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Abstract

Antimicrobial resistance (AMR) poses a critical global public health threat, with the food
chain serving as a significant transmission route connecting animals, environment, and
humans. This review adopts a One Health perspective to analyze the key drivers of AMR
dissemination across animal agriculture, aquaculture and food processing. We evaluate
detection methodologies, contrasting the regulatory gold standard of culture-based pheno-
typic testing with rapid molecular advancements, including Whole Genome Sequencing
(WGS), metagenomics, and emerging CRISPR-Cas diagnostics. While molecular tools offer
unprecedented speed and resolution, challenges such as matrix interference, the viable
but non-culturable (VBNC) state, and the genotype-phenotype disconnect remain. Finally,
integrated mitigation strategies are also described, ranging from on-farm antimicrobial
stewardship and innovative biofilm control to consumer hygiene practices. It is essential to
bridge the technical and regulatory gaps in AMR surveillance in order to develop effective
interventions and ensure a safer food system.

Keywords: antimicrobial resistance; food chain; food safety; One Health; whole genome
sequencing; AMR mitigation strategies

1. Introduction

Antimicrobial resistance (AMR) is among the top ten global public-health threats,
with >1.27 million deaths attributed to resistant bacterial infections in 2019 [1]. Regionally,
this burden is disproportionately higher in low- and middle-income countries (LMICs),
where fragile sanitation infrastructures and less regulated access to antimicrobials exacer-
bate transmission risks [1]. Within the food chain specifically, the global consumption of
antimicrobials in food-producing animals is projected to rise dramatically, driven largely
by shifting dietary patterns and intensified farming practices in developing regions [2].
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This agricultural use significantly amplifies the regional and global spread of foodborne
resistant pathogens, translating into severe economic burdens, higher healthcare costs, and
increased mortality across interconnected ecosystems [2,3]. The growing prevalence of
antimicrobial-resistant microorganisms reduces the effectiveness of current treatments, re-
sulting in prolonged illnesses, higher healthcare costs, and increased mortality [3]. Beyond
clinical settings, AMR poses a significant challenge to food safety and security, as resistant
bacteria and genetic determinants can move seamlessly across interconnected ecosystems,
from farms and food production systems to the wider environment and ultimately reaching
consumers [4]. The food chain, spanning primary production, processing, distribution, and
consumer handling, constitutes a major, yet largely under-quantified, exposure route for
AMR emergence, amplification, and dissemination [5].

At farm level, the use and misuse of antimicrobials in livestock [2], aquaculture [6],
and crop production [7] create selective pressure that promotes the development of resistant
bacteria [8]. These organisms and their genetic determinants can persist in manure, soil,
and water, facilitating environmental dissemination and horizontal gene transfer among mi-
crobial communities. During food processing and distribution, cross-contamination events
and inadequate hygiene practices can further spread resistant strains, and consumers may
be exposed through contaminated food products or contact surfaces, thereby perpetuating
the transmission cycle [8].

Despite growing awareness, substantial gaps remain in the detection and control of
AMR within the food chain. Conventional culture-based susceptibility testing remains
the gold standard for AMR monitoring in foods, but time-to-result (48-72 h) and limited
throughput hinder proactive risk management [9]. Furthermore, conventional monitoring
approaches often fail to capture the complexity of resistance dynamics, particularly those
associated with microbial communities embedded in biofilms [10]. Biofilm-associated AMR
represents a critically under-recognized challenge, as biofilms provide a protective environ-
ment that enhances bacterial persistence, resistance, and tolerance to antimicrobials and
disinfectants in food industry [11]. Modern molecular assays, such as qPCR, digital-PCR,
and shotgun metagenomics, substantially reduce detection times (<8 h) and allow multi-
plexed quantification of diverse genetic determinants in a single run [12]. Emerging on-site
technologies, such as CRISPR-Cas12 fluorescence (DETECTR) [13], nanopore sequencing,
and Al-supported biosensors, now enable near-real-time generation of actionable data from
farm, processing, or abattoir swabs [14].

Rather than proposing conclusive operational solutions, this paper aims to provide
an updated synthesis of available evidence regarding AMR detection and control within
the food chain. By organizing and critically analyzing current methodologies, we seek to
identify key trends, highlight specific technological patterns, and interpret existing gaps to
support evidence-based decision-making and strategy development.

2. Methodology

This paper presents a comprehensive narrative review designed to analyze the current
landscape of AMR within the food chain, with a specific focus on bridging the gap between
detection capabilities and mitigation strategies from a One Health perspective. Although
structured as a narrative synthesis, the literature search and study selection processes
were guided by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework to ensure methodological transparency, rigor, and reproducibility.
To ensure a rigorous synthesis of available evidence, a structured literature search was
executed between November 2025 and February 2026. Primary data were identified across
major scientific databases, including PubMed (NCBI), Scopus, Web of Science, and Sci-
enceDirect as shown in Figure 1. These sources were supplemented by grey literature,
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technical guidelines, and surveillance reports from official regulatory bodies, specifically
the European Food Safety Authority (EFSA), the European Centre for Disease Prevention
and Control (ECDC), the World Health Organization (WHO), the Food and Agriculture Or-
ganization (FAO), and the International Organization for Standardization (ISO), to ensure
the inclusion of current regulatory frameworks and standard operating procedures. To
ensure exhaustive coverage, the search strategy employed specific Boolean operators (AND,
OR) to combine key terms across three thematic clusters. The exact search strings used were:
(i) Context and Drivers: (“Antimicrobial Resistance” OR “AMR”) AND (“Food Chain” OR
“One Health” OR “Animal Agriculture” OR “Aquaculture” OR “Environment”); (ii) De-
tection Technologies: (“Detection Methods” OR “Whole Genome Sequencing” OR “WGS”
OR “Metagenomics” OR “CRISPR-Cas” OR “Biosensors”) AND (“AMR” OR “Pathogens”);
and (iii) Mitigation Strategies: (“Biofilms” OR “Phage therapy” OR “Quorum sensing” OR
“Food processing” OR “Biosecurity”) AND (“AMR mitigation” OR “Control”).

