
resistant carbapenemase-encoding gene bla, ., .
has been detected in fish isolates (Dwivedi et al.,
2023). Environmental factors also contribute to
the spread of AMR. Heavy metals, including
copper and zinc in pond sediments can co-select
ARGs even in the absence of antimicrobials
(Ajewole et al., 2021). Faecal contamination
in aquaculture ponds also contributes to
elevated ARG levels, highlighting the impact of
anthropogenic activities on AMR (Thongsamer
etal., 2021).

Regional evidence shows patterns of AMR
emergence and dissemination in the aquaculture
industry. In China, bacterial resistance is strongly
linked to intensive farming and MGE (He et
al., 2015; 2019; Liu ef al., 2017; Narayanan et
al., 2020). Similar trends are observed in India
and Sri Lanka, where MDR bacteria have been
isolated from tilapia, shrimp, and poultry-linked
aquaculture, suggesting that cross-sectoral
AMU contributes to AMR spread (Ubeyratne
et al., 2023; Zhou et al., 2023; Nadella et al.,
2025). In Southeast Asia, resistant zoonotic
ARB were identified in Malaysian shrimp farms
(Devadas et al., 2025) while faecal pollution was
linked to increased AMR prevalence in Thailand
(Thongsamer et al., 2021). Metagenomic studies
in Bangladesh further reveal extensive ARG
diversity in fishponds (Bell ef al., 2023). Similar
patterns are reported outside Asia. In Nigeria,
isolates from aquaculture systems carried both
antibiotic- and heavy-metal-resistance genes
(Ajewole et al., 2021). In South America,
resistant Streptococcus has caused disease
outbreaks in catfish farms (Tavares et al., 2018).

Aquatic invertebrates such as bivalves
and farmed shrimp/prawns are also important
reservoirs of ARGs. Multiple ARB have been
identified in both farmed and retail produce
(Fukuda et al., 2023). Bivalves accumulate
bacteria through filter feeding (Strehse &
Maser, 2020) while AMR levels in shrimp
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ponds often increase throughout the production
cycle, following antibiotic treatments (Natrah
et al., 2025). These pose a critical food safety
risk as bivalves are frequently consumed
raw or undercooked while farm workers face
occupational risks.

Effluents from farm aquaculture can also
disseminate ARGs into coastal ecosystems
(Ngajilo & Jeebhay, 2019). The detection of
ARGs in shrimp and bivalves, including cases
linked to seafood trade, highlights the potential
for global AMR spread via food supply chains
(Elbehiry et al., 2025).

AMR in Wildlife

In wildlife, particularly among vertebrates,
AMR research has predominantly focused on
mammals, followed by birds, fish, reptiles, and
amphibians. This likely reflects the recognised
role of vertebrates as hosts or reservoirs of
zoonotic diseases, where approximately 60% of
the known infectious diseases affecting humans
are of animal origin (Shaheen, 2022). Within
the context of AMR, wildlife is widely regarded
as a sentinel group, with members of the
Enterobacteriaceae family frequently detected
across wildlife species (Dolejska, 2020).

AMR in Wild Mammal

Mammals are of particular concern as AMR
hosts because of their frequent ecological
overlap with humans. Mammals can forage
in environments contaminated with livestock
waste, sewage, aquaculture runoff, or landfill
waste. For example, Macaca fascicularis has
become highly adapted to human environments,
often scavenging near waste disposal sites
(Entezami et al., 2024), increasing its zoonotic
risk. Rodents and bats are also critical
surveillance targets due to their abundance,
close association with humans, and roles as
agricultural pests (Ravindran et al., 2022).
Evidence of zoonotic pathogens in macaques
and bats further highlights their importance
(Ain-Najwa et al., 2020). Although wildlife
is not directly exposed to antimicrobials, their
commensal microbiota can act as reservoirs of
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ARGs, which may be transferred horizontally to
pathogens. Therefore, wildlife can harbour AMR
bacteria or acquire ARGs from anthropogenic
activities.

Mammalian AMR studies are dominated
by carnivores, followed by ungulates, primates,
and rodents. Carnivores and ungulates are of
particular concern due to their role as reservoirs
of zoonotic diseases. Carnivores are exposed
to a diverse range of prey and environments,
increasing their likelihood of harbouring and
transmitting pathogens. As apex predators, they
accumulate infectious agents from prey, and
repeated exposure through hunting and feeding
can facilitate co-infection and the emergence of
novel genetic variants through recombination
(Leendertz et al., 2008). Carnivores are
recognised hosts for several zoonotic diseases,
including canine distemper, toxoplasmosis,
rabies, and echinococcosis (Malmberg et al.,
2021; Macpherson et al., 2022; Pal & Tolawak,
2023).

In contrast, ungulates often act as
asymptomatic carriers of bacteria such as E.
coli, Salmonella, and Campylobacter, which
can persist in their gastrointestinal tracts without
clinical disease (Navarro-Gonzalez et al., 2016).
Despite the absence of clinical signs, these
animals continue to interact with other animals
and humans while silently shedding pathogens
through faeces or secretions. This leads to
contamination of soil, water, feed, and animal
products, facilitating transmission to livestock
and humans (Pal et al, 2016). This silent
carriage promotes bacterial adaptation and gene
diversification under environmental pressures,
contributing to the development of AMR.

AMR in Wild Bird

Birds inhabit a wide range of habitats, including
wetlands, agricultural and urban areas, and
forests, making them valuable for monitoring
AMR across diverse ecosystems. The presence
of ARB has been reported in multiple bird
species, including barnacle geese (Branta
leucopsis) (Hatha et al., 2013), gulls (Bonnedahl
& Jarhult, 2014), brant geese (Branta bernicla),
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glaucous gulls (Larus hyperboreus) (Sjolund
et al., 2008), and western sandpipers (Calidris
mauri). The high number of avian AMR studies
is also driven by methodological advantages.
Birds can be sampled relatively easily and
non-invasively through faecal and cloacal
sampling. Fresh faeces can be collected directly
from habitats such as pastures, nesting sites, or
roosting areas.

Most avian AMR studies have focused on
scavengers and migratory species. Scavengers,
like terrestrial predators consume diverse prey
and therefore serve as important hosts for a
wide range of pathogens. Migratory birds are of
particular concern as important AMR vectors,
as they can disseminate resistant bacteria across
continents through long-distance movements
(Zhao et al., 2020). A study on Arctic terns
(Sterna paradisaea) revealed increased bacterial
resistance after migration (Akhil Prakash ef al.,
2022). These birds acquire ARB from the local
environment and spread them into new regions
primarily via faecal excretion. They may also
ingest ARB through food sources, including
insects, fish, or waste contaminated with ARGs
genes (Dolejska, 2020).

AMR in Wild Reptile

Reptiles are recognised reservoirs of diverse
pathogens, several of which pose public health
concerns (Mendoza-Roldan et al., 2020). Their
growing role in the pet trade and aquaculture
increases the risk of human exposure, making
them relevant in AMR research. Pet reptiles
can transmit parasites and bacteria through
direct contact or faecal contamination. Notably,
reptiles are asymptomatic carriers of Salmonella,
which they shed in faeces, often exhibits MDR.
Prevalence varies across taxa, with higher rates
reported in snakes (56.0%), followed by lizards
(36.9%), tortoises (34.2%), turtles (18.6%), and
crocodilians (9%) in descending order (Pees
et al., 2023). Several pet species, including
chameleons (Willis ef al., 2002), geckos, anoles,
snakes (Whitten et al., 2015; Krishnasamy et al.,
2018), and iguanas (Cellucci et al., 2010) have
been linked to human infection.
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Invasive and exotic reptile species further
contribute to AMR dissemination by facilitating
spillover into native ecosystems. The invasive
California kingsnake (Lampropeltis californiae)
was identified as a reservoir of zoonotic
Salmonella, capable of spreading multiple ARB
into the environment, posing a public health
concern (Santana-Hernandez et al., 2023).
Beyond pets and invasive species populations,
reptiles have long been consumed as a protein
source in tropical countries and are regarded as
delicacies in parts of Europe and North America
(Janssen, 2021). The risk of infection from
reptile-derived foodborne pathogens depends
heavily on handling and cooking practices,
where cross-contamination throughout the
food production and distribution chain further
increases these risks. In Asia, reptiles are also
used in traditional practices such as applying
snake meat to wounds, which can facilitate the
transmission of pathogens (Edila et al., 2024).
The presence of ARB in reptile products poses
an additional risk, especially in regions with
poor food safety controls and weak veterinary
drug regulations.

AMR in Wild Amphibian

Currently, knowledge of AMR in amphibians
remains limited, restricting our understanding
of AMR drivers and dissemination risks in this
group. In Brazil, bacteria resistant to widely
used clinical and veterinary antibiotics have
been isolated from the critically endangered
Melanophryniscus — admirabilis ~ (Admirable
Redbelly Toad) (Ienes-Lima et al., 2023).
The presence of these ARB indicates possible
anthropogenic contamination in the toad’s
habitat.

Additionally, antibiotic- and heavy-
metal-resistant isolates have been reported in
amphibians (Hacioglu & Tosunoglu, 2014; La
Tela et al., 2021). These raise concerns that
amphibians may act as reservoirs of AMR,
transferring their antibiotic- and heavy-metal-
resistance genes into aquatic environments.
While studies on other animal groups have
shown the intrinsic occurrence of AMR in
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wildlife, no study has yet been conducted in
amphibians to determine the true origin of AMR.
Existing studies relied primarily on phenotypic
assessments and lacked genotypic analyses,
which are crucial to determine the evolutionary
origins and dissemination pathways of AMR.

AMR in Wild Fish

Fish are among the most traded food
commodities globally and a major source of
nutrients. Global fish consumption has increased
steadily, with an average annual growth of
5.9% (Diaz-Formoso ef al., 2023). Despite this,
bacteria with resistance to clinically important
antibiotics were isolated from wild fish intended
for human consumption, suggesting their role
as AMR vectors (Diaz-Formoso et al., 2023).
Wild fish are also reservoirs of ARB, harbouring
plasmids (Miranda et al., 2024), and clinically
important ARGs (Hakonsholm et al., 2020).
Notably, fish from well-preserved ecosystems
harbour ARGs commonly associated with HGE
and MDR (Boyraz et al., 2025).

Anthropogenic activities contribute
significantly to the dissemination of AMR in
marine environments. Bacterial isolates from
fish in areas under anthropogenic pressure
exhibited higher levels of AMR compared to
those from regions with less direct human impact
(Brauge et al., 2024). Fish exposed to antibiotic-
influenced environments also showed elevated
ARG expression (Sibel Dogan & Siikrii Onalan,
2023). Additionally, turbidity and inorganic
suspended matter also affect the prevalence of
ARB (Brauge et al., 2024). Ecological habits
of fishes were previously thought to influence
AMR prevalence, with demersal fishes expected
to harbour higher levels of AMR due to greater
contact with contaminated sediment than pelagic
fishes (Miranda et al., 2024). However, minimal
differences in AMR profiles between pelagic
and demersal fish have been reported, likely
due to widespread exposure to untreated urban
effluents in aquatic environments (Miranda et
al., 2024).
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Wild fish may play a critical role in the global
dissemination of AMR through the international
seafood trade. In Jordan, 86% of Vibrio isolates
from several imported fish species were MDR
(Obaidat et al., 2017), highlighting the potential
for transboundary spread of resistant pathogens
through the food supply chain. However,
despite the presence of AMR in wild fish, their
suitability as bioindicators of AMR pollution
remains debated (Tskhay er al., 2025). Wild
fish may not be effective sentinels for assessing
AMR in freshwater ecosystems, as their
resistomes are less responsive to colonisation
from environmental AMR (Tskhay ef al., 2025).
Since fish microbiomes appear less susceptible
to colonisation by external AMR, reliance on
fish alone may underestimate the true extent of
AMR contamination in aquatic ecosystems.

AMR in Wild Invertebrates

As 1important food sources, bivalves and
crustaceans are the focal taxa in AMR studies
of invertebrates. Bacterial isolates from this
group have shown resistance to clinically
important antimicrobials (Harakeh ef al,
2006; van Hamelsveld et al., 2023). In wild
oysters and clams, AMR is associated with
heavy metal tolerance (Jo et al., 2020). Isolates
from freshwater mussels in areas with high
anthropogenic pressure also exhibit higher
resistance to antibiotics, compared to those
originating from areas with lower anthropogenic
pressure (Saavedra et al., 2022; Martins et al.,
2024). This indicates that AMR in wild bivalves
is attributable to anthropogenic pollution.

In crustaceans, exposure to antimicrobials
is associated with elevated resistance in Vibrio
isolates (DeLorenzo et al., 2016). However,
the presence of AMR in wild shrimp is not
solely attributable to AMU. High prevalence
of ARB was isolated from wild shrimp, likely
due to combined exposure to sewage discharge,
agricultural runoff, and additional environmental
pressures such as climate change and plastic
pollution (Tate et al., 2022). AMR has also been
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observed in other invertebrates, including crabs
and zooplankton. Anthropogenic pressure, along
with water temperature, pH, dissolved oxygen,
and turbidity, correlated with the abundance of
ARGs in both zooplankton and phytoplankton
(Bourdonnais ef al., 2024). Freshwater sponges
are also found to facilitate HGT of AMR
(Cartwright et al., 2020).

Driver and Transmission Pathway of AMR
and ARG across Animal Groups

This review shows that the drivers and
transmission pathways of AMR and ARGs vary
across animal groups (Table 4). In livestock, key
pathways include animal crowding (Manson e?
al., 2019), zoonotic transmission to humans,
environmental contamination (Tan ef al., 2023;
Pandey et al., 2024), and dissemination through
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the food chain (Cheng et al., 2019; Tan et al.,
2023).

The evolution of MDR bacteria may result
from the exposure of environmental matrices,
including soil and water to antimicrobials
(Pokharel et al., 2020). Agriculture is among the
major anthropogenic drivers of environmental
AMR (Rothrock et al.,2016). AMR transmission
within the food chain is multidirectional,
involving transfer between food animals, the
environment, and humans via consumption or
direct contact (Cheng et al., 2019).

Although  wildlife = was  previously
considered a recipient of AMR, it is now
recognised as a reservoir and vector (Manson
et al., 2019). The presence of ARB in wildlife
without prior exposure to antimicrobials
indicates widespread ecosystem contamination

Table 4: Drivers and transmission pathways of AMR and ARGs across animal groups

Animal Animal . . Lo
fima nma Key AMR Drivers AMR Dissemination
Category Group
Livestock Swine Production practices; antimicrobial usage Airborne farm dust; manure; farm

(AMU); farm management practices; wastewater
environmental conditions

Ruminants AMU; heavy metal contamination, Manure
production practices

Poultry AMU; production practices Manure; farm environment/runoff

Aquaculture AMU, faecal contamination; heavy Wastewater/effluent
metal contamination; farm management
practices

Wildlife Mammals Intrinsic AMR occurrence; close contact Game meat consumption; pet

or shared resources with livestock; ownership/handling
feeding behaviour

Avian Anthropogenic pollution; shared Pet ownership/handling
environment with livestock

Reptile Anthropogenic pollution Pet ownership/handling; trade;

consumption

Amphibians  Limited data Limited data

Fish Shared environment with aquaculture; Consumption as food
wastewater contamination; anthropogenic
pollution

Invertebrates AMU, anthropogenic and environmental Consumption as food

pollution; metal pollution
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(Konputtar et al., 2023). Shared ARGs between
wildlife and livestock indicate possible
interspecies AMR transmission; however, the
higher ARG diversity observed in wildlife
compared to livestock suggests multiple or
unidentified sources of AMR (Konputtar et al.,
2023). Similarly, free-living wild birds have been
reported to harbour clinically relevant ARGs,
albeit at lower prevalence than in livestock (da
Silva et al., 2024). While proximity to livestock
likely facilitates AMR acquisition in wildlife
(Sulzner et al., 2014), the transmission pathways
are not always clear. While evidence suggests
wildlife could introduce AMR to livestock, the
lack of similarity in molecular subtypes and
AMR patterns between the two groups suggests
that interspecies transmission was uncommon
(Viswanathan et al., 2017).

Methodological  Approaches  of AMR
Surveillance in Livestock and Wildlife

This review identified that phenotypic-based
methods are the most widely used approach
for AMR surveillance, followed by genotypic
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methods and mass spectrometry (Figure 7).
Traditionally, AMR surveillance has relied
on AST, which employs phenotypic, culture-
dependent techniques to assess AMR profiles.
However, genotypic approaches are increasingly
applied, as AMR is fundamentally encoded by
ARGs, which can be detected and characterised
using Polymerase Chain Reaction (PCR) and
gene sequencing technologies (Gajic et al.,
2022).

The advantages and limitations of common
AMR surveillance methods are summarised
in Table 5. Phenotypic methods are restricted
to cultivable microbes (Gajic et al., 2022) and
together with mass spectrometry, cannot fully
elucidate the mechanisms of AMR emergence,
dissemination, and acquisition in complex
livestock and wildlife microbial communities
(Rojas-Jiménez et al., 2019; Gonzalez et al.,
2022).

Genotypic methods, especially Whole-
genome Sequencing-based AST (WGS-AST)
overcome this limitation by enabling analysis
of both cultivable and uncultivable bacteria

Methods in Livestock and Wildlife AMR Surveillance

Phenotypic Based Genotypic Based Mass Spectrometry
| | I
Disk-Diffusion test PCR-Bascd Mcthod MALDI-TOF MS

Agar-Dilution test DNA Microarray

Broth-Dilution test

Whole Genome Sequencing

Figure 7: Commonly used AST methods in livestock and wildlife AMR surveillance
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(Gajic et al., 2022). Additionally, WGS-AST
provides insight into the genetic basis of
resistance mechanisms, evolutionary patterns,
and pathogen population dynamics in animal
settings (Avbersek ef al., 2021; Abdalla et al.,
2025; Sebastian ef al., 2025).

Despite  their advantages, genotypic
methods are highly technical and expensive,
they pose challenges for accurate ARG
detection, with a risk of false positives. Since
these methods rely on ARG detection, they may
overestimate or underestimate resistance, as the

Table 5: Key advantages and limitations of selected AST methods widely used in AMR surveillance
in livestock and wildlife settings

Category Method Advantages Limitations
Phenotypic Disk- * Simple and easy to perform * Unable to determine the MIC
Diffusion  * Low cost and reproducible « Cannot distinguish between
* Applicable to a wide range of bacteria  bactericidal and bacteriostatic
and antibiotics effects
* Highly standardised * Requires a long incubation period
* Reliability improved with automated
software
Agar- * Simple with well-established * Labour-intensive and time-
Dilution parameters consuming without automation
* Cost-effective (allows simultaneous
testing of multiple strains)
Broth- * Gold standard for phenotypic AST * Microdilution has long turnaround
Dilution * Can determine both MIC and MBC times, requires significant space
* Development of automated MIC and  and reagents, and is labour-
MBC determination intensive
* Microdilution is highly efficient,
accurate, and cost-effective
Mass MALDI- * Rapid turnaround time * Expensive instrument
Spectrometry  TOF * Requires very low sample volume * High maintenance costs
Genotypic PCR-based < Samples do not need to be sterile * Highly technical and require a
methods * Can be used on samples containing good laboratory facility
mixtures of bacteria * Higher cost compared to
phenotypic methods
* Risk of false positive and negative
results
DNA * Produces broad-spectrum, multi- * High cost and time-consuming
microarray  gene characteristics * Requires highly skilled personnel
* Potential for non-specific binding
of DNA probes
WGS * Offers rapid pathogen identification  * High cost and requires skilled

and typing
* Can detect all known ARGs

personnel

* Lacks definite standardisation
supporting its routine application
for AST in most bacterial species

MIC: The lowest concentration of an antimicrobial that inhibits the bacterial growth
MBC: The lowest concentration of an antimicrobial that results in the bacterial death
Source: Al Amin ef al., (2022); Gajic et al., (2022); Salam et al., (2023a)
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presence of ARGs does not always correlate
with resistance expression. While some studies
show strong correlations between phenotypic
and genotypic resistance (Avbersek et al., 2021;
Athira et al., 2024), discrepancies are frequently
observed (Kerluku et al., 2023; Dancova et
al., 2024; Sebastian et al., 2025). Abdalla et
al. (2025) noted that such discrepancies are
often isolate-dependent. This emphasises the
need for standardised WGS-AST guidelines,
comprehensive resistance ARGs databases, and
advanced bioinformatics tools to ensure reliable
genotype—phenotype resistance correlations in
AMR surveillance (Abdalla et al., 2025).

While WGS-AST allows for in-depth
(Sousa et al., 2020) and understudied AMR
characterisation (Sebastian et al., 2025), it cannot
distinguish viable and non-viable bacteria or
pathogenic and commensal bacteria (Al Amin et
al., 2022). Genotypic methods are also incapable
of providing quantitative AMR data such as MIC
values. Consequently, WGS-based analysis does
not currently eliminate the need for phenotypic
AMR data (Al Amin et al., 2022). Therefore,
genotypic findings should be validated alongside
appropriate phenotypic tests, supported by the
extensive use of molecular markers, and paired
with robust bioinformatics tools (Gajic et al.,
2022). For broad surveillance in animal settings,
the use of reverse transcription qPCR (RT-
qPCR) is recommended, which measures gene
transcripts (RNA levels) or gene expression
rather than the presence of genes (Shifman et
al., 2019). Overall, while molecular-based AST
is an efficient AMR screening tool (Gajic et al.,
2022), quantitative phenotypic methods remain
the most accepted and accessible technique for
low- and medium-output laboratories (Salam et
al., 2023a).

Future Directions of AMR Studies in Animal
Settings

Future research on AMR in animal settings
should address its impacts across different
animal species. Current literature predominantly
emphasises the risk of AMR to public health,
often neglecting its direct effects on wildlife
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health and biodiversity (Bengtsson & Greko,
2014; Mitchell, 2023). In livestock settings,
AMR mitigation strategies are largely centred
on reducing AMU, with limited exploration of
alternative approaches. This remains a significant
limitation, as antimicrobials remain essential for
maintaining animal welfare and sustaining the
food production system (Bengtsson & Greko,
2014).

Geographical disparities in AMR research
further limit the understanding of the global
burden of AMR. Most studies are concentrated
in developed regions, including China, North
America, and Europe, whereas low-income
or lower-middle-income countries remain
underrepresented. Later regions may experience
a high AMR burden due to a weak antimicrobial
regulatory system and the circulation of poor-
quality antibiotics (Salam et al., 2023b).
Addressing these gaps is crucial to evaluate better
the impact of AMR on human health, ecosystem
stability, food chain systems, and biodiversity.

In 2015, the WHO published the Global
Action Plan on Antimicrobial Resistance (GAP-
AMR), which provides a global framework and
encourages countries to develop and implement
National Action Plans (NAPs). While many
countries have adopted NAPs, their scope,
implementation, and reporting standards are
different (Willemsen et al., 2022). High-income
countries generally have greater progress while
low- and middle-income countries lagged behind
(Willemsen et al., 2022). Additionally, although
AMR in animal settings shows transboundary
and transcontinental spread (Obaidat et al.,
2017), NAPs often lack collaborative efforts.
For effective global AMR mitigation efforts, it is
critical to strengthen international collaboration
through data sharing and collaborative AMR
surveillance.

Conclusions

This review highlights current knowledge of
AMR in wildlife and livestock, emphasising
AMR patterns and transmission dynamics across
these animal groups. This is the first quantitative
assessment of research bias toward livestock,
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revealing underrepresentation of animal groups
despite their ecological significance in the AMR
crisis. Additionally, this review systematically
analyses AMR research by taxonomic groups
across both wildlife and livestock, uncovering
diverse driver-transmission dynamics across
different animal taxa.

There is an urgent need for methodical
research, particularly in underrepresented
countries and animal groups, including wildlife,
especially invertebrates and amphibians,
captives, pests, and companions, given the data
gaps in low-income regions and the ecological
roles of these species. Integrated surveillance
approaches are essential, combining genotypic
and phenotypic methods and incorporating
diverse sample types across human, animal, and
environmental sectors.

Future recommendations include enhancing
surveillance for less-studied animals to elucidate
AMR transmission dynamics, research on the
effects of AMR on biodiversity and ecosystems,
and prioritising wildlife-livestock interfaces
within national frameworks to mitigate AMR’s
ecological footprint and inform sustainable
health policies.

Acknowledgements

This project is supported by International Grant
UTHM-WO037 provided by Southeast Asia
Program (Research and Conservation Division),
Copenhagen Zoo, Denmark, and Universiti
Tun Hussein Onn Malaysia (UTHM) through
GPPS vot JO17. We are deeply indebted to the
Faculty of Applied Science and Technology
(FAST), Universiti Tun Hussein Onn Malaysia,
Copenhagen Zoo, and the Department of
Wildlife and National Parks (DWNP) for
providing necessary funding, facilities, and
assistance.

Author Contributions Statement

SHA and MABAL designed the outlines and
drafted the manuscript. SHA, NHA, TN, NHS,
NO, HH, NAFAF, and FFR wrote the initial
draft of the manuscript. MABAL reviewed the

1631

scientific content in the manuscript, providing
critical editing and evaluation. MSSO, MSM,
PDS, and KVK have provided suggestions
and feedback to improve the quality of the
manuscript. All authors read and approved the
final version of the manuscript.

Conflict of Interest Statement

The authors declare no conflicts of interest.

Ethical Conduct

All information presented in this article does not
require ethical approval or informed consent, as
no human or animal subjects were involved.

Declaration of Al-usage

Al tools were used in this work solely for
grammatical improvements and clarity. All
content was carefully reviewed and edited
by the authors to ensure scientific and factual
integrity. The authors bear full responsibility for
the content of this manuscript.

Data Availability Statement

Supplemental data for this article will be
provided upon request.