/\
v — e ——
v
Databases: Grey Literature
i g
PubMed, Scopus, 5
EFSA, ECDC, WHO,
WoS,
. . FAQ, ISO
ScienceDirect

T

Records screened
after
duplicates
removed

' Y

Excluded: Full-text articles
Irrelevant assessed for
+ titles/abstracts | eligibility

Studies included
in
Qualitative
Narrative
Synthesis
(Drivers,
Detection,
Mitigation)

Excluded:
+ Clinical only, Non-
English,
+ No food safety
link

Figure 1. PRISMA flow diagram illustrating the literature search and selection process. The diagram
details the identification of records from scientific databases (PubMed, Scopus, Web of Science,
ScienceDirect) and grey literature (e.g., EFSA, ECDC, WHO), followed by the screening and eligibility
phases that led to the final selection of studies for the qualitative narrative synthesis.
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Regarding the temporal scope, the selection process prioritized studies published
between 2010 and 2026, which constitute the majority of the cited literature, to reflect the
most recent technological advancements in genomic surveillance (e.g., NGS, CRISPR-Cas)
and current epidemiological trends. However, to provide necessary historical context
regarding antimicrobial bans and the evolution of susceptibility testing standards, seminal
papers and foundational regulations dating back to 2001 were also thoroughly reviewed.
Following the screening and eligibility phases, a total of 204 peer-reviewed articles, official
reports, and technical guidelines were included in the final qualitative synthesis.

The screening process involved an initial review of titles and abstracts to remove
duplicates and irrelevant studies, followed by a full-text assessment based on predefined
inclusion criteria. Specifically, the review selected peer-reviewed articles and official reports
in English that addressed the transmission, detection, or control of AMR within the food
production continuum. Studies focusing exclusively on clinical human treatments without
a clear food safety or One Health link were excluded. To minimize bias, the literature
screening and data extraction stages were conducted independently by three authors
(E.G., PS. and T.M.), with any discrepancies resolved through discussion or consultation
with a fourth senior author (J.C.). A standardized data extraction form was utilized
to systematically extract relevant information and ensure consistency across all included
studies (provided as Supplementary Material Table S1). Data were synthesized qualitatively
to identify key drivers of dissemination, compare the resolution of phenotypic versus
genotypic methods, and evaluate integrated mitigation strategies, thereby supporting the
review’s aim to identify and bridge existing knowledge gaps.

3. Sources and Drivers of AMR in the Food Chain

The food chain presents a complex and interrelated ecosystem where antimicrobial-
resistant bacteria and resistance genes can emerge, persist, and spread, posing both direct
and indirect risks to human health [5]. Therefore, understanding the key drivers and trans-
mission routes of AMR in the food chain is essential to recognizing the factors contributing
to this global threat and to develop effective mitigation strategies. In line with World
Health Organization (WHO) recommendations, a coordinated One Health approach [15]
is crucial for addressing AMR in a highly globalized food system, where resistance de-
terminants can spread rapidly through trade, population mobility, and interconnected
supply chains [16]. Without this multi-sectoral action, efforts to counter AMR risk become
insufficient, with the potential to compromise the effectiveness of current antimicrobial
therapies [17]. Accordingly, AMR in the food chain arises from multiple interconnected
sources, with animal agriculture, aquaculture, crops, the environment, and food processing
all playing significant and interdependent roles (Figure 2).

3.1. Animal Agriculture

Animal agriculture is a major source of AMR within the food chain due to the
widespread use of antibiotics to promote growth and prevent disease in livestock, combined
with the frequent occurrence of biofilms in animal housing and water distribution sys-
tems [5,18]. A substantial proportion of these antibiotics are administered at subtherapeutic
doses, primarily to enhance growth performance and prevent infectious diseases [19]. Such
practices apply strong and persistent selective pressure on animal-associated microbiomes,
promoting the development and maintenance of multidrug-resistant pathogens, including
vancomycin-resistant Enterococcus (VRE), carbapenem-resistant Enterobacteriaceae (CRE),
and methicillin-resistant Staphylococcus aureus (MRSA) [20]. As such, the systematic integra-
tion of antibiotics into feed and drinking water, especially in poultry and swine production,
further magnifies this selective pressure [19,20].
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Figure 2. Schematic overview of interrelated pathways linking sources and drivers of AMR in animal,
plant, environmental, and food-processing systems that interact and facilitate the spread of resistance
throughout the food chain within a One Health context.

Although several high-income countries have implemented restrictions or prohibitions
on the use of growth-promoting antibiotics, their use remains widespread in many LMICs,
where over-the-counter access, limited veterinary supervision, and lack or insufficient
regulatory surveillance contribute to high overall usage [16]. Beyond that, and even when
antimicrobial drugs are used properly, resistant bacteria can still survive treatment and
spread resistance determinants traits through spontaneous mutations or horizontal gene
transfer via plasmids, transposons, and other mobile genetic elements [21].

In addition to antibiotic exposure, selective pressures in livestock environments can
also arise from the use of heavy metals (such as copper and zinc) and biocides commonly
incorporated into feed formulations and sanitation practices [22]. Importantly, many an-
timicrobial resistance genes are co-located with metal- and biocide-resistance determinants
on common mobile genetic elements, implying that the exposure to these compounds can
indirectly maintain and spread AMR even in the absence of such antibiotics [23]. This
co-selection phenomenon further complicates mitigation strategies, as reducing antibiotic
use alone may not be enough to stop antimicrobial-resistant bacteria from persisting and
spreading in animal production systems. Moreover, microbial biofilms readily form in
animal housing and water distribution systems, harboring pathogenic and antimicrobial-
resistant bacteria that are protected from disinfection and that facilitate horizontal gene
transfer, thereby enhancing the persistence and spread of resistance genes [18].

Therefore, AMR bacteria from animal agriculture can reach the human food chain
through multiple ways. Direct transmission occurs through close contact with colonized
animals, particularly among farmers and veterinarians [24]. There is also significant indirect
exposure to resistant bacteria and genetic determinants contaminating meat, milk, and eggs
during production and processing, entering domestic settings via retail food, or spreading
through contaminated agricultural effluents [24]. Moreover, some studies showed that
plasmid-mediated resistance genes can be transferred between foodborne pathogens and
human-associated bacteria within food matrices [25,26]. Additionally, resistant bacteria
and resistance genes from animal waste and biofilms can disseminate into soil and water,
forming environmental reservoirs that reenter the food chain and pose risks to both animal
and human health, being key routes for environmental spread [5]. Collectively, these routes
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increase the introduction of resistant strains into the human microbiome, thereby increasing
the risk of infections that are difficult to treat [27].

3.2. Aquaculture and Crops

In parallel with animal agriculture and driven by exponential population growth
and increasing pressure on limited planetary resources, there is a pressing need to rely on
aquaculture and crop production to meet global food demand [6,28]. As a result, intensive
aquaculture systems, characterized by high animal stocking densities, are known to cause
physiological stress, making aquatic animals more susceptible to bacterial infections and
thereby increasing the demand for antibacterial drugs [29]. As observed across other
food-production sectors, the indiscriminate and widespread use of antibiotics to prevent
disease and promote growth in fish and shellfish, particularly in regions with less stringent
regulations, remains one of the most significant drivers of resistance selection, together
with the accumulation of antimicrobial residues in sediments and surrounding waters [28],
which frequently reach alarming concentrations that severely disrupt aquatic ecosystems
and act as a continuous driver for resistance selection [30]. In general, production systems
are strongly influenced not only by the prophylactic antimicrobial use but even more by
metaphylactic practices, whereby entire livestock groups are treated with antibiotics in the
water supply even when only a few animals show signs of infection [31]. Furthermore,
bacteria in aquaculture environments quickly form biofilms on nets, tanks, and piping
systems, enabling survival under antimicrobial pressure, persistence at high cell densities,
and markedly increased rates of horizontal gene transfer [32].