References

Abdalla, S. E., Bester, L. A., Abia, A. L. K.,
Allam, M., Ismail, A., Essack, S. Y., &
Amoako, D. G. (2025). Genomic insights of
antibiotic-resistant Escherichia coli isolated
from intensive pig farming in South Africa
using ‘farm-to-fork’ approach. Antibiotics,
14(5), 446. https://doi.org/10.3390/antibiotics
14050446

AbuOun, M., Jones, H., Stubberfield, E., Gilson,
D., Shaw, L. P., Hubbard, A. T. M., Chau,
K. K., Sebra, R., Peto, T. E. A., Crook, D.
W., Read, D. S., Gweon, H. S., Walker, A.
S., Stoesser, N., Smith, R. P., & Anjum, M.
F. (2021). A genomic epidemiological study
shows that prevalence of antimicrobial

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

resistance in Enterobacterales is associated
with the livestock host, as well as
antimicrobial usage. Microbial Genomics,
7(10), 000630. https://doi.org/10.1099/mgen.
0.000630

Ahmad, N., Joji, R. M., & Shahid, M. (2023).
Evolution and implementation of One Health
to control the dissemination of antibiotic-
resistant bacteria and resistance genes: A
review. Frontiers in Cellular and Infection
Microbiology, 12, 1065796. https://doi.org/
10.3389/fcimb.2022.1065796

Ahmed, A. M., Motoi, Y., Sato, M., Maruyama,
A., Watanabe, H., Fukumoto, Y., &
Shimamoto, T. (2007). Zoo animals as
reservoirs of Gram-negative bacteria
harboring integrons and antimicrobial
resistance genes. Applied and Environmental
Microbiology, 73(20), 6686—6690. https://
doi.org/10.1128/AEM. 01054-07

Ain-Najwa, M. Y., Yasmin, A. R., Arshad, S. S.,
Omar,A.R.,Abu,J., Kumar, K., Mohammed,
H. O., Natasha, J. A., Mohammed, M. N.,
Bande, F., Abdullah, M.-L., & Rovie-Ryan,
J. J. (2020). Exposure to zoonotic West
Nile virus in long-tailed macaques and bats
in Peninsular Malaysia. Animals, 10(12),
2367. https://doi.org/10.3390/ani10122367

Ajewole, O. A., Ikhimiukor, O. O., & Adelowo,
0. O. (2021). Heavy metals (Cu and Zn)
contamination of pond sediment and
co-occurrence of metal and antibiotic
resistance in Escherichia coli from Nigerian
aquaculture.  International Journal of
Environmental Studies, 78(5), 773-784.
https://doi.org/10.1080/00207233.2020.18
04741

Akhil Prakash, E., Hromadkova, T., Jabir, T.,
Vipindas, P. V., Krishnan, K. P., Mohamed
Hatha, A. A., & Briedis, M. (2022).
Dissemination of multidrug resistant
bacteria to the polar environment—Role
of the longest migratory bird Arctic tern
(Sterna paradisaea). Science of the Total
Environment, 815, 152727. https://doi.
org/10.1016/j.scitotenv.2021.152727

1632

Akwongo, C. J., Borrelli, L., Houf, K., Fioretti,

A., Peruzy, M. F., & Murru, N. (2025).
Antimicrobial resistance in wild game
mammals: A glimpse into the contamination
of wild habitats in a systematic review and
meta-analysis. BMC Veterinary Research,
21(1), 14. https://doi.org/10.1186/s12917-
024-04462-5

Al Amin, M., Pasha, M. H., Hoque, M. N.,

Siddiki, A. Z., Saha, S., & Kamal, M. M.
(2022). Methodology for laboratory-based
antimicrobial resistance surveillance in
animals. Veterinary World, 15(4), 1066—-1079.
https://doi.org/10.14202/vetworld.2022.
1066-1079

Amancha, G., Celis, Y., Irazabal, J., Falconi, M.,

Villacis, K., Thekkur, P., Nair, D., Perez,
F., & Verdonck, K. (2023). High levels of
antimicrobial resistance in Escherichia coli
and Salmonella from poultry in Ecuador.
Revista Panamericana de Salud Publica,
47, 1. https://doi.org/10.26633/RPSP.2023.
15

Aminzare, M., Mohammadi, M., Hashemi,

M., Barkhordari, H., Karimi, A.,
Hashempour-Baltork, F., Hassanzadazar,
H., Daneshamooz, S., & Mirza Alizadeh, A.
(2024). Residual antibiotics as an alarming
health threat for human: A systematic
study and meta-analysis in Iranian animal
food products. Journal of Agriculture and
Food Research, 18, 101435, https://doi.org/
10.1016/j.jafr.2024.101435

Athira, V., Nair, S. S., Thomas, P., Inbaraj, S.,

Kumar, M. S., Akkara, T. S., Chaudhuri,
P., Sharun, K., Kumar, B., Chaturvedi,
V. K., Dandapat, P., & Abishek. (2024).
Virulotyping, antimicrobial resistance
profiling and DNA fingerprinting of
Escherichia coli isolates from neonatal
calves. Journal of Pure and Applied
Microbiology, 18(4), 2734-2747. https://
doi.org/10.22207/JPAM.18.4.46

Avbersek, J., Golob, M., Papi¢, B., Dermota, U.,

Grmek Kosnik, 1., Kusar, D., Ocepek, M.,
& Zdove, 1. (2021). Livestock-associated

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

methicillin-resistant Staphylococcus aureus:
Establishing links between animals
and humans on livestock holdings.
Transboundary and Emerging Diseases,
68(2), 789-801. https://doi.org/10.1111/tbed.
13745

Bacanli, M. G. (2024). The two faces of
antibiotics: An overview of the effects of
antibiotic residues in foodstuffs. Archives
of Toxicology, 98(6), 1717-1725. https://
doi.org/10.1007/s00204-024-03760-z

Balta, 1., Lemon, J., Gadaj, A., Cretescu, L., Stef,
D., Pet, L., Stef, L., McCleery, D., Douglas,
A., & Corcionivoschi, N. (2025). The
interplay between antimicrobial resistance,
heavy metal pollution, and the role of
microplastics. Frontiers in Microbiology,
16, 1550587. https://doi.org/10.3389/fmicb.
2025.1550587

Barlow, R. S., McMillan, K. E., Duffy, L.
L., Fegan, N., Jordan, D., & Mellor, G.
E. (2015). Prevalence and antimicrobial
resistance of Salmonella and Escherichia
coli from Australian cattle populations at
slaughter. Journal of Food Protection, 78(5),
912-920. https://doi.org/10.4315/0362-028X.
JFP-14-476

Bar-On, Y. M., Phillips, R., & Milo, R. (2018).
The biomass distribution on Earth.
Proceedings of the National Academy of
Sciences, 115(25), 6506—-6511. https://doi.
org/10.1073/pnas. 1711842115

Barrientos-Villegas, S., Garcia-Alvarez, M. 1.,
Vidal, J. L., Gomez-Osorio, L. M., Lopez-
Osorio, S., & Chaparro-Gutiérrez, J. J.
(2025). Systematic review: Genotypic and
phenotypic resistance of fluoroquinolone-
resistant Salmonella in livestock in South
America  (2020-2024).  Frontiers in
Veterinary Science, 12, 1614486. https://
doi.org/10.3389/fvets.2025.1614486

Bassitta, R., Nottensteiner, A., Bauer, ],
Straubinger, R. K., & Holzel, C. S. (2022).
Spread of antimicrobial resistance genes via
pig manure from organic and conventional
farms in the presence or absence of antibiotic

1633

use. Journal of Applied Microbiology,
133(4), 2457-2465. https://doi.org/10.1111/
jam.15717

Bell, A. G., Thornber, K., Chaput, D. L., Hasan,
N. A., Alam, M. M., Haque, M. M., Cable,
J., Temperton, B., & Tyler, C. R. (2023).
Metagenomic assessment of the diversity
and ubiquity of antimicrobial resistance
genes in Bangladeshi aquaculture ponds.
Aquaculture Reports, 29, 101462. https://
doi.org/10.1016/j.aqrep.2023.101462

Bengtsson, B., & Greko, C. (2014). Antibiotic
resistance—Consequences  for  animal
health, welfare, and food production.
Upsala Journal of Medical Sciences,
119(2), 96-102. https://doi.org/10.3109/03
009734.2014.901445

Bengtsson-Palme, J., Angelin, M., Huss, M.,
Kjellgvist, S., Kristiansson, E., Palmgren,
H., Larsson, D. G. J., & Johansson, A.
(2015). The human gut microbiome as a
transporter of antibiotic resistance genes
between continents. Antimicrobial Agents
and Chemotherapy, 59(10), 6551-6560.
https://doi.org/10.1128/AAC.00933-15

Bhullar, K., Waglechner, N., Pawlowski, A.,
Koteva, K., Banks, E. D., Johnston, M.
D., Barton, H. A., & Wright, G. D. (2012).
Antibiotic resistance is prevalent in an
isolated cave microbiome. PLOS One, 7(4),
€34953. https://doi.org/10.1371/journal.pone.
0034953

Bonnedahl, J., & Jarhult, J. D. (2014). Antibiotic
resistance in wild birds. Upsala Journal of
Medical Sciences, 119(2), 113—116. https://
doi.org/10.3109/03009734.2014.905663

Bonnedahl, J., Drobni, M., Gauthier-Clerc, M.,
Hernandez, J., Granholm, S., Kayser, Y.,
Melhus, A., Kahlmeter, G., Waldenstrom,
J., Johansson, A., & Olsen, B. (2009).
Dissemination of Escherichia coli with
CTX-M type ESBL between humans
and yellow-legged gulls in the South of
France. PLOS One, 4(6), ¢5958. https://doi.
org/10.1371/journal.pone.0005958

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

Bourdonnais, E., Le Bris, C., Brauge, T., &
Midelet, G. (2024). Monitoring indicator
genes to assess antimicrobial resistance
contamination in phytoplankton and
zooplankton communities from the English
Channel and the North Sea. Frontiers in
Microbiology, 15, 1313056. https://doi.org/
10.3389/fmicb.2024.1313056

Boyraz, A., Erdogan, O., Parin, U., Akbaba, F.
T., & Karabulut, A. (2025). Assessment
of antibiotic resistance genes in bacteria
obtained from various fish species: A study
in Beymelek Lagoon. Genetics of Aquatic
Organisms, 9(1), GA873. https://doi.org/
10.4194/GA873

Brasileiro, L., Mayrink, R. R., Pereira, A. C.,
Costa, F. J. V., & Nardoto, G. B. (2023).
Differentiating wild from captive animals:
An isotopic approach. PeerJ, 11, e16460.
https://doi.org/10.7717/peerj. 16460

Brauge, T., Bourdonnais, E., Trigueros, S.,
Cresson, P., Debuiche, S., Granier, S.
A., & Midelet, G. (2024). Antimicrobial
resistance and geographical distribution of
Staphylococcus sp. isolated from whiting
(Merlangius merlangus) and seawater in
the English Channel and the North Sea.
Environmental Pollution, 345, 123434.
https://doi.org/10.1016/j.envpol.2024.123
434

Cartwright, A., Arnscheidt, J., Conwell,
M., Dooley, J. S. G., McGonigle, C.,
& Naughton, P. J. (2020). Effects of
freshwater sponge Ephydatia fluviatilis
on conjugative transfer of antimicrobial
resistance in Enterococcus faecalis strains
in aquatic environments. Letters in Applied
Microbiology, 71(1), 39-45. https://doi.org/
10.1111/lam.13310

Cellucci, T., Seabrook, J. A., Chagla, Y.,
Bannister, S. L., & Salvadori, M. I
(2010). A 10-year retrospective review of
Salmonella infections at the Children’s
Hospital in London, Ontario. Canadian
Journal of Infectious Diseases and Medical

1634

Microbiology, 21(2), 78-82. https://doi.org/
10.1155/2010/968960

Centers for Disease Control and Prevention.

(2024). About antimicrobial resistance. U.S.
Department of Health & Human Services.
https://www.cdc.gov/antimicrobial-
resistance/about/?CDC_AAref
Val=https://www.cdc.gov/drugresistance/
about/how-resistance-happens.html

Chea, B., Kong, S., Thim, S., Ban, N., Chrun, R.,

Venn, V., Fernandez-Colorado, C., & Kang,
K. (2025). Prevalence and antimicrobial
resistance of Salmonella spp. isolated from
swine and poultry farms in Cambodia.
Veterinary World, 18(4), 918-926. https://
doi.org/10.14202/vetworld.2025.918-926

Chen, Q.-L., An, X.-L., Zheng, B.-X., Gillings,

M., Pefivelas, J., Cui, L., Su, J.-Q., &
Zhu, Y.-G. (2019). Loss of soil microbial
diversity exacerbates spread of antibiotic
resistance. Soil Ecology Letters, 1(1-2),
3—13. https://doi.org/10.1007/s42832-019-
0011-0

Cheng, G., Ning, J., Ahmed, S., Huang, J., Ullah,

R., An, B., Hao, H., Dai, M., Huang, L.,
Wang, X., & Yuan, Z. (2019). Selection and
dissemination of antimicrobial resistance
in agri-food production. Antimicrobial
Resistance & Infection Control, 8(1), 158.
https://doi.org/10.1186/s13756-019-0623-2

Cholewinska, P., Wojnarowski, K., Szeligowska,

N., Pokorny, P., Hussein, W., Hasegawa,
Y., Dobicki, W., & Palic, D. (2025).
Presence of microplastic particles increased
abundance of pathogens and antimicrobial
resistance genes in microbial communities
from the Oder river water and sediment.
Scientific Reports, 15(1), 16338. https://doi.
org/10.1038/s41598-025-01136-6

Chung, Y. S., Sohn, E. J., Cho, H., Jang, B.,

Lee, M., Yang, S.-J., & Park, K. T. (2025).
Prevalence and antimicrobial resistance of
Acinetobacter baumannii in the livestock
industry in South Korea under a One Health

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

perspective. One Health, 20,101071. https://
doi.org/10.1016/j.0nehlt.2025.101071

D’Costa, V. M., King, C. E., Kalan, L., Morar,

M., Sung, W. W. L., Schwarz, C., Froese,
D., Zazula, G., Calmels, F., Debruyne, R.,
Golding, G. B., Poinar, H. N., & Wright, G.
D. (2011). Antibiotic resistance is ancient.
Nature, 477(7365), 457—461. https://doi.
org/10.1038/nature 10388

da Silva, S. K. S. M., Fuentes-Castillo, D. A.,

Ewbank, A. C., Sacristan, C., Catdo-Dias, J.
L., Seva, A. P,, Lincopan, N., Deem, S. L.,
Feitosa, L. C. S., & Catenacci, L. S. (2024).
ESBL-producing Enterobacterales at the
human—domestic animal-wildlife interface:
A One Health approach to antimicrobial
resistance in Piaui, Northeastern Brazil.
Veterinary Sciences, 11(5), 195. https://doi.
org/10.3390/vetscil 1050195

Dancova, N., Gregova, G., & Szaboova,

T. (2024). Assessment of bacterial
contamination and antimicrobial resistance
of Escherichia coli isolates from Slovak
dairy farms. Animals, 14(21), 3095. https://
doi.org/10.3390/ani14213095

Darwich, L., Seminati, C., Lopez-Olvera, J. R.,

Vidal, A., Aguirre, L., Cerda, M., Garcias,
B., Valldeperes, M., Castillo-Contreras,
R., Migura-Garcia, L., Conejero, C., &
Mentaberre, G. (2021). Detection of beta-
lactam-resistant  Escherichia coli and
toxigenic Clostridioides difficile strains in
wild boars foraging in an anthropization
gradient. Animals, 11(6), 1585. https://doi.
org/10.3390/ani11061585

Davies, J., & Davies, D. (2010). Origins

and evolution of antibiotic resistance.
Microbiology and Molecular Biology
Reviews, 74(3), 417-433. https://doi.org/
10.1128/MMBR.00016-10

DeLorenzo, M. E., Brooker, J.,, Chung, K.

W., Kelly, M., Martinez, J., Moore, J. G.,
& Thomas, M. (2016). Exposure of the
grass shrimp, Palaemonetes pugio, to
antimicrobial compounds affects associated
Vibrio bacterial density and development

1635

of antibiotic resistance. FEnvironmental
Toxicology, 31(4), 469—477. https://doi.org/
10.1002/t0x.22060

Devadas, S., Zakaria, Z., Shariff, M., Bhassu,
S., Karim, M., & Natrah, I. (2025).
Antimicrobial resistance of zoonotic
bacteria isolated from shrimp aquaculture
environments in Selangor, Malaysia.
Aquaculture, 604, 742480. https://doi.org/
10.1016/j.aquaculture.2025.742480

Diaz-Formoso, L., Silva, V., Contente, D., Feito,
J., Hernandez, P. E., Borrero, J., Igrejas, G.,
del Campo, R., Muifioz-Atienza, E., Poecta,
P, & Cintas, L. M. (2023). Antibiotic
resistance genes, virulence factors, and
biofilm formation in coagulase-negative
Staphylococcus ~ spp.  isolates  from
European hakes (Merluccius merluccius,
L.) caught in the Northeast Atlantic Ocean.
Pathogens, 12(12), 1447. https://doi.org/
10.3390/pathogens12121447

Dogan, S., & Onalan, S. (2023). Determination
of antimicrobial resistance gene variations
using Tet and Str genes in freshwater fish
species. Cellular and Molecular Biology,
69(1), 150-155. https://doi.org/10.14715/cmb/
2022.69.1.26

Dolejska, M. (2020). Antibiotic-resistant
bacteria in wildlife. In Manaia, C., Donner,
E., Vaz-Moreira, 1., Hong, P. (Eds.),
Antibiotic resistance in the environment a
worldwide overview (pp. 19-70). Springer.
https://doi.org/10.1007/698 2020 467

Doyle, C., Wall, K., Fanning, S., & McMahon,
B. J. (2025). Making sense of sentinels:
Wildlife as the One Health bridge for
environmental antimicrobial resistance
surveillance.  Journal — of  Applied
Microbiology, 136(1), 1xaf017. https://doi.
org/10.1093/jambio/lxaf017

Dwivedi, A., Kumar, C. B., Kumar, A., Soni, M.,
Sahu, V., Awasthi, A., & Rathore, G. (2023).
Molecular characterization of carbapenem
resistant E. coli of fish origin reveals the
dissemination of NDM-5 in freshwater
aquaculture environment by the high risk

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

clone ST167 and ST361. Environmental
Science and Pollution Research, 30(17),
49314-49326. https://doi.org/10.1007/s113
56-023-25639-9

Economou, V., & Gousia, P. (2015). Agriculture
and food animals as a source of
antimicrobial-resistant bacteria. Infection
and Drug Resistance, 8, 49-61. https://doi.
org/10.2147/IDR.S55778

Edila, R., Effendi, M. H., Suwanti, L. T,
Kwon, H. K., & Agumah, N. B. (2024).
Novel exploration of the presence and
morphological features Spirometra
(Cestoda: Diphyllobothriidac) in Javan
spitting cobra snakes (Naja sputatrix) in
Sidoarjo, Indonesia. Biodiversitas Journal
of Biological Diversity, 25(8), 3318-3324.
https://doi.org/10.13057/biodiv/d250803

Elbehiry, A., Marzouk, E., Abalkhail, A.,
Edrees, H. M., Ellethy, A. T., Almuzaini, A.
M., Ibrahem, M., Almujaidel, A., Alzaben,
F., Algmi, A., & Abu-Okail, A. (2025).
Microbial food safety and antimicrobial
resistance in foods: A dual threat to public
health. Microorganisms, 13(7),1592. https://
doi.org/10.3390/microorganisms13071592

Endale, H., Mathewos, M., & Abdeta, D. (2023).
Potential causes of spread of antimicrobial
resistance and preventive measures in One
Health perspective—A review. Infection
and Drug Resistance, 16, 7515-7545.
https://doi.org/10.2147/IDR.S428837

Engin, A. B., Engin, E. D., & Engin, A.
(2023).  Effects of co-selection of
antibiotic-resistance and metal-resistance
genes on antibiotic-resistance potency
of environmental bacteria and related
ecological risk factors. Environmental
Toxicology and Pharmacology, 98, 104081.
https://doi.org/10.1016/j.etap.2023.104081

Entezami, M., Mustaqqim, F., Morris, E., Lim,
E. S. H,, Prada, J. M., & Paramasivam,
S. J. (2024). Effect of human activity and
presence on the behavior of long-tailed
macaques (Macaca fascicularis) in an
urban tourism site in Kuala Selangor,

1636

Malaysia. Animals, 14(8), 1173. https://doi.
org/10.3390/ani14081173

European Centre for Disease Prevention and

Control. (2022). Assessing the health
burden of infections with antibiotic-resistant
bacteria in the EU/EEA, 2016-2020. https://
www.ecdc.europa.eu/en/publications-
data/health-burden-infections-antibiotic-
resistant-bacteria-2016-2020

Farzan, A., Friendship, R. M., Dewey, C. E.,

Fu,

Poppe, C., & Funk, J. (2010). Evaluation
of the risk factors for shedding Salmonella
with or without antimicrobial resistance
in swine using multinomial regression
method. Zoonoses and Public Health,
57(s1), 85-93. https://doi.org/10.1111/
j-1863-2378.2010.01357.x

Y., Nawrocki, E. M., M’ikanatha, N. M.,
& Dudley, E. G. (2024). Host species
shapes genotype, antimicrobial resistance,
and virulence profiles of enterotoxigenic
Escherichia coli (ETEC) from livestock
in the United States. Applied and
Environmental Microbiology, 90(8), 1-19.
https://doi.org/10.1128/aem.00749-24

Fukuda, A., Tsunashima, R., & Usui, M. (2023).

Antimicrobial resistant bacteria monitoring
in raw seafood retailed: A pilot study
focused on Vibrio and Aeromonas. Food
Safety, 11(4), D-23-00006. https://doi.
org/10.14252/foodsafetyfscj.D-23-00006

Furness, L. E., Campbell, A., Zhang, L.,

Gaze, W. H., & McDonald, R. A. (2017).
Wild small mammals as sentinels for the
environmental transmission of antimicrobial
resistance. Environmental  Research,
154, 28-34.  https://doi.org/10.1016/j.
envres.2016.12.014

Gajic, 1., Kabic, J., Kekic, D., Jovicevic, M.,

Milenkovic, M., Mitic Culafic, D., Trudic,
A., Ranin, L., & Opavski, N. (2022).
Antimicrobial susceptibility testing: A
comprehensive review of currently used
methods. Antibiotics, 11(4), 427. https://
doi.org/10.3390/antibiotics 11040427

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

Gao, F.-Z., He, L.-Y., Bai, H., He, L.-X., Zhang,
M., Chen, Z.-Y., Liu, Y.-S., & Ying, G.-G.
(2023). Airborne bacterial community and
antibiotic resistome in the swine farming
environment: Metagenomic insights into
livestock relevance, pathogen hosts and
public risks. Environment International,
172, 107751. https://doi.org/10.1016/j.envint.
2023.107751

Garcia-Diez, J., Moura, D., Grispoldi, L., Cenci-
Goga, B., Saraiva, S., Silva, F., Saraiva,
C., & Ausina, J. (2024). Salmonella spp.
in domestic ruminants, evaluation of
antimicrobial resistance based on the One
Health approach—A systematic review
and meta-analysis. Veterinary Sciences,
11(7), 315. https://doi.org/10.3390/vetscil 1
070315

Garlock, T., Asche, F., Anderson, J., Bjerndal,
T., Kumar, G., Lorenzen, K., Ropicki,
A., Smith, M. D., & Tveteras, R. (2020).
A global blue revolution: Aquaculture
growth across regions, species, and
countries. Reviews in Fisheries Science &
Aquaculture, 28(1), 107—116. https://doi.or
2/10.1080/23308249.2019.1678111

Ge, J., Zhong, X., Xiong, Y., Qiu, M., Huo,
S., Chen, X., Mo, Y., Cheng, M., &
Chen, Q. (2019). Methicillin-resistant
Staphylococcus  aureus among urban
rodents, house shrews, and patients
in Guangzhou, Southern China. BMC
Veterinary Research, 15(1), 260. https://doi.
org/10.1186/s12917-019-2012-8

Ghimpeteanu, O. M., Pogurschi, E. N., Popa, D.
C., Dragomir, N., Dragotoiu, T., Mihai, O.
D., & Petcu, C. D. (2022). Antibiotic use in
livestock and residues in food—A public
health threat: A review. Foods, 11(10), 1430.
https://doi.org/10.3390/foods11101430

Gonzalez, T. de J. B., Marcato, F., de Freitas
Costa, E.,vanden Brand, H., Hoorweg, F. A.,
Wolthuis-Fillerup, M., Engel, B., Schnabel,
S. K., van Reenen, C. G., & Brouwer,
M. S. M. (2022). Longitudinal study on
the prevalence of extended spectrum

1637

cephalosporins-resistant Escherichia coli
colonization in Dutch veal farms. Veterinary
Microbiology, 273, 109520. https://doi.org/
10.1016/j.vetmic.2022.109520

Graham, D. W., Bergeron, G., Bourassa, M. W.,
Dickson, J., Gomes, F., Howe, A., Kahn,
L. H., Morley, P. S., Scott, H. M., Simjee,
S., Singer, R. S., Smith, T. C., Storrs, C.,
& Wittum, T. E. (2019). Complexities in
understanding  antimicrobial resistance
across domesticated animal, human, and
environmental systems. Annals of the New
York Academy of Sciences, 1441(1), 17-30.
https://doi.org/10.1111/nyas.14036

Grenni, P., Ancona, V., & Barra Caracciolo, A.
(2018). Ecological effects of antibiotics
on natural ecosystems: A  review.
Microchemical Journal, 136,25-39. https://
doi.org/10.1016/j.microc.2017.02.006

Gross, N., Muhvich, J., Ching, C., Gomez,
B., Horvath, E., Nahum, Y., & Zaman,
M. H. (2025). Effects of microplastic

concentration, composition, and size
on Escherichia coli biofilm-associated
antimicrobial resistance. Applied and

Environmental Microbiology, 91(4), 1-17.
https://doi.org/10.1128/aem.02282-24

Hacioglu, N., & Tosunoglu, M. (2014).
Determination of antimicrobial and heavy
metal resistance profiles of some bacteria
isolated from aquatic amphibian and reptile
species. Environmental Monitoring and
Assessment, 186(1), 407-413. https://doi.
org/10.1007/s10661-013-3385-y

Hakonsholm, F., Lunestad, B. T., Aguirre
Sanchez, J. R., Martinez-Urtaza, J.,
Marathe, N. P., & Svanevik, C. S. (2020).
Vibrios from the Norwegian marine
environment: Characterization of associated
antibiotic resistance and virulence genes.
MicrobiologyOpen, 9(9), e1093. https://doi.
org/10.1002/mbo3.1093

Han, R., Shin, J. T., Kim, J., Choi, Y. S., &
Kim, Y. W. (2017). An overview of the
South Korean edible insect food industry:
Challenges and future pricing/promotion

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

strategies. Entomological Research, 47(3),
141-151. https://doi.org/10.1111/1748-5967.
12230

Harakeh, S., Yassine, H., & El-Fadel, M. (2006).
Antimicrobial-resistance of Streptococcus
pneumoniae isolated from the Lebanese
environment.  Marine  Environmental
Research, 62(3), 181-193. https://doi.org/
10.1016/j.marenvres.2006.03.010