Likewise, the use of pesticides and antimicrobial agents in plant agriculture, together
with the application of contaminated water, manure, compost, and sewage sludge from
livestock farms, can select resistance determinants and spread resistant microorganisms
into crops [33]. In fact, the application of animal manure as a fertilizer may introduce
antibiotic residues and multidrug-resistant bacteria coming from treated livestock [34].
Similarly, the use of contaminated surface water or wastewater, including sewage or farm
runoff, for irrigation carries the same risk, since wastewater treatment facilities do not
always completely remove antibiotic residues and microorganisms [35]. Consequently,
selective pressure is imposed on the soil microbiomes, where the presence of low con-
centrations of antibiotics and heavy metals often found in manure promotes the survival
and proliferation of resistant bacteria [36]. Furthermore, the soil environment is already
rich in microorganisms, providing a natural setting for the horizontal transfer of genetic
determinants of resistance between bacteria associated with plants and humans. Moreover,
in contrast to animal-based products, which are usually cooked, many vegetables, such
as leafy greens, are ingested raw. This means that resistant bacteria that persist on the
surface are not destroyed during the cooking process and could potentially colonize the
human gut [37].

Importantly, aquaculture and crop production systems are not isolated, but are inher-
ently connected to surrounding ecosystems through the continuous discharge of effluents,
runoff, and waste [27]. These biological exchanges establish the natural environment not
merely as a passive recipient of contamination, but as a dynamic reservoir that actively
drives the evolution and spread of AMR throughout the food chain [38].

3.3. Environment

While aquaculture and crop production systems act as major points of antimicrobial
resistance selection and entry into the food chain, the broader environment represents an
independent and highly dynamic reservoir where resistance determinants persist, evolve,
and are redistributed across ecosystems and back into food production systems [39,40].
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Environmental contamination from wastewater, and poor management practices,
combined with selective pressures and gene transfer, are central to the emergence and
spread of AMR [38].

Within a One Health framework, surface waters and wastewater treatment systems
represent critical hotspots for AMR spreading through the environment, increasing their
chance of reaching the food chain [41,42]. The occurrence and persistence of these antimi-
crobial drugs in aquatic ecosystems represent a severe environmental implication, acting as
a continuous driver for resistance selection [30]. In practice, Wastewater Treatment Plants
(WWTPs) receive all sorts of high-risk effluents, ranging from urban sewage to hospital-
derived sewage [41]. In addition, the accumulation of non-antibiotic pollutants, such as
heavy metals and biocides, exerts a strong selective pressure. As already noted, genes
encoding resistance to metals and antibiotics are often located on the same mobile genetic
elements or have common efflux mechanisms [43]. Consequently, environmental pollution
can promote and spread AMR even in the absence of detectable antibiotic residues.

As conventional treatments often fail to eliminate resistance genes and chemical
residues, biofilm rich WWTPs function as genetic mixing tanks, where environmental
bacteria and human pathogens exchange genes before being released into the environment,
such as rivers and other watercourses, thus facilitating gene exchange among bacteria and
accelerating the spread of resistance [42]. Consequently, surface waters act as long-distance
transport vectors, carrying these resistant bacteria from inland sources to coastal environ-
ments, where they can contaminate shellfish harvesting areas, or back into agricultural
systems through irrigation, effectively recycling AMR back into the food chain [44].

Beyond hydrological pathways, environmental AMR spread also involves biological
vectors, such as wildlife, particularly migratory birds, rodents, and insects. By feeding in
contaminated areas, such as waste disposal landfills or near WWTPs, these animals can
be colonized by resistant bacteria and physically transfer them to geographically distant
regions or livestock farms that would otherwise be separated from such contamination [45].

Moreover, environmental AMR dynamics are strongly shaped by climatic and socio-
economic factors. High temperatures have been correlated with increased bacterial growth
rates and higher frequencies of horizontal gene transfer in aquatic systems, while heavy
rainfall worsens contamination by causing sewer overflows and increasing agricultural
runoff [46]. These factors are closely linked to socioeconomic conditions, as disparities
in sanitation infrastructure and wastewater management directly influence the load of
resistant bacteria being introduced into the ecosystem. Economic pressures in less regulated
countries often prioritize high-yield production over biosecurity, fostering environments
where resistance determinants spread due to underinvestment in pollution control and
waste management [39,47,48].

However, AMR-related risks are not limited to pre-harvest environments. Once raw
materials enter the industrial phase, additional selective pressures arise during processing
and handling, further amplifying the potential for AMR spread.

3.4. Processing and Handling

By the time feedstock enters the industrial phase, the processing and handling envi-
ronment presents a critical point where AMR can be intensified or further spread through
specific vectors and structural niches. Food contact equipment and surfaces often serve as
reservoirs for persistent bacterial colonization [49]. In these settings, bacteria readily form
biofilms, which not only protect them from standard cleaning protocols but also promote
cross-contamination between successive batches of meat or fresh products [50]. Beyond
equipment, the supplies used for conservation and transport play a decisive role. Water and
ice, often used for washing, cooling, or packaging, must be free of harmful microorganisms;
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otherwise, they act as efficient vehicles for spreading antimicrobial-resistant bacteria across
large volumes of food products [51].

In addition, the processing environment itself is prone to contamination via poor
air quality, dust, and the presence of vectors that can physically spread resistant strains
throughout storage and preparation areas [45]. In this regard, the human element remains
the most significant vector at this stage as food handlers can act as asymptomatic carriers of
resistant S. aureus, Escherichia coli, and Salmonella enterica. Improper hygiene practices, such
as insufficient hand washing or handling money during food service, facilitate the direct
transfer of these pathogens from workers to ready-to-eat foods, avoiding any additional
thermal elimination steps [52].

Nevertheless, the drivers of AMR in processing are not limited to handling contamina-
tion but also cover active selection pressures. Widespread use of biocides, disinfectants,
and conservatives creates a chemically driven environment that can select for tolerant
and resistant bacteria [53]. Long-term or sublethal exposure to these agents can promote
cross-resistance to clinically important antimicrobials through common pathways such as
multi-resistant efflux pumps [54]. Likewise, sublethal stresses from processing, including
moderate heat, acidification, cold storage, or ultraviolet treatment, can have adverse conse-
quences. When these preservation methods do not completely kill bacteria, the resulting
stress response can trigger the expression of silent resistance genes or increase the rate of
horizontal gene transfer, potentially enriching the final food product with highly resistant
bacterial communities [55].