Harrow, S. A., Gilpin, B. J., & Klena, J. D.
(2004). Characterization of erythromycin
resistance in Campylobacter coli and
Campylobacter jejuni isolated from pig
offal in New Zealand. Journal of Applied
Microbiology, 97(1), 141-148. https://doi.
org/10.1111/§.1365-2672.2004.02278.x

Hatha, A. M., Divya, P. S., Saramma, A.
V., Rahiman, M., & Krishnan, K. P.
(2013). Migratory bird, Branta leucopis
(Barnacle goose), a potential carrier of
diverse Escherichia coli serotypes into
pristine  Arctic environment. Current
Science, 104(8), 1078—1080. https://www.
currentscience.ac.in/Volumes/104/08/1078.
pdf

Haulisah, N. A., Hassan, L., Bejo, S. K., Jajere,
S. M., & Ahmad, N. I. (2021). High levels
of antibiotic resistance in isolates from
diseased livestock. Frontiers in Veterinary
Science, 8, 652351. https://doi.org/10.3389/
fvets.2021.652351

He, Y., Tang, Y., Sun, F., & Chen, L. (2015).
Detection and characterization of integrative
and conjugative elements (ICEs)-positive
Vibrio cholerae isolates from aquacultured
shrimp and the environment in Shanghai,
China. Marine Pollution Bulletin, 101(2),
526-532. https://doi.org/10.1016/j.marpolbul.
2015.10.062

He, Y., Wang, S., Zhang, J., Zhang, X., Sun,
F., He, B., & Liu, X. (2019). Integrative
and conjugative elements-positive Vibrio
parahaemolyticus isolated from aquaculture
shrimp in Jiangsu, China. Frontiers in
Microbiology, 10, 1574. https://doi.org/10.
3389/fmicb.2019.01574

1638

Hedman, H. D., Vasco, K. A., & Zhang, L.
(2020). A review of antimicrobial resistance
in poultry farming within low-resource
settings. Animals, 10(8), 1264. https://doi.
org/10.3390/ani10081264

Hein, S. T., Prathan, R., Srisanga, S., Muenhor,
D., Wongsurawat, T., Jenjaroenpun, P.,
Tummaruk, P., & Chuanchuen, R. (2024).
Metagenomic insights into isolable bacterial
communities and antimicrobial resistance
in airborne dust from pig farms. Frontiers
in Veterinary Science, 11, 1362011. https://
doi.org/10.3389/fvets.2024.1362011

Holmes, A. H., Moore, L. S. P., Sundsfjord,
A., Steinbakk, M., Regmi, S., Karkey, A.,
Guerin, P. J., & Piddock, L. J. V. (2016).
Understanding the mechanisms and
drivers of antimicrobial resistance. The
Lancet, 387(10014), 176-187. https://doi.
org/10.1016/S0140-6736(15)00473-0

Hosain, M. Z., Kabir, S. M. L., & Kamal, M.
M. (2021). Antimicrobial uses for livestock
production in  developing countries.
Veterinary World, 14(1), 210-221. https://
doi.org/10.14202/vetworld.2021.210-221

Ienes-Lima, J., Prichula, J., Abadie, M.,
Borges-Martins, M., & Frazzon, A. P. G.
(2023). Anthropic impact on the critically
endangered Melanophryniscus admirabilis
(admirable redbelly toad): Evidence
from the presence of multiresistant
Enterobacteriaceae. Current Microbiology,
80(11), 339. https://doi.org/10.1007/s00284-
023-03433-7

International Union for Conservation of Nature.
(2026). The IUCN Red List of Threatened
Species. https://www.iucnredlist.org

Irfan, M., Almotiri, A., & AlZeyadi, Z. A. (2022).
Antimicrobial resistance and its drivers—A
review. Antibiotics, 11(10), 1362. https://
doi.org/10.3390/antibiotics 11101362

Janssen, J. (2021). A primer to the global trade
of reptiles: Magnitude, key challenges,
and implications for conservation. In
Underkoffler, S. C., & Adams, H. R. (Eds.),

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

Wildlife biodiversity conservation (pp. 439—
461). Springer International Publishing.
https://doi.org/10.1007/978-3-030-64682-
017

Jo, S., Shin, C., Shin, Y., Kim, P. H., Park, J.

I., Kim, M., Park, B., & So, J.-S. (2020).
Heavy metal and antibiotic co-resistance
in Vibrio parahaemolyticus isolated from
shellfish. Marine Pollution Bulletin,
156, 111246. https://doi.org/10.1016/j.
marpolbul.2020.111246

Kakooza, S., Ssajjakambwe, P., Nalubega, R.,

Namazi, B., Nantume, A., Ssentamu, G.,
Nabatta, E., Nalumenya, D., Wanyana,
M., Munyiirwa, D. F. N., Namuyinda, D.,
Tsuchida, S., Ushida, K., & Kaneene, J. B.
(2025). Cockroaches as reservoirs, vectors,
and potential sentinels of multidrug-
resistant bacteria in Ugandan communities:
A retrospective analysis. Global Health,
Epidemiology and Genomics, 2025(1),
5940509. https://doi.org/10.1155/ghe3/594
0509

Kaur, K., Singh, S., & Kaur, R. (2024). Impact of

antibiotic usage in food-producing animals
on food safety and possible antibiotic
alternatives. The Microbe, 4,100097. https://
doi.org/10.1016/j.microb.2024.100097

Keelara, S., Scott, H. M., Morrow, W. M.,

Gebreyes, W. A., Correa, M., Nayak,
R., Stefanova, R., & Thakur, S. (2013).
Longitudinal study of distributions of
similar antimicrobial-resistant Sa/monella
serovars in pigs and their environment in
two distinct swine production systems.
Applied and Environmental Microbiology,
79(17),5167-5178. https://doi.org/10.1128/
AEM.01419-13

Kerek, A., Szabd, A., & Jerzsele, A. (2024).

Antimicrobial susceptibility profiles of
commensal Escherichia coli isolates from
chickens in Hungarian poultry farms
between 2022 and 2023. Antibiotics, 13(12),
1175. https://doi.org/10.3390/antibiotics13
121175

1639

Kerluku, M., Ratkova Manovska, M., Prodanov,
M., Stojanovska-Dimzoska, B., Hajrulai-
Musliu, Z., Jankuloski, D., & Blagoevska,
K. (2023). Phenotypic and genotypic
analysis of antimicrobial resistance of
commensal Escherichia coli from dairy
cows’ feces. Processes, 11(7), 1929. https://
doi.org/10.3390/pr11071929

Kim, M., Kim, M., Yeo, Y.-G., Lee, Y.-
T., & Han, J.-I. (2024). Antimicrobial
resistance of commensal Escherichia coli
and Enterococcus faecalis isolated from
clinically healthy captive wild animals in
Seoul zoo. Frontiers in Veterinary Science,
10, 1283487. https://doi.org/10.3389/fvets.
2023.1283487

Kiula, A. H., & Makene, V. A. (2025).
Phenotypic and genotypic resistance
patterns of Escherichia coli in livestock
from Dar es Salaam Tanzania. Biologia,
80(7), 1897—-1906. https://doi.org/10.1007/
s11756-025-01952-1

Konputtar, A., Yossapol, M., Phaechaiyaphum,
T., Manyuen, P., Suetrong, N., Ruksachat,
N., & Purisotayo, T.(2023). Epidemiological
study of antimicrobial-resistant bacteria
in healthy free-ranging bantengs (Bos
Jjavanicus) and domestic cattle. Veterinary
World, 16(9), 1796—-1802. https://doi.org/
10.14202/vetworld.2023.1796-1802

Krishnasamy, V., Stevenson, L., Koski, L.,
Kellis, M., Schroeder, B., Sundararajan, M.,
Ladd-Wilson, S., Sampsel, A., Mannell, M.,
Classon, A., Wagner, D., Hise, K., Carleton,
H., Trees, E., Schlater, L., Lantz, K., &
Nichols, M. (2018). Notes from the field:
Investigation of an outbreak of Salmonella
Paratyphi B variant L(+) tartrate + (Java)
associated with ball python exposure
— United States, 2017. Morbidity and
Mortality Weekly Report, 67(19), 562—-563.
https://doi.org/10.15585/mmwr.mm6719a7

La Tela, I., Peruzy, M. F., D’Alessio, N., Di
Nocera, F., Casalinuovo, F., Carullo, M. R.,
Cardinale, D., Cristiano, D., & Capuano,

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

F. (2021). Serotyping and evaluation of
antimicrobial resistance of Salmonella
strains detected in wildlife and natural
environments in Southern Italy. Antibiotics,
10(4), 353. https://doi.org/10.3390/antibiotics
10040353

Larsen, J., Raisen, C. L., Ba, X., Sadgrove, N. J.,
Padilla-Gonzalez, G. F., Simmonds, M. S.
J., Loncaric, 1., Kerschner, H., Apfalter, P.,
Hartl, R., Deplano, A., Vandendriessche, S.,
Cerna Bolfikova, B., Hulva, P, Arendrup,
M. C., Hare, R. K., Barnadas, C., Stegger,
M., Sieber, R. N., ... Larsen, A. R. (2022).
Emergence of methicillin resistance
predates the clinical use of antibiotics.
Nature, 602(7895), 135-141. https://doi.
org/10.1038/s41586-021-04265-w

Lee, C., Zaheer, R., Thomas, K., Poulin-Laprade,
D., Talbot, G., Diarra, M. S., Van Domselaar,
G., Zovoilis, A., & McAllister, T. A. (2025).
Comparative metagenomics reveals limited
differences in antimicrobial resistance gene
abundance across conventional and natural
livestock production systems. Canadian
Journal of Microbiology, 71, 1-8. https://
doi.org/10.1139/cjm-2024-0191

Lee, K. Y., Lavelle, K., Huang, A., Atwill, E. R.,
Pitesky, M., & Li, X. (2023). Assessment of
prevalence and diversity of antimicrobial
resistant Escherichia coli from retail meats
in Southern California. Antibiotics, 12(4),
782. https://doi.org/10.3390/antibiotics120
40782

Leendertz, F. H., Zirkel, F., Couacy-Hymann,
E., Ellerbrok, H., Morozov, V. A., Pauli,
G., Hedemann, C., Formenty, P., Jensen,
S. A., Boesch, C., & Junglen, S. (2008).
Interspecies transmission of simian foamy
virus in a natural predator-prey system.
Journal of Virology, 82(15), 7741-7744.
https://doi.org/10.1128/JVI.00549-08

Lettini, A. A., Vo Than, T., Marafin, E., Longo,
A., Antonello, K., Zavagnin, P., Barco, L.,
Mancin, M., Cibin, V., Morini, M., Dang
Thi Sao, M., Nguyen Thi, T., Pham Trung,
H., Le, L., Nguyen Duc, T., & Ricci, A.

1640

(2016). Distribution of Salmonella serovars
and antimicrobial susceptibility from
poultry and swine farms in Central Vietnam.
Zoonoses and Public Health, 63(7), 569—
576. https://doi.org/10.1111/zph.12265

Li, J., Chang, J., Ma, J., Zhou, W., Yang, Y.,
Wu, J., Guan, C., Yuan, X., Xu, L., Yu, B.,
Su, F., Ye, S., Chen, Y., Zhao, G., & Tang,
B. (2025). Genome-based assessment of
antimicrobial resistance of Escherichia
coli recovered from diseased swine in
eastern China for a 12-year period. MBio,
16(5), e00651-25. https://doi.org/10.1128/
mbio.00651-25

Lim, S. J, Jang, E., Lee, S.-H., Yoo, B.-
H., Kim, S.-K., & Kim, T.-H. (2013).
Antibiotic resistance in bacteria isolated
from  freshwater  aquacultures  and
prediction of the persistence and toxicity of
antimicrobials in the aquatic environment.
Journal of Environmental Science and
Health, Part B, 48(6), 495-504. https://doi.
org/10.1080/03601234.2013.761911

Lin, M., Wu, X., Yan, Q., Ma, Y., Huang,
L., Qin, Y., & Xu, X. (2016). Incidence
of antimicrobial-resistance genes and
integrons in antibiotic-resistant bacteria
isolated from eels and aquaculture ponds.
Diseases of Aquatic Organisms, 120(2),
115-123. https://doi.org/10.3354/dao03013

Liu, X., Steele, J. C., & Meng, X.-Z. (2017).
Usage, residue, and human health risk
of antibiotics in Chinese aquaculture: A
review. Environmental Pollution, 223,
161-169. https://doi.org/10.1016/j.envpol.
2017.01.003

Liu, Y., Liu, K., Lai, J., Wu, C., Shen, J., & Wang,
Y. (2013). Prevalence and antimicrobial
resistance of Enterococcus species of food
animal origin from Beijing and Shandong
Province, China. Journal of Applied
Microbiology, 114(2), 555-563. https://doi.
org/10.1111/jam.12054

Liu, Y., Liu, L., Wang, X., Shao, M., Wei, Z.,
Wang, L., Li, B., Li, C., Luo, X,, Li, F., &
Zheng, H. (2025). Microplastics enhance

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

the prevalence of antibiotic resistance genes
in mariculture sediments by enriching host
bacteria and promoting horizontal gene
transfer. Eco-Environment & Health, 4(1),
100136. https://doi.org/10.1016/j.eehl.2025.
100136

Livermore, D. M. (2000). Epidemiology
of antibiotic resistance. Intensive Care
Medicine, 26(0), S14-S21. https://doi.
org/10.1007/s001340051113

Luiken, R. E., Heederik, D. J., Scherpenisse,
P., Van Gompel, L., van Heijnsbergen, E.,
Greve, G. D., Jongerius-Gortemaker, B.
G., Tersteeg-Zijderveld, M. H., Fischer, J.,
Juraschek, K., Skarzynska, M., Zajac, M.,
Wasyl, D., Wagenaar, J. A., Smit, L. A.,
Wouters, I. M., Mevius, D. J., & Schmitt,
H. (2022). Determinants for antimicrobial
resistance genes in farm dust on 333 poultry
and pig farms in nine European countries.
Environmental Research, 208, 112715.
https://doi.org/10.1016/j.envres.2022.112
715

Ma, F., Xu, S., Tang, Z., Li, Z., & Zhang, L.
(2021). Use of antimicrobials in food
animals and impact of transmission of
antimicrobial resistance on humans.
Biosafety and Health, 3(1), 32-38. https://
doi.org/10.1016/j.bsheal.2020.09.004

Macpherson, M. L. A., Pinckney, R., Sylvester,
W., Bidaisee, S., & Macpherson, C. N. L.
(2022). Man’s best friend and our shared
infectious diseases. CABI Reviews. https://
doi.org/10.1079/cabireviews202217052

Malmberg, J. L., White, L. A., & VandeWoude,
S. (2021). Bioaccumulation of pathogen
exposure in top predators. Trends in Ecology
& Evolution, 36(5), 411-420. https://doi.
org/10.1016/j.tree.2021.01.008

Manson, A. L., Van Tyne, D., Straub, T. J., Clock,
S., Crupain, M., Rangan, U., Gilmore,
M. S., & Earl, A. M. (2019). Chicken
meat-associated enterococci: Influence of
agricultural antibiotic use and connection
to the clinic. Applied and Environmental

1641

Microbiology, 85(22), €01559-19. https://
doi.org/10.1128/AEM.01559-19

Manyi-Loh, C., Mamphweli, S., Meyer, E.,
& Okoh, A. (2018). Antibiotic use in
agriculture and its consequential resistance
in environmental sources: Potential public
health implications. Molecules, 23(4), 795.
https://doi.org/10.3390/molecules23040
795

Marques, A. R., Lima, B. P., Teixeira, R. S.
C., Albuquerque, A. H., Lopes, E. S.,
Maciel, W. C., Beleza, A. J. F., & Alencar,
T. R. (2021). Zoonotic bacteria research
and analysis of antimicrobial resistance
levels in parrot isolates from pet shops
in the city of Fortaleza, Brazil. Pesquisa
Veterindria Brasileira, 41, ¢06837. https://
doi.org/10.1590/1678-5150-pvb-6837

Martins, J. C. L., Gongalves, A., Fernandes,
C., Cabecinha, E., Monteiro, S., Guedes,
H., Almeida, G., Garcia, J., da Silva,
G. J., Varandas, S., & Saavedra, M. J.
(2024). Multidrug-resistant  Escherichia
coli accumulated by freshwater bivalves:
An underestimated risk for public health?
Pathogens, 13(8), 617. https://doi.org/10.
3390/pathogens13080617

Mbehang Nguema, P. P., Onanga, R., Ndong
Atome, G. R., Tewa, J. J., Mabika Mabika,
A., Muandze Nzambe, J. U., Obague
Mbeang, J. C., Bitome Essono, P. Y,
Bretagnolle, F., & Godreuil, S. (2021). High
level of intrinsic phenotypic antimicrobial
resistance in enterobacteria from terrestrial
wildlife in Gabonese national parks.
PLOS One, 16(10), ¢0257994. https://doi.
org/10.1371/journal.pone.0257994

McDougall, F. K., Boardman, W. S. J., Speight,
N., Stephenson, T., Funnell, O., Smith, I,
Graham, P. L., & Power, M. L. (2023).
Carriage of antibiotic resistance genes to
treatments for chlamydial disease in koalas
(Phascolarctos cinereus): A comparison of
occurrence before and during catastrophic
wildfires. One Health, 17, 100652. https://
doi.org/10.1016/j.0onehlt.2023.100652

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

McDougall, F., Boardman, W., Gillings, M.,
& Power, M. (2019). Bats as reservoirs of
antibiotic resistance determinants: A survey
of class | integrons in grey-headed flying
foxes (Pteropus poliocephalus). Infection,
Genetics and Evolution, 70, 107-113.
https://doi.org/10.1016/j.meegid.2019.02.
022

McEachran, A. D., Blackwell, B. R., Hanson,
J. D., Wooten, K. J., Mayer, G. D., Cox,
S. B., & Smith, P. N. (2015). Antibiotics,
bacteria, and antibiotic resistance genes:
Aerial transport from cattle feed yards via
particulate matter. Environmental Health
Perspectives, 123(4), 337-343. https://doi.
org/10.1289/ehp.1408555

McEwen, S. A., & Collignon, P. J. (2018).
Antimicrobial resistance: A One Health
perspective. Microbiology Spectrum, 6(2).
https://doi.org/10.1128/microbiolspec.
ARBA-0009-2017

Mencia-Ares, O., Cabrera-Rubio, R., Cobo-
Diaz, J. F., Alvarez-Ordéiiez, A., Gomez-
Garcia, M., Puente, H., Cotter, P. D., Crispie,
F., Carvajal, A., Rubio, P., & Argiicllo, H.
(2020). Antimicrobial use and production
system shape the fecal, environmental, and
slurry resistomes of pig farms. Microbiome,
8(1), 164. https://doi.org/10.1186/s40168-
020-00941-7

Mendoza-Roldan, J. A., Modry, D., & Otranto,
D. (2020). Zoonotic parasites of reptiles:
A crawling threat. Trends in Parasitology,
36(8), 677-687. https://doi.org/10.1016/j.pt.
2020.04.014

Miao, W., & Wang, W. (2020). Trends of
aquaculture production and trade: Carp,
tilapia, and shrimp. Asian Fisheries Science,
33(S1), 1-10. https://doi.org/10.33997/].afs.
2020.33.S1.001

Miranda, C. D., Concha, C., Hurtado, L.,
Urtubia, R., Rojas, R., & Romero, J. (2024).
Occurrence  of  antimicrobial-resistant
bacteria in intestinal contents of wild marine
fish in Chile. Antibiotics, 13(4), 332. https://
doi.org/10.3390/antibiotics 13040332

1642

Mitchell, J. (2023). Antimicrobial resistance
(AMR) as a form of human—wildlife
conflict: Why and how nondomesticated
species should be incorporated into AMR
guidance. Ecology and Evolution, 13(9),
e10421. https://doi.org/10.1002/ece3.10421

Moher, D., Liberati, A., Tetzlaff, J., & Altman,
D. G. (2009). Preferred reporting items for
systematic reviews and meta-analyses: The
PRISMA statement. PLOS Medicine, 6(7),
€1000097. https://doi.org/10.1371/journal.
pmed.1000097

Moro, M. H., Beran, G. W., Hoffman, L. J,,
& Griffith, R. W. (1998). Effects of cold
stress on the antimicrobial drug resistance
of Escherichia coli of the intestinal flora
of swine. Letters in Applied Microbiology,
27(5), 251-254. https://doi.org/10.1046/
j-1472-765X.1998.t01-13-00449.x

Mtemisika, C. 1., Nyawale, H., Benju, R. J.,
Genchwere, J. M., Silago, V., Mushi, M. F.,
Mwanga, J., Konje, E., Mirambo, M. M.,
& Mshana, S. E. (2022). Epidemiological
cut-off values and multidrug resistance of
Escherichia coli isolated from domesticated
poultry and pigs reared in Mwanza,
Tanzania: A cross-section study. Animals,
12(7), 835. https://doi.org/10.3390/anil120
70835

Murray, C. J. L., Ikuta, K. S., Sharara, F.,
Swetschinski, L., Robles Aguilar, G., Gray,
A.,Han, C., Bisignano, C., Rao, P., Wool, E.,
Johnson, S. C., Browne, A. J., Chipeta, M.
G., Fell, F., Hackett, S., Haines-Woodhouse,
G., KashefHamadani, B. H., Kumaran, E. A.
P., McManigal, B., ... Naghavi, M. (2022).
Global burden of bacterial antimicrobial
resistance in 2019: A systematic analysis.
The Lancet, 399(10325), 629-655. https://
doi.org/10.1016/S0140-6736(21)02724-0

Musa, L., Proietti, P. C., Marenzoni, M.
L., Stefanetti, V., Kika, T. S., Blasi, F.,
Magistrali, C. F., Toppi, V., Ranucci, D.,
Branciari, R., & Franciosini, M. P. (2021).
Susceptibility of commensal E. coli isolated
from conventional, antibiotic-free, and

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

organic meat chickens on farms and at
slaughter toward antimicrobials with public
health relevance. Antibiotics, 10(11), 1321.
https://doi.org/10.3390/antibiotics101113
21

Mushahidur Rahman, A., Ahmed, S. E., Osman,
S. A., Al-Haddad, R. A., Almiski, A.,
Kamar, R., Abdelrahman, H., Kassem,
I. L., Dogliero, A., & Eltai, N. O. (2025).
A snapshot of antimicrobial resistance
in semi-wild oryx: Baseline data from
Qatar. Antibiotics, 14(3), 248. https://doi.
org/10.3390/antibiotics 14030248

Nadella, R. K., Panda, S. K., Madhusudana
Rao, B., Pani Prasad, K., Raman, R. P,
& Mothadaka, M. P. (2021). Antibiotic
resistance of culturable heterotrophic
bacteria isolated from shrimp (Penaeus
vannamei) aquaculture ponds. Marine
Pollution Bulletin, 172, 112887. https://doi.
org/10.1016/j.marpolbul.2021.112887

Nadella, R. K., Panda, S. K., Uchoi, D.,
Kishore, P., Chintada, B., V. R., M., V.
A., M., Badireddy, M. R., Kuricheti, P. P,,
Raman, R. P., & Mothadaka, M. P. (2025).
Categorization of antibiotic resistant
bacterial populations from shrimp and its
culture environment of Andhra Pradesh,
India. Aquaculture, 595, 741702. https://
doi.org/10.1016/j.aquaculture.2024.741702

Narayanan, S. V., Joseph, T. C., Peeralil,
S., Koombankallil, R., Vaiyapuri, M.,
Mothadaka, M. P., & Lalitha, K. V. (2020).
Tropical shrimp aquaculture farms harbour
pathogenic Vibrio parahaemolyticus with
high genetic diversity and Carbapenam
resistance. Marine Pollution Bulletin, 160,
111551. https://doi.org/10.1016/j.marpolbul.
2020.111551

Narvaez-Bravo, C., Toufeer, M., Weese, S. J.,
Diarra, M. S., Deckert, A. E., Reid-Smith,
R., & Aslam, M. (2016). Prevalence of
methicillin-resistant Staphylococcus aureus
in Canadian commercial pork processing
plants. Journal of Applied Microbiology,

1643

120(3), 770-780. https://doi.org/10.1111/jam.
13024

Natrah, 1., Muthukrishnan, S., Mohd-Padil, H.,

Mohamad, N., Alipiah, N. M., Shariff, M.,
Yusoff, F. M., Yasin, I. S. M., Devadas,
S., Omar, W. H. W., Wan Ibrahim, W.
N., & Defoirdt, T. (2025). Antimicrobial
resistance in Malaysian shrimp aquaculture
and strategies to reduce its occurrence.
Reviews in Aquaculture, 17(3), ¢70020.
https://doi.org/10.1111/raq.70020

Navarro-Gonzalez, N., Ugarte-Ruiz, M.,

Dominguez, L., & Ruiz-Fons, F. (2016). A
European perspective on the transmission
of foodborne pathogens at the wildlife—
livestock—human interface. In Jay-Russell,
M., & Doyle, M. P. (Eds.), Food safety
risks from wildlife (pp. 59-88). Springer
International Publishing. https://doi.org/10.
1007/978-3-319-24442-6 3

Nazir, J., Manzoor, T., Saleem, A, Gani, U., Bhat,

S. S., Khan, S., Haq, Z., Jha, P., & Ahmad,
S. M. (2025). Combatting Salmonella:
A focus on antimicrobial resistance and
the need for effective vaccination. BMC
Infectious Diseases, 25(1), 84. https://doi.
org/10.1186/s12879-025-10478-5

Ngajilo, D., & Jeebhay, M. F. (2019).

Occupational injuries and diseases in
aquaculture — A review of literature.
Aquaculture, 507, 40-55. https://doi.
org/10.1016/j.aquaculture.2019.03.053

Niharika, J., Deb, R., Parihar, R., Thakur, P.