Ultimately, inadequate sanitation programs and the lack of rigorous control systems
allow these bacteria to persist and recirculate within factories and households. As such,
processing and handling should be considered not only as a logistical step, but as a key
control point in mitigating the global AMR burden. In order to effectively break this
cycle of transmission and ensure food safety, it is crucial to implement robust surveillance
strategies that can quickly and accurately detect these resistant pathogens and their genetic
determinants in the food matrix [56].

4. Detection of AMR in the Food Chain

The ability to detect and characterize AMR is a cornerstone of effective control and
surveillance within the food chain [57]. In contrast to healthcare settings, where antimicro-
bial susceptibility testing informs patient therapy, AMR monitoring in food systems targets
resistant bacteria and resistance determinants isolated from food-producing animals, food
matrices, and associated production environments, without constituting clinical testing of
foods themselves [5].

AMR emergence and dissemination occur across interconnected stages of the food
chain, from primary production to consumption, reflecting complex ecological and evolu-
tionary processes [5]. Addressing this complexity requires integrated surveillance strategies
capable of capturing resistant microorganisms, resistance genes, and mobile genetic ele-
ments across heterogeneous food matrices and along the entire farm-to-fork continuum [40].

Current surveillance frameworks rely primarily on standardized phenotypic suscepti-
bility testing of indicator and zoonotic bacterial isolates to ensure regulatory harmonization
and longitudinal comparability. These approaches are increasingly complemented by high-
resolution molecular and genomic methodologies, which enable detailed characterization
of resistance mechanisms, evolutionary trajectories, and transmission dynamics within and
across food systems [40,58]. This section critically evaluates these complementary method-
ologies, with particular emphasis on their analytical resolution, applicability across food
systems, and current limitations, in the context of strengthening global AMR surveillance
and ensuring food safety [59].
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4.1. Conventional Methods

Conventional culture-based methods remain the gold standard for AMR detection in
food surveillance systems worldwide [60,61]. These methods rely on the isolation of viable
bacteria from food matrices followed by phenotypic testing to determine susceptibility
to specific antimicrobial agents [62,63]. Their widespread adoption is driven by their
reproducibility and standardized protocols, and their results provide clinical relevance
since the phenotypic resistance confirms that a bacteria can survive while being exposed to
a given antibiotic [8,60].

4.1.1. Sample Preparation and Isolation

The reliability of any conventional method begins with sample preparation, a critical
step regulated by international standards such as ISO 6887 [64]. Different food matrices
pose significant and distinct challenges regarding bacteria recovery [65,66]. Standard
protocols require the homogenization of samples to release bacteria from the matrices
without compromising their viability [64].

Following homogenization, the isolation of target pathogens, such as Salmonella spp.,
Campylobacter spp., and E. coli, typically involves a multi-step workflow [67]. A non-
selective pre-enrichment step allows for the resuscitation of injured cells, which are com-
mon in food matrices due to cold and heat stress, or exposure to food preservatives and
other chemicals. Buffered Peptone Water (BPW) is the standard medium used in this
step, which is typically incubated at 37 °C [64,68]. This step is followed by the selective
enrichment, in which samples are transferred to specialized media containing inhibitory
substances that suppress competing microbiota while favoring the growth of the target
microorganism [69]. Then selective and/or differential plating is employed where the
enriched culture is streaked onto selective agar plates to ensure the isolation of the target
pathogen [70]. Also, selective and/or differential media can be used for AMR surveillance,
and specific protocols have been developed to screen directly for resistant phenotypes,
as the case of Extended-Spectrum Beta-Lactamase (ESBL), AmpC beta-lactamase, and
Carbapenemase-producing E. coli [71]. The European Union Reference Laboratory for
Antimicrobial Resistance (EURL-AR) recommends that protocols use MacConkey agar
supplemented with cefotaxime for the selective isolation of ESBL/AmpC producers [71,72].
This allows resistant populations to be recovered that might otherwise be outgrown by
susceptible bacteria on non-selective media. Furthermore, chromogenic agar media have
revolutionized this stage by incorporating chromogenic substrates with antibiotics that are
hydrolyzed by specific bacterial enzymes, resulting in different colored colonies [70]. This
allows a rapid visual differentiation of target resistant pathogens, such as MRSA or VRE,
directly at the plate [70,73].

4.1.2. Phenotypic Antimicrobial Susceptibility Testing (AST)

After obtaining a pure culture, Antimicrobial Susceptibility Testing (AST) can be
performed to evaluate resistance, using the methods described below (Table 1).

The Broth Microdilution (BMD) method is currently the internationally accepted refer-
ence method for AST in food surveillance, as defined by ISO 20776-1 and CLSI M07 stan-
dards [74,75], and is highly suitable and cost-effective for rapidly growing, non-fastidious
foodborne pathogens like Salmonella enterica and Escherichia coli. In this method, bacteria
are inoculated into a series of wells containing Mueller-Hinton broth with known concen-
trations of different antibiotics [9]. Then, the Minimum Inhibitory Concentration (MIC)
is determined as the lowest concentration that inhibits visible growth, when no turbidity
is observed [76]. This technique provides a quantitative result (MIC value), rather than
a qualitative result. Additionally, it is a very standardized technique since the use of
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automated pipetting and commercially available 96-well plates make it easy to perform

and harmonize across reference laboratories [63].

Table 1. Conventional methods used for AMR detection.

Method Principle Type of Result Key Features References
e  Gold Standard (ISO

Bacteria are inoculated into 20776-1/CLSI MO07).
Broth Microdilution ~ wells with Mueller-Hinton Quantitative o  Automated and highly [9,63,74-76]
(BMD) broth containing varying (MIC value) standardized. Y

antibiotic concentrations. e  Essential for harmonized

surveillance data.
a e Low cost and simple execution.
Antibiotic disks are placed - . R
. e : Qualitative Widely used in clinical /smaller
Disk Diffusion on an inoculated agar plate; .
. R (Susceptible/Re labs. [77-79]
(Kirby-Bauer) zone of inhibition is . .
. . sistant) e  Lacks precise MIC values for
measured after incubation. .
risk assessment.
e  Combines diffusion simplicity
. . . with quantitative MIC.

Gradient Strip Ursee—c(l)i f}i)rllzsc{ﬂccosrtzle};st:;’ggna Quantitative e  Used to confirm ambiguous [76,80]
Method (E-test) p (MIC value) results. !

gradient of the antibiotic.

° Ideal for fastidious organisms
(e.g., Campylobacter spp.).

While the Disk Diffusion (Kirby-Bauer) method is less common in more advanced
laboratories, it remains widely used in clinical and smaller food testing laboratories due to
its low cost and simplicity [77]. In this approach, antibiotic disks are placed on an agar plate
inoculated with a bacterial lawn, and after 24 h of incubation, the diameter of the inhibition
zone is measured and interpreted as susceptible or resistant [78]. Although effective for
initial screening, this method does not provide precise MIC values, thereby limiting its
utility for quantitative risk assessment in the food chain [79].

The Gradient Strip Method (E-test) employs plastic strips loaded with a predefined
antibiotic concentration [76]. It combines the simplicity of diffusion with the quantitative
capability of MIC determination [76]. It is useful for confirming ambiguous results from
automated systems or for testing fastidious organisms like Campylobacter spp., for which
broth dilution can be technically demanding [80].

4.1.3. Regulatory Frameworks

An important aspect of AMR testing and surveillance is the interpretation of the
data obtained. The classification of an isolate as “Resistant” or “Susceptible” depends on
the breakpoints applied [81]. Two major institutions set these standards: CLSI (Clinical
and Laboratory Standards Institute), dominant in the USA and many international set-
tings [82], and EUCAST (European Committee on Antimicrobial Susceptibility Testing),
widely adopted in Europe and increasingly globally [83].

Additionally, a major difference in food safety when compared to clinical diagnostics
is the use of Epidemiological Cut-off Values (ECOEFFs), instead of Clinical Breakpoints [84].
Clinical Breakpoints predict the likelihood of therapeutic success in treating a patient [81],
while ECOFFs distinguish the “wild-type” population (without acquired resistance mecha-
nisms) from the resistant population [85]. For food chain surveillance, EFSA and EURL-
AR prioritize ECOFFs because they are more sensitive in detecting the emergence of
low-level resistance that may not yet result in clinical failure but represents a significant
transmission risk [63].
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4.2. Molecular Approaches

While conventional methods describe the phenotype, molecular approaches target the
genotype. The recent advances in molecular diagnostics for the food chain are driven by
the need for fast results, the ability to detect non-culturable organisms, and the requirement
to trace transmission pathways [86]. These methods focus on the detection of specific
Antimicrobial Resistance Genes (ARGs) or point mutations associated with resistance [87].

The comparison between these molecular approaches and regulatory phenotypic
methods is summarized in Figure 3.

4.2.1. Polymerase Chain Reaction (PCR)-Based Methods

PCR remains the main tool for molecular detection due to its specificity and sensitiv-
ity [88]. It amplifies targeted DNA sequences, enabling the detection of known resistance
genes [89]. Multiple variants of the conventional PCR technique are currently used in AMR
surveillance, the most relevant of which are described below.

Multiplex PCR enables multiple target genes to be amplified simultaneously in a
single reaction using different primer pairs [67]. This method increases the speed of the
results and reduces reagent costs compared to single-target assays, making it ideal for
large-scale screening [67]. This technique is valuable for screening complex food matrices
where diverse resistance mechanisms and bacterial species often co-exist [90]. However,
implementing multiplex PCR is technically challenging as it requires rigorous optimization
to ensure compatible annealing temperatures for all primer sets and prevent the formation
of primer-dimers, which can inhibit the reaction [91]. Furthermore, competition for shared
reagents, such as DNA polymerase and dNTPs, can lead to preferential amplification of
abundant targets, potentially masking low-abundance resistance genes. Careful validation
of limit-of-detection (LOD) is therefore required for each target [92].

Real-Time Quantitative PCR (qQPCR) outperforms traditional PCR by monitoring am-
plification in real-time using fluorescent markers, enabling the precise quantification of
ARG copy numbers using a calibration curve rather than just their presence/absence detec-
tion [92]. This capability represents a major advantage for food safety applications, as ARG
abundance may correlate more closely with the potential for horizontal gene transfer than
qualitative data alone [40]. There are two main ways this technique can be employed, using
non-specific DNA-binding dyes like SYBR Green, which are cost-effective but may bind to
non-target double-stranded DNA (including primer-dimers), and sequence-specific hydrol-
ysis probes (such as TagMan), which offer superior specificity and allow for multiplexing
within the qPCR format by using different fluorophores [93]. Despite its sensitivity, qPCR
in food analysis faces the challenge of matrix-derived inhibitors [94]. Certain substances
such as calcium ions in milk, humic acids in vegetables, and heme groups or hemoglobin
in meat products can inhibit DNA polymerase activity, leading to reduced ARG results or
false negatives [94]. Therefore, the inclusion of internal amplification controls is mandatory
to validate reaction efficiency in these complex matrices [95].
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Figure 3. Comparative overview of traditional versus molecular approaches for AMR detection in
the food chain. The figure illustrates the workflow differences between conventional phenotypic
methods (top), characterized by culture isolation and longer time-to-result, and genotypic methods
(bottom), including PCR, Whole Genome Sequencing (WGS), and metagenomics, which offer rapid
detection and high-resolution genetic characterization.
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Viability PCR (v-PCR) tackles a major limitation of the conventional PCR and qPCR,
which is the inability to distinguish between DNA from viable bacteria from the remaining
DNA from dead cells, that can lead to false-positive cases in foods that have undergone heat
treatment or disinfection [96]. Viability PCR addresses this by using DNA-intercalating dyes
such as Propidium Monoazide (PMA) or the more recent PMAxx, which offers enhanced
selectivity [97,98]. These dyes are added to the sample prior to DNA extraction [97]. They
penetrate only the compromised membranes of dead cells and, upon photo-activation with
high-intensity light, covalently bind to DNA [97]. This modification physically blocks the
DNA polymerase, preventing amplification of “dead” DNA during the PCR [97]. v-PCR
has been successfully applied to detect viable Salmonella, Listeria, and Campylobacter in
matrices like lettuce, milk, and poultry [99-101]. However, this technique relies on light
penetration; therefore, more turbid samples can inhibit the effect of the treatment with the
dyes, leading to incomplete suppression of the amplification of DNA from dead cells [102].
Additionally, older dyes like Ethidium Monoazide (EMA) have been shown to be toxic
to some viable bacterial species (e.g., Campylobacter), potentially causing false negative
results [103].

4.2.2. Whole Genome Sequencing (WGS)

WGS has altered the landscape of AMR surveillance, moving from a research tool
to the new reference standard for regulatory agencies like the FDA (GenomeTrakr) and
EFSA [86].