K., Anjaria, P., Sengar, G. S., Chaudhary,
P., Pegu, S. R., Attupurum, N., Antony,
N., Rajkhowa, S., & Gupta, V. K. (2024).
Isolation and  characterization  of
extended-spectrum B-lactamase producing
Escherichia coli from pig farms and
slaughterhouse.  Indian  Journal  of
Microbiology, 64(3), 950-956. https://doi.
org/10.1007/s12088-023-01151-z

O’Neill, J. (2016). Tackling drug-resistant

infections  globally: Final  report
and  recommendations. Review  on

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

Antimicrobial ~ Resistance. https://amr-
review.org/sites/default/files/160518
Final%?20paper_with%20cover.pdf

Obaidat, M. M., Salman, A. E. B., & Roess, A. A.
(2017). Virulence and antibiotic resistance
of Vibrio parahaemolyticus isolates from
seafood from three developing countries
and of worldwide environmental, seafood,
and clinical isolates from 2000 to 2017.
Journal of Food Protection, 80(12), 2060—
2067. https://doi.org/10.4315/0362-028X.
JFP-17-156

Oh, H., Choi, Y., & Lee, J. (2025). Antibiotic-
resistant Salmonella in animal products
jeopardize human health. Food Science of
Animal Resources, 45(2), 409-428. https://
doi.org/10.5851/kosfa.2025.¢4

Oppliger, A., Moreillon, P., Charriére, N., Giddey,
M., Morisset, D., & Sakwinska, O. (2012).
Antimicrobial resistance of Staphylococcus
aureus strains acquired by pig farmers
from pigs. Applied and Environmental
Microbiology, 78(22), 8010-8014. https://
doi.org/10.1128/AEM.01902-12

Organisation for Economic Co-operation
and Development. (2019). Antimicrobial
resistance: Tackling the burden in the
European Union. OECD Publishing. https://
doi.org/10.1787/33cbfclc-en

Osinska, M., Nowakiewicz, A., Zigba, P., Gnat,
S.,Lagowski, D., & Troscianczyk, A. (2020).
Wildlife carnivorous mammals as a specific
mirror of environmental contamination with
multidrug-resistant Escherichia coli strains
in Poland. Microbial Drug Resistance,
26(9), 1120-1131. https://doi.org/10.1089/
mdr.2019.0480

Pal, C., Bengtsson-Palme, J., Kristiansson, E.,
& Larsson, D. G. J. (2016). The structure
and diversity of human, animal and
environmental resistomes. Microbiome,
4(1), 54. https://doi.org/10.1186/s40168-016-
0199-5

Pal, M., & Tolawak, D. (2023). A comprehensive
review on major zoonotic parasites from

1644

dogs and cats. International Journal of
Medical Parasitology and Epidemiology
Sciences, 4(1),3—11. https://doi.org/10.34172/
ijmpes.2023.02

Palmer, C. (2012). The moral relevance of the
distinction between domesticated and
wild animals. In Beauchamp, T. L., &
Frey, R. G. (Eds.), The Oxford handbook
of animal ethics (pp. 701-725). Oxford
University Press. https://doi.org/10.1093/
oxfordhb/9780195371963.013.0026

Pandey, S., Doo, H., Keum, G. B., Kim, E. S.,
Kwak, J., Ryu, S., Choi, Y., Kang, J., Kim,
S., Lee, N. R., Oh, K. K., Lee, J.-H., &
Kim, H. B. (2024). Antibiotic resistance
in livestock, environment and humans:
One Health perspective. Journal of Animal
Science and Technology, 66(2), 266-278.
https://doi.org/10.5187/jast.2023.¢129

Panyako, P. M., Lichoti, J. K., & Ommeh, S. C.
(2022). Review article: Antimicrobial drug
resistance in poultry pathogens: Challenges
and opportunities. Journal of Agriculture,
Science and Technology, 21(1), 62-82.
https://doi.org/10.4314/jagst.v21il.7

Patel, J. K., Zwetlana, A., Ghosh, D., Rajan,
V., Sivaraman, G. K., Vivekanandan,
P, & Elangovan, R. (2023). Whole
genome characterization of methicillin-
resistant  Staphylococcus spp. isolates
from  aquaculture-cultivated  shrimps.
Aquaculture, 575, 739704. https://doi.org/
10.1016/j.aquaculture.2023.739704

Pees, M., Brockmann, M., Steiner, N., &
Marschang, R. E. (2023). Salmonella
in reptiles: A review of occurrence,
interactions, shedding and risk factors for
human infections. Frontiers in Cell and
Developmental Biology, 11, 1251036.
https://doi.org/10.3389/fcell.2023.1251036

Peng, S., Zheng, H., Herrero-Fresno, A., Olsen,
J. E., Dalsgaard, A., & Ding, Z. (2021).
Co-occurrence of antimicrobial and metal
resistance genes in pig feces and agricultural
fields fertilized with slurry. Science of the

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

Total Environment, 792, 148259. https://
doi.org/10.1016/j.scitotenv.2021.148259

Pirolo, M., Gioffre, A., Visaggio, D., Gherardi,

M., Pavia, G., Samele, P., Ciambrone, L.,
Di Natale, R., Spatari, G., Casalinuovo, F.,
& Visca, P. (2019). Prevalence, molecular
epidemiology, and antimicrobial resistance
of methicillin-resistant  Staphylococcus
aureus from swine in southern Italy.
BMC Microbiology, 19(1), 51. https://doi.
org/10.1186/312866-019-1422-x

Pokharel, S., Shrestha, P., & Adhikari, B.

(2020). Antimicrobial use in food animals
and human health: Time to implement ‘One
Health’ approach. Antimicrobial Resistance
& Infection Control, 9(1), 181. https://doi.
org/10.1186/s13756-020-00847-x

Poole, K. (2017). At the nexus of antibiotics

and metals: The impact of Cu and Zn on
antibiotic activity and resistance. Trends in
Microbiology, 25(10), 820-832. https://doi.
org/10.1016/§.tim.2017.04.010

Preuss, J. F., Greenspan, S. E., Rossi, E. M.,

Lucas Gonsales, E. M., Neely, W. J., Valiati,
V. H., Woodhams, D. C., Becker, C. G.,
& Tozetti, A. M. (2020). Widespread pig
farming practice linked to shifts in skin
microbiomes and disease in pond-breeding
amphibians. Environmental Science &
Technology, 54(18), 11301-11312. https://
doi.org/10.1021/acs.est.0c03219

Prichula, J., Pereira, R. 1., Wachholz, G. R.,

Cardoso, L. A., Tolfo, N. C. C., Santestevan,
N. A., Medeiros, A. W., Tavares, M.,
Frazzon, J., d’Azevedo, P. A., & Frazzon,
A. P. G. (2016). Resistance to antimicrobial
agents among enterococci isolated from
fecal samples of wild marine species in the
southern coast of Brazil. Marine Pollution
Bulletin, 105(1), 51-57. https://doi.org/
10.1016/j.marpolbul.2016.02.071

Pruden, A., Arabi, M., & Storteboom, H. N.

(2012). Correlation between upstream
human activities and riverine antibiotic
resistance genes. Environmental Science &

1645

Technology, 46(21), 11541-11549. https://
doi.org/10.1021/es302657r

Raheem, D., Carrascosa, C., Oluwole, O. B.,
Nieuwland, M., Saraiva, A., Millan, R., &
Raposo, A. (2019). Traditional consumption
of and rearing edible insects in Africa, Asia
and Europe. Critical Reviews in Food
Science and Nutrition, 59(14), 2169-2188.
https://doi.org/10.1080/10408398.2018.14
40191

Rahman, S., & Hollis, A. (2023). The effect
of antibiotic usage on resistance in
humans and food-producing animals: A
longitudinal, One Health analysis using
European data. Frontiers in Public Health,
11, 1170426. https://doi.org/10.3389/fpubh.
2023.1170426

Ravindran, S., Noor, H. M., & Salim, H.
(2022). Anticoagulant rodenticide use in
oil palm plantations in Southeast Asia and
hazard assessment to non-target animals.
Ecotoxicology, 31(6), 976-997. https://doi.
org/10.1007/s10646-022-02559-x

Rivas, L., Dupont, P. Y., Gilpin, B. J., &
Cornelius, A. J. (2020). Isolation and
characterization of Clostridium difficile
from a small survey of wastewater, food and
animals in New Zealand. Letters in Applied
Microbiology, 70(1), 29-35. https://doi.
org/10.1111/lam.13238

Rojas-Jiménez, J., Brenes-Mora, E., Alcazar-
Garcia, P., Arguedas-Porras, R., &
Barquero-Calvo, E. (2019). Pansusceptible
Escherichia coli isolates obtained from
faeces of free-ranging Baird’s tapirs
(Tapirus bairdii) suggests a low selective
pressure for resistance determinants in
the northwestern region of the Talamanca
Mountain Range, Costa Rica. Journal of
Global Antimicrobial Resistance, 16, 140—
143. https://doi.org/10.1016/j.jgar.2018.09.
014

Rothrock, M. J., Hiett, K. L., Guard, J. Y., &
Jackson, C. R. (2016). Antibiotic resistance
patterns of major zoonotic pathogens from

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

all-natural, antibiotic-free, pasture-raised
broiler flocks in the Southeastern United
States. Journal of Environmental Quality,
45(2), 593-603. https://doi.org/10.2134/jeq
2015.07.0366

Saavedra, M. J., Fernandes, C., Teixeira,
A., Alvarez, X., & Varandas, S. (2022).
Multiresistant bacteria: Invisible enemies
of freshwater mussels. FEnvironmental
Pollution, 295, 118671. https://doi.org/10.
1016/j.envpol.2021.118671

Saengsitthisak, B., Chaisri, W,
Punyapornwithaya, V., Mektrirat, R.,
Klayraung, S., Bernard, J. K., & Pikulkaew,
S. (2020). Occurrence and antimicrobial
susceptibility profiles of multidrug-resistant
acromonads isolated from freshwater
ornamental fish in Chiang Mai Province.
Pathogens, 9(11), 973. https://doi.org/10.
3390/pathogens9110973

Salam, M. A., Al-Amin, M. Y., Pawar, J.
S., Akhter, N., & Lucy, 1. B. (2023a).
Conventional methods and future trends
in antimicrobial susceptibility testing.
Saudi Journal of Biological Sciences, 30(3),
103582. https://doi.org/10.1016/j.sjbs.2023.
103582

Salam, M. A., Al-Amin, M. Y., Salam, M. T.,
Pawar, J. S., Akhter, N., Rabaan, A. A., &
Alqumber, M. A. A. (2023b). Antimicrobial
resistance: A growing serious threat for
global public health. Healthcare, 11(13),
1946. https://doi.org/10.3390/healthcarel11
31946

Samreen, Ahmad, 1., Malak, H. A., & Abulreesh,
H. H. (2021). Environmental antimicrobial
resistance and its drivers: A potential
threat to public health. Journal of Global
Antimicrobial Resistance, 27, 101-111.
https://doi.org/10.1016/j.jgar.2021.08.001

Sanderson, H., Fricker, C., Brown, R.
S., Majury, A., & Liss, S. N. (2016).
Antibiotic resistance genes as an emerging
environmental contaminant. Environmental
Reviews, 24(2), 205-218. https://doi.org/
10.1139/er-2015-0069

1646

Santana-Hernandez, K. M., Rodriguez-Ponce,
E., Medina, I. R., Acosta-Hernandez, B.,
Priestnall, S. L., Vega, S., Marin, C., Cerda-
Cuéllar, M., Marco-Fuertes, A., Ayats, T.,
Garcia Beltran, T., & Lupiola-Gomez, P.
A. (2023). One Health approach: Invasive
California kingsnake (Lampropeltis
californiae) as an important source of
antimicrobial drug-resistant Salmonella
clones on Gran Canaria Island. Animals,
13(11), 1790. https://doi.org/10.3390/anil3
111790

Schwarz, S., Kehrenberg, C., & Walsh, T.
R. (2001). Use of antimicrobial agents
in veterinary medicine and food animal
production.  International Journal  of
Antimicrobial Agents, 17(6), 431-437.
https://doi.org/10.1016/S0924-8579(01)
00297-7

Sebastian, P. J., Schlesener, C., Byrne, B. A.,
Miller, M., Smith, W., Batac, F., Goertz, C.E.
C., Weimer, B. C., & Johnson, C. K. (2025).
Antimicrobial resistance of Vibrio spp. from
the coastal California system: Discordance
between genotypic and phenotypic patterns.
Applied and Environmental Microbiology,
91(3), e01808-24. https://doi.org/10.1128/
aem.01808-24

Sebola, D. C., Oguttu, J. W., Kock, M. M., &
Qekwana, D. N. (2023). Antimicrobial
resistance  patterns of  Acinetobacter
baumannii and Klebsiella pneumoniae
isolated from dogs presented at a veterinary
academichospitalin SouthAfrica. Veterinary
World, 16(9), 1880-1888. https:/doi.
org/10.14202/vetworld.2023.1880-1888

Serwecinska, L. (2020). Antimicrobials and
antibiotic-resistant bacteria: A risk to the
environment and to public health. Water,
12(12), 3313. https://doi.org/10.3390/w121
23313

Shaheen, M. N. F. (2022). The concept of one
health applied to the problem of zoonotic
diseases. Reviews in Medical Virology,
32(4), e2326. https://doi.org/10.1002/rmv.
2326

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

Shakerian, A., Barton, M. D., Akinbowale, O. L.,
& Khamesipour, F. (2018). Antimicrobial
resistance profile and resistance genes of
Vibrio species isolated from giant freshwater
prawn (Macrobrachium rosenbergii) raised
in Iran. Journal of the Hellenic Veterinary
Medical Society, 68(1), 79. https://doi.org/
10.12681/jhvms. 15566

Shifman, O., Steinberger-Levy, 1., Aloni-
Grinstein, R., Gur, D., Aftalion, M., Ron, I.,
Mamroud, E., Ber, R., & Rotem, S. (2019).
A rapid antimicrobial susceptibility test for
determining Yersinia pestis susceptibility to
doxycycline by RT-PCR quantification of
RNA markers. Frontiers in Microbiology,
10, 754. https://doi.org/10.3389/fmicb.2019.
00754