Most routine regulatory surveillance currently relies on short-read sequencing (such
as Illumina), which generates highly accurate reads of small DNA fragments (typically
150-300 bp) [104]. While this technology is cost-effective and the industry standard for
SNP-based phylogenetic typing, it has a significant limitation in AMR analysis: it struggles
to resolve repetitive DNA regions, which are common in plasmids and transposons where
resistance genes be located in [105]. As a result, short reads often fail to bridge these repeats,
resulting in fragmented genome assemblies where it is impossible to determine if an ARG
is located on the chromosome (vertical transmission) or on a mobile plasmid (horizontal
transmission) [105]. To overcome this limitation, long-read sequencing technologies, like
Oxford Nanopore Technologies and PacBio, have emerged, capable of sequencing single
molecules with thousands of base pairs in length [106]. Although individual long reads
exhibit lower base-level accuracy, these long reads can detect repetitive regions, allowing
for the complete assembly of circular plasmids [107]. The integration of both technologies,
called Hybrid Assembly, is increasingly becoming the gold standard for characterizing the
mobile genetic elements present in foodborne pathogens, allowing them to definitively
track the movement of multidrug-resistance plasmids between different bacterial species in
the food chain [107].

Using WGS data, phenotypic resistance profiles can be predicted by comparing the
sequenced genome with curated databases, such as ResFinder [108]. One key metric
used to evaluate the adoption of this technology is the Genotype-Phenotype Correlation,
which estimates the degree to which the presence of a gene predicts the actual resistance
profile [109]. Extensive validation studies demonstrated very high concordance rates (often
exceeding 95%) for key foodborne pathogens like Salmonella against clinically relevant
antibiotics, whereas predictive accuracy drops significantly (below 80%) for species with
complex, multifactorial resistance mechanisms like Pseudomonas spp. [109]. This reliability
has led national surveillance programs to rely less on routine phenotypic testing and
more on WGS-only workflows [110]. However, there are some risks associated with this
technology, such as certain complex resistance mechanisms (e.g., specific aminoglycoside
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modifications) or novel resistance genes that are not yet cataloged in databases can lead to
false-negative predictions [87].

Beyond resistance detection, WGS enables source attribution, a method used to identify
the origin of infections and outbreaks [111]. By analyzing the core genome, which are shared
essential genes, and calculating SNP distances, epidemiologists can match bacterial strains
with high precision [112]. This capability allows public health agencies to determine which
specific food sources are responsible for antibiotic-resistant infections [113]. Consequently,
surveillance shifts from passive monitoring to proactive intervention, enabling regulators
and agencies to pinpoint the exact region or food product causing issues and implementing
the required mitigation strategies [114].

4.2.3. Metagenomics

While WGS requires a pure culture, metagenomics sequences all DNA present in a
sample, being capable of providing a culture-independent analysis of the entire microbial
community and its collection of resistance genes [115].

The shotgun approach fragments all DNA in a sample and sequences it randomly [116].
This provides information about all ARGs present, including those in non-pathogenic
organisms such as commensal species or environmental bacteria, which often serve as
reservoirs for resistance [116,117]. One of its main advantages is that it can detect the full
spectrum of resistance potential in a food product or production environment, and not only
in the bacteria that would grow in a culture plate [116]. However, a significant drawback
is that the majority of DNA in a food sample comes from the host animal, rather than the
bacteria present in it [118]. Therefore, techniques to remove host DNA are crucial, these
include differential lysis (lysing host cells while keeping bacteria intact) or the use of specific
commercial kits that enzymatically degrade non-bacterial DNA prior to extraction [119].

Another limitation of traditional short-read metagenomics is the loss of context. While
it can detect a resistance gene and a pathogen in the same sample, it is difficult to attribute
genes to pathogens [105]. Even so, the inability to link plasmids to their host bacteria makes
risk assessment difficult [105]. To address this challenge, long-read metagenomics bridges
the gap between resistance genes and their hosts by sequencing them together on long
DNA fragments [120]. Furthermore, advanced bioinformatic tools can now exploit DNA
methylation patterns to associate plasmids with their specific bacterial hosts [121]. To-
gether, these advances enable the culture-free identification of resistant carriers in complex
food matrices.

Metagenomics has also a strong application in the One Health surveillance of food
production environments [122]. It is increasingly being used to monitor the resistome in
wastewater and soil in agricultural settings, providing insight into environmental reservoirs
of resistance [123,124]. Unlike the conventional PCR, which targets predefined genes
only, metagenomics offers a complete and comprehensive view of microbial community
composition and resistance dynamics [116]. By detecting resistance trends and novel genes
before their emergence in clinical settings, this approach is important to active ecosystem
monitoring [125].

4.3. Rapid and Emerging Technologies

The necessary time to obtain results from conventional methods (2—4 days) and even
sequencing-based approaches (days to weeks) is often incompatible with the short shelf-life
of many food products [67]. For instance, while a phenotypic AST requires 48-72 h to yield
results, targeted qPCR can provide data in under 4 h, and nanopore sequencing can generate
actionable resistome profiles within 6 to 12 h. Consequently, there is increasing interest in
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technologies that offer real-time or near real-time detection, including Point-of-Care (POC)
capabilities [126].

4.3.1. MALDI-TOF MS

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry
(MALDI-TOF MS) analyzes the protein mass spectrum of a bacteria [127]. In this technique,
bacterial colonies are mixed with a matrix, ionized by a laser, and the time it takes for the
ions to travel creates a characteristic spectrum specific to each bacterium [127].

Beyond species identification, MALDI-TOF is increasingly used to explore AMR
detection [128]. This can be achieved by detecting specific resistance-associated proteins or
by observing the antibiotic hydrolysis [128]. For example, beta-lactamase assays involve
incubating bacteria with a beta-lactam antibiotic, such as carbapenem, for a few hours and
followed by detection of mass shifts corresponding to hydrolyzed antibiotic molecules [128].

One of the main advantages of MALDI-TOD MS is that species identification can be
achieved within minutes once a colony is available [129]. However, it still relies on prior
culture isolation, meaning that it speeds up the species confirmation but does not eliminate
the need for initial culture isolation [129].

4.3.2. Nucleic Acid-Based Biosensors and Isothermal Amplification

The rapid and accurate detection of AMR is essential for ensuring food safety, moni-
toring environmental reservoirs and enabling timely interventions. When combined with
isothermal amplification techniques such as Loop-Mediated Isothermal Amplification
(LAMP) and Recombinase Polymerase Amplification (RPA), nucleic acid-based biosensors
offer a highly sensitive, specific and portable approach to AMR surveillance. Unlike con-
ventional PCR, these methods operate at a constant temperature, eliminating the need for
thermocycling equipment and enabling deployment in the field or in settings with limited
resources [130].

Several studies have demonstrated the versatility and efficiency of these platforms.
For instance, LAMP-based assays have successfully detected various AMR genes, such
as mcr-1, blaKPC, and blaOXA variants, in pond water samples within approximately one
hour, demonstrating the potential for rapid environmental monitoring [131].

Advances in electronic biosensors have further expanded the range of applications
for isothermal amplification. Thin-film transistor (TFT) sensors coupled with RPA have
demonstrated the ultra-fast detection of 3-lactam and carbapenem resistance genes, such
as CTX-M and NDM, in E. coli and K. pneumoniae isolates [132]. This provides real-time,
quantitative results within minutes. These examples collectively illustrate how nucleic
acid-based biosensors can be adapted to various sample matrices, including environmental
water, food products and clinical isolates, while maintaining rapid turnaround times,
portability and high sensitivity.

4.3.3. CRISPR-Cas Diagnostics

The adaptive immune system of bacteria, CRISPR-Cas, has been repurposed for molec-
ular diagnostics [133-135]. Platforms such as SHERLOCK (Cas13) and DETECTR (Cas12a)
use programmable guide RNAs to recognize specific nucleic acid sequences, including
genes associated with antimicrobial resistance [133,134]. When the Cas enzyme binds to
the target ARG, it cleaves nearby reporter molecules, releasing a detectable fluorescent
signal [134].

These assays can achieve sensitivities comparable to PCR while operating under
isothermal conditions, thereby eliminating the need for thermocyclers and enabling deploy-
ment on simple paper-based formats or portable devices [135]. For instance, Cas12a-based
assays have been successfully applied to detect the blaxpc., gene, which confers resistance
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to 3-lactam antibiotics, demonstrating high specificity and operational simplicity and high-
lighting their strong potential for rapid antimicrobial resistance screening in clinical and
field settings [136].

4.4. Detection Gaps

Despite these major technological advances, significant gaps remain that make it
difficult to establish a comprehensive AMR surveillance network across all food chain [137].

4.4.1. The Viable but Non-Culturable (VBNC) Blind Spot

A major limitation of the gold standard culture methods is the lack of capacity to
detect bacteria in the VBNC state [138]. Different food processing stages often induce
this state, where bacteria remain metabolically active and potentially virulent, but fail to
grow on standard agar plates [139]. Consequently, food products can appear to be safe
by regulatory standards but still have pathogenic resistant bacteria that resuscitate after
being ingested [140]. While gPCR and metagenomics can detect these, they lack regulatory
methods, creating some disparities between legal safety testing and actual risk [141].

4.4.2. Matrix Interference and Sample Complexity

Food matrices are chemically complex and often contain potent inhibitors of PCR
polymerases, such as calcium in milk and heme groups in meat [94] that are compounds
that can chelate Mg?* ions or interact directly with DNA, leading to false-negative results
in molecular assays [94].

Additionally, it is impossible to develop a universal extraction protocol that eliminates
these inhibitors; methods optimized for certain types of matrices that can fail when used
with different types of matrices [94]. The lack of standardized sample preparation protocols
for molecular methods introduces inter-laboratory variability and limits data comparability,
complicating AMR surveillance efforts.

4.4.3. The Genotype-Phenotype Disconnect

Molecular methods detect the presence of a certain gene, not its expression. An isolate
may harbor an ARG that is transcriptionally silent due to promoter defects or regulatory
mutations, resulting in a phenotypically susceptible profile [142]. Additionally, new re-
sistance mechanisms (such as efflux pump overexpression or porin loss and mutations)
may not yet be captured by WGS databases, leading to false susceptible genotype predic-
tions [143]. This gap underscores the continued use of phenotypic testing to confirm the
results obtained by genotype surveillance, preventing a genomic-only surveillance to be
implemented [144].

4.4.4. Global Standardization Challenges

While the EU and USA are moving towards WGS-based surveillance, this technology
remains too expensive and logistically inaccessible for many LMICs, which often bear the
highest burden of foodborne AMR and its emergence is most critical [144]. Implementing
WGS requires not only sequencers but also robust bioinformatic infrastructure, data storage,
and skilled personnel, all of which are often lacking in these regions [145].

Even among High-Income Countries (HICs), the lack of harmonized sequencing
protocols, analytical pipelines, and reporting standards limits the comparability of genomic
and metagenomic data across borders, hindering global surveillance and coordinated
responses [145].
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4.4.5. Fragmentation of the One Health System

Current AMR surveillance remains highly fragmented, since data from veterinary,
food, and human settings are kept in separate databases, which are managed by different
agencies with different rules and standards [146]. Bridging these gaps requires not just
technological solutions, but political and administrative solutions to create data platforms
that allow resistant genes to be tracked from farm to fork to patient within a unified One
Health framework [146].

Therefore, the effective AMR detection in the food chain currently relies on a hybrid
surveillance approach. The conventional methods provide phenotypic information for regu-
latory standards, while molecular and emerging technologies offer the speed and resolution
required for a quick trace-back of the pathogens, as it is described in Table 2 [147]. Address-
ing existing gaps will require efforts to standardize molecular protocols, reduce costs for
global implementation, and integrate all the data into a single One Health system [147].

Table 2. Comparison of the available methods used for AMR detection in the food chain.

Conventional Rapid Technologies
Feature Phenotvpic Methods PCR Methods WGS Metagenomics (Biosen-
P sors’/MALDI)
Phenotypic o Entire genome . .
. : Specific DNA Total community Proteins/Electro-
Primary Target expression sequences (ARGs) (Genotype & DNA (resistome) chemical signals
(growth/inhibition) 4 Phylogeny) &
. . . Moderate (days to Very Rapid (minutes
Required Time Slow (2—4 days) Rapid (hours) Moderate (days) weeks) to hours)
High (with . . . High (batch . Variable (often single
Throughput automation) High (multiplexing) sequencing) High sample)
Detects Unknown Yes (if phenotype is No (requires known Yes (novel Yes Generally, No
Resistance? expressed) primers) mutations/genes) (targeted)
s Poor (detects dead .
. Vl.abl.hty. Excelle.n ¢ (only grows cells unless v-PCR Poor (DNA based) Poor (DNA based) Variable (depends on
Discrimination live cells) used) method)
Matrix Interference Low (purification via High (inhibitors in High (h(?st I?NA Very ng}} (host DNA Moderate
culture) food) contamination) dominance)
. . . Variable (High setup,
Cost Low Moderate High (but decreasing) Very High low per-test)
Gold Standard (ISO . Emerging Standard Research/Explo- Screening /Confir-
Regulatory Status 20776) Screening /Research (FDA/EURL) ratory mation
False positives from Bioinformatics Host DNA Lack of
e Misses VBNC; slow p .. bottleneck; cost; contamination; comprehensive
Key Limitation dead cells; limited . . . )
to get results genotype-phenotype  biological noise; data  databases; regulatory
targets . . A
mismatch complexity validation

The analysis of current AMR detection reveals that a transition is happening, since it
is moving from a system based on culturing pathogens after contamination has occurred,
towards a system based on genomics [122]. However, this transition faces challenges that
extend beyond simple technical limitations [122].