Silva, N., Igrejas, G., Figueiredo, N., Gongalves,
A., Radhouani, H., Rodrigues, J., & Poecta,
P. (2010). Molecular characterization of
antimicrobial resistance in enterococci and
Escherichia coli isolates from European
wild rabbit (Oryctolagus  cuniculus).
Science of the Total Environment, 408(20),
4871-4876. https://doi.org/10.1016/j.scitotenv.
2010.06.046

Sjolund, M., Bonnedahl, J., Hernandez, J.,
Bengtsson, S., Cederbrant, G., Pinhassi,
J., Kahlmeter, G., & Olsen, B. (2008).
Dissemination  of  multidrug-resistant
bacteria into the Arctic. Emerging
Infectious Diseases, 14(1), 70-72. https://
doi.org/10.3201/eid1401.070704

Sousa, M., Silva, N., Borges, V., Gomes, J. P.,
Vieira, L., Cani¢a, M., Torres, C., Igrejas,
G., & Poeta, P. (2020). MRSA CC398
recovered from wild boar harboring new
SCCmec type IV J3 variant. Science of the
Total Environment, 722, 137845. https://
doi.org/10.1016/j.scitotenv.2020.137845

Stedt, J., Bonnedahl, J., Hernandez, 1J.,
Waldenstrom, J., McMahon, B. J., Tolf, C.,
Olsen, B., & Drobni, M. (2015). Carriage
of CTX-M type extended spectrum
B-lactamases (ESBLs) in gulls across
Europe. Acta Veterinaria Scandinavica,

1647

57(1), 74. https://doi.org/10.1186/s13028-
015-0166-3

Sulzner, K., Kelly, T., Smith, W., & Johnson,
C. K. (2014). Enteric pathogens and
antimicrobial resistance in turkey vultures
(Cathartes aura) feeding at the wildlife—
livestock interface. Journal of Zoo and
Wildlife Medicine, 45(4), 931-934. https://
doi.org/10.1638/2012-0217.1

Tan, H.-S., Yan, P., Agustie, H. A., Loh,
H.-S., Rayamajhi, N., & Fang, C.-M.
(2023). Characterisation of ESBL/AmpC-
producing  Enterobacteriaceae  isolated
from poultry farms in Peninsular Malaysia.
Letters in Applied Microbiology, 76(1),
ovac044. https://doi.org/10.1093/lambio/
ovac044

Tanga, C. T. F., Makouloutou-Nzassi, P.,
Mbehang Nguema, P. P., Diix, A., Lendzele
Sevidzem, S., Mavoungou, J. F., Leendertz,
F. H., & Mintsa-Nguema, R. (2024).
Antimicrobial resistance in African great
apes. Antibiotics, 13(12), 1140. https://doi.
org/10.3390/antibiotics 13121140

Tate, H., Ayers, S., Nyirabahizi, E., Li, C.,
Borenstein, S., Young, S., Rice-Trujillo, C.,
Saint Fleurant, S., Bodeis-Jones, S., Li, X.,
Tobin-D’Angelo, M., Volkova, V., Hardy,
R., Mingle, L., M’ikanatha, N. M., Ruesch,
L., Whitehouse, C. A., Tyson, G. H., Strain,
E., & McDermott, P. F. (2022). Prevalence
of antimicrobial resistance in select bacteria
from retail seafood—United States, 2019.
Frontiers in Microbiology, 13, 928509.
https://doi.org/10.3389/fmicb.2022.928509

Tavares, G. C., de Queiroz, G. A., Assis, G. B.N.,
Leibowitz, M. P, Teixeira, J. P., Figueiredo,
H. C. P, & Leal, C. A. G. (2018). Disease
outbreaks in farmed Amazon catfish
(Leiarius marmoratus x Pseudoplatystoma
corruscans) caused by Streptococcus
agalactiae, S. iniae, and S. dysgalactiae.
Aquaculture, 495, 384-392. https://doi.
org/10.1016/j.aquaculture.2018.06.027

Thongsamer, T., Neamchan, R., Blackburn,
A., Acharya, K., Sutheeworapong,

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al.

S., Tirachulee, B., Pattanachan, P.,
Vinitnantharat, S., Zhou, X.-Y., Su, J.-
Q., Zhu, Y.-G., Graham, D., & Werner,
D. (2021). Environmental antimicrobial
resistance is associated with faecal pollution
in Central Thailand’s coastal aquaculture
region. Journal of Hazardous Materials,
416,125718. https://doi.org/10.1016/j.jhazmat.
2021.125718

Tskhay, F., Kébsch, C., Elena, A. X., Bengtsson-
Palme, J., Berendonk, T. U., & Kliimper,
U. (2025). Fish are poor sentinels for
surveillance of riverine antimicrobial
resistance. One Health, 20, 101026. https://
doi.org/10.1016/j.0onehlt.2025.101026

Tu, Z., Shui, J., Liu, J., Tuo, H., Zhang, H.,
Lin, C., Feng, J., Feng, Y., Su, W,, &
Zhang, A. (2023). Exploring the abundance
and influencing factors of antimicrobial
resistance genes in manure plasmidome
from swine farms. Journal of Environmental
Sciences, 124, 462-471. https://doi.org/10.
1016/j.jes.2021.11.030

Ubeyratne, K. H., Madalagama, R. P., Liu, X.,
Pathirage, S., Ariyawansa, S., Wong, M. K.
L., & Tun, H. M. (2023). Phenotypic and
genotypic characterization of antibiotic-
resistant Salmonella isolated from humans,
aquaculture, and poultry in Sri Lanka: A
retrospective study. Journal of Infection
and Public Health, 16,203-209. https://doi.
org/10.1016/.jiph.2023.10.028

Unger, F., Eisenberg, T., Prenger-Berninghoff,
E., Leidner, U., Semmler, T., & Ewers, C.
(2022). Imported petreptiles and their “blind
passengers”—In-depth characterization
of 80 Acinetobacter species isolates.
Microorganisms, 10(5), 893. https://doi.
org/10.3390/microorganisms 10050893

United Nations Environment Programme.
(2023). Bracing  for superbugs:
Strengthening environmental action in
the One Health response to antimicrobial
resistance. United Nations Environment
Programme. https://www.unep.org/resources/
superbugs/environmental-action

1648

Van Boeckel, T. P., Brower, C., Gilbert, M.,
Grenfell, B. T., Levin, S. A., Robinson, T.
P., Teillant, A., & Laxminarayan, R. (2015).
Global trends in antimicrobial use in food
animals. Proceedings of the National
Academy of Sciences, 112(18), 5649-5654.
https://doi.org/10.1073/pnas. 1503141112

van Hamelsveld, S., Kurenbach, B., Paull,
D. J,, Godsoe, W. A., Ferguson, G. C., &
Heinemann, J. A. (2023). Indigenous food
sources as vectors of Escherichia coli
and antibiotic resistance. Environmental
Pollution, 334, 122155. https://doi.org/10.
1016/j.envpol.2023.122155

Veloo, Y., Rajendiran, S., Zakaria, Z., Ismail,
R., Rahman, S. A., Mansor, R., & Thabhir, S.
S. A. (2025). Prevalence and antimicrobial
resistance patterns of Escherichia coli in
the environment, cow dung, and milk of
Selangor dairy farms. Antibiotics, 14(2),
137. https://doi.org/10.3390/antibiotics140
20137

Vezeau, N., & Kahn, L. (2024). Current
understanding and  knowledge gaps
regarding wildlife as reservoirs of
antimicrobial resistance. American Journal
of Veterinary Research, 85(6). https://doi.
org/10.2460/ajvr.24.02.0040

Viswanathan, M., Pearl, D. L., Taboada, E. N.,
Parmley, E. J., Mutschall, S., & Jardine, C.
M. (2017). Molecular and statistical analysis
of Campylobacter spp. and antimicrobial-
resistant Campylobacter carriage in wildlife
and livestock from Ontario farms. Zoonoses
and Public Health, 64(3), 194-203. https://
doi.org/10.1111/zph.12295

Vittecoq, M., Godreuil, S., Prugnolle, F.,
Durand, P., Brazier, L., Renaud, N., Arnal,
A., Aberkane, S., Jean-Pierre, H., Gauthier-
Clerc, M., Thomas, F., & Renaud, F. (2016).
Antimicrobial resistance in wildlife. Journal
of Applied Ecology, 53(2), 519-529. https://
doi.org/10.1111/1365-2664.12596

Wang, X., Yan, Q., Xia, X., Zhang, Y., Li,
D., Wang, C., Chen, S., & Hou, R.
(2013). Serotypes, virulence factors, and

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



ANTIMICROBIAL RESISTANCE (AMR) WILDLIFE

antimicrobial susceptibilities of vaginal
and fecal isolates of Escherichia coli from
giant pandas. Applied and Environmental
Microbiology, 79(17), 5146-5150. https://
doi.org/10.1128/AEM.01367-13

Whitten, T., Bender, J. B., Smith, K., Leano, F.,
& Scheftel, J. (2015). Reptile-associated
salmonellosis in Minnesota, 1996-2011.
Zoonoses and Public Health, 62(3), 199—
208. https://doi.org/10.1111/zph.12140

Willemsen, A., Reid, S., & Assefa, Y. (2022).
A review of national action plans on
antimicrobial resistance: Strengths and
weaknesses. Antimicrobial Resistance &
Infection Control, 11(1), 90. https://doi.
org/10.1186/s13756-022-01130-x

Willis, C., Wilson, T., Greenwood, M., & Ward,
L. (2002). Pet reptiles associated with a case
of salmonellosis in an infant were carrying
multiple strains of Salmonella. Journal of
Clinical Microbiology, 40(12), 4802—4803.
https://doi.org/10.1128/JCM.40.12.4802-
4803.2002

Xu, C., Kong, L., Gao, H., Cheng, X., & Wang,
X. (2022). A review of current bacterial
resistance to antibiotics in food animals.
Frontiers in Microbiology, 13, 822689.
https://doi.org/10.3389/fmicb.2022.822689

Yan, X., Yu, X., Tao, X., Zhang, J., Zhang, B.,
Dong, R., Xue, C., Grundmann, H., &
Zhang, J. (2014). Staphylococcus aureus
ST398 from slaughter pigs in northeast
China. International Journal of Medical
Microbiology, 304(3—4), 379-383. https://
doi.org/10.1016/j.;jmm.2013.12.003

Yang, A., Li, W,, Tao, Z., Ye, H., Xu, Z., Li,
Y., Gao, Y., & Yan, X. (2021). Vibrio
harveyi isolated from marine aquaculture
species in eastern China and virulence to
the large yellow croaker (Larimichthys
crocea). Journal of Applied Microbiology,
131(4), 1710—-1721. https://doi.org/10.1111/
jam.15070

Yazdankhah, S., Skjerve, E., & Wasteson, Y.
(2018). Antimicrobial resistance due to the

1649

content of potentially toxic metals in soil
and fertilizing products. Microbial Ecology
in Health and Disease, 29(1), 1548248.
https://doi.org/10.1080/16512235.2018.15
48248

Zajac, M., Skarzynska, M., Lalak, A., Kwit,
R., Smialowska—Wf;gliﬁska, A., Pasim,
P., Szulowski, K., & Wasyl, D. (2021).
Salmonella in captive reptiles and their
environment—Can we tame the dragon?
Microorganisms, 9(5), 1012. https://doi.
org/10.3390/microorganisms9051012

Zare, P., Ghorbani-Choboghlo, H., Jaberi, S.,
Razzaghi, S., Mirzae, M., & Mafuni, K.
(2014). Occurrence and antimicrobial
resistance  of  Salmonella  spp. and
Escherichia coli isolates in apparently
healthy slaughtered cattle, sheep and goats
in East Azarbaijan Province. International
Journal of Enteric Pathogens, 2(1). https://
doi.org/10.17795/ijep15451

Zhao, C., Ge, B., De Villena, J., Sudler, R.,
Yeh, E., Zhao, S., White, D. G., Wagner,
D., & Meng, J. (2001). Prevalence of
Campylobacter spp., Escherichia coli,
and Salmonella serovars in retail chicken,
turkey, pork, and beef from the Greater
Washington, D.C., area. Applied and
Environmental ~ Microbiology,  67(12),
5431-5436. https://doi.org/10.1128/AEM.67.
12.5431-5436.2001

Zhao, H., Sun, R., Yu, P, & Alvarez, P. J. J.
(2020). High levels of antibiotic resistance
genes and opportunistic  pathogenic
bacteria indicators in urban wild bird feces.
Environmental Pollution, 266, 115200.
https://doi.org/10.1016/j.envpol.2020.115
200

Zhao, Y., Cocerva, T., Cox, S., Tardif, S., Su,
J.-Q., Zhu, Y.-G., & Brandt, K. K. (2019).
Evidence for co-selection of antibiotic
resistance genes and mobile genetic
elements in metal polluted urban soils.
Science of the Total Environment, 656,512—
520. https://doi.org/10.1016/].scitotenv.2018.
11.372

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



Siti Hajar Azmi et al. 1650

Zhou, M., Li, Q., Yu, S., Han, H., & Osborne, N. Science of the Total Environment, 887,
J. (2023). Co-proliferation of antimicrobial 164046. https://doi.org/10.1016/j.scitotenv.
resistance genes in tilapia farming ponds 2023.164046

associated with use of antimicrobials.

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1612-1650