The first major issue is the discrepancy between data generation and results. While
modern sequencing generates massive amounts of data, food safety officers do not need
this complexity, they require risk indicators to make decisions [148,149]. Currently, the lack
of user-friendly decision-support tools translating genomic data into regulatory actions
limits practical implementation [149]. Additionally, diagnostic innovation is evolving faster
than the regulatory framework, while new diagnostic tools can detect contamination in
minutes, legislation often still mandates slow culture-based confirmation, undermining
the utility of rapid diagnostics [150]. Accelerated validation and regulatory acceptance of
molecular methods are therefore essential [150].
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Finally, current AMR surveillance often misses the mobile genetic elements that spread
resistance [151]. Antimicrobial resistance is driven by plasmids capable of transferring be-
tween species, meaning that a harmless commensal bacterium can harbor a resistance gene
and subsequently pass it to a pathogenic one [151]. This process is particularly favored in
environmental biofilms, where high cell density and close cell-cell contact strongly enhance
horizontal gene transfer mechanisms [152]. Future strategies must monitor the potential of
transmission of these genetic elements, rather than just the bacteria themselves [151]. Given
the globalized nature of the food supply chain, equitable access to advanced detection
technologies is critical, as resistance emerging in resource-limited settings can rapidly
spread worldwide [153].

5. Mitigation Strategies Across the Food Chain

Efforts to combat AMR must not be limited to isolated interventions within the food
chain. Instead, mitigation requires a coordinated and multistep approach that addresses
the causes of resistance at all stages, including production, processing, distribution, and
consumption. Therefore, control measures must span the entire food chain, from farm to
fork, as it is a significant route for the persistence and dissemination of resistant bacteria
and resistance genes. However, the precise magnitude of this spread has not yet been
fully quantified. Effective AMR detection and control across all stages require interprofes-
sional collaboration, robust regulatory frameworks, expanded surveillance systems, and
continuous stakeholder training.

5.1. On-Farm

On-farm mitigation strategies represent the frontline of defense in preventing the
emergence and dissemination of AMR within the food chain. These interventions must
address the core driver of the problem, namely antimicrobial misuse. As the farming sector
serves as a critical interface between antimicrobial pressure, bacterial populations, animal
health, and the environment, a comprehensive and well-integrated set of management
measures is required.

5.1.1. Prudent Antimicrobial Stewardship

Prudent antimicrobial stewardship is a well-documented approach that has been
shown to be effective in reducing resistance in both animal and human populations, often
without compromising farm productivity. Studies confirmed that interventions aimed
at restricting antibiotic use in food-producing animals lead to a significant reduction in
the prevalence of antibiotic-resistant bacteria in livestock [154]. Crucially, this reduction
extends beyond the farm, with parallel decreases observed in resistant bacteria within
human populations, highlighting the direct link between on-farm source control and public
health safety [154].

Several European countries have successfully implemented evidence-based steward-
ship programs grounded in scientific evidence. A notable example is the Danish ban on
avoparcin, a structural analog of vancomycin previously used as a growth promoter [155].
This measure led to a drastic decline in VRE in both livestock and human populations
within two years [155]. Similarly, Australia has maintained strict regulatory policies regard-
ing quinolone use in food-producing animals [156]. Consequently, resistance rates to this
antimicrobial class in pathogens such as E. coli and Campylobacter spp. remain significantly
lower than in countries with less restrictive policies.

5.1.2. Enhanced Biosecurity and Farm Management

Biosecurity and farm management practices constitute fundamental pillars of on-
farm AMR mitigation [157]. Studies on biosecurity and water, sanitation, and hygiene

https://doi.org/10.3390/antibiotics15030262


https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262

19 of 33

(WASH) interventions highlight the efficacy of these measures [157]. Literature consistently
demonstrates that improved farm management leads to a significant reduction in the
reliance on antimicrobials, while manure-targeted interventions can drastically decrease
the load of ARGs and resistant bacteria in animal waste [157]. Consequently, there is a
strong consensus linking the implementation of high biosecurity standards with a marked
reduction in antimicrobial consumption [157].

Key biosecurity measures that are essential for breaking transmission cycles include
the compartmentalization and segregation of animal groups, alongside “all-in/all-out”
production systems. These practices must be supported by rigorous hygiene protocols,
encompassing regular cleaning and disinfection of facilities, equipment, and contact sur-
faces [158]. Additional critical components include safe feed and water management to
prevent pathogenic contamination, continuous personnel training to ensure compliance,
and meticulous and systematic record-keeping to track antimicrobial use and monitor
resistance trends [158].

5.1.3. Alternative Disease Prevention and Control Strategies

Beyond stewardship and biosecurity, alternative disease prevention strategies are
increasingly recognized as indispensable components of a comprehensive on-farm AMR
mitigation framework. These include vaccination programs as well as use of probiotics
and prebiotics, organic acids, antimicrobial peptides, and plant-derived compounds, which
act through complementary mechanisms to enhance host immunity, modulate the gut
microbiota and control microorganism colonization. These interventions aim to maintain
animal health and productivity while minimizing reliance on conventional antimicrobials.
A summary of the principal alternative strategies and their mechanisms is provided in
Table 3.

Table 3. Key alternative approaches to AMR prevention.

Strategy Mechanism of Action Key Impacts & Evidence References
N Induces specific immunity and High efflcacy, belpg con51deref:l a top-tier
Vaccination . . alternative. A major outcome is the
prevents disease transmission . ) [158-160]
Programs and outbreaks improved performance metrics and
' reduced need for therapeutic treatments.
Probiotics and Promotes beneficial gut flora Limit gastrointestinal infections,
Prebiotics and causes a competitive increasing gut health, and lowers overall ~ [152,161,162]
exclusion of harmful microbes.  demand for antimicrobial interventions.
. . Acidifies gut environment and . N
Orgamc Acids and creates hostile conditions for Reduce pathogenic load (such as E. coli) in [163,164]
Acidulants L the GI tract.
pH-sensitive pathogens.
Antimicrobal  Targeted antimicrobialacivity, SR E SR RO
. while preserving normal pathogens 1 g 5 [165-168]
Peptides (AMPs) microbiota (high specificity) diarrhea incidence and promotes growth
&1 5P ) comparable to antibiotics.
Plant-Derived ?ﬁ;iﬁggﬁ;ﬂgfgﬁfam’ Inhibit biofilm formation, reduce bacterial
Compounds & y pathogenicity and virulence and causes no  [152,169,170]

Essential Oils

anti-quorum sensing (disrupts
bacterial signaling).

selection pressure for resistant strains.

5.2. Processing & Retail

Mitigating AMR at the processing and retail stages requires the strict implementation
of hygiene protocols, effective biofilm control measures, and robust surveillance systems
to prevent the persistence and dissemination of resistant bacteria and ARGs through food
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chain. Food processing environments constitute Critical Control Points (CCPs), where high
bacterial loads can be rapidly disseminated if adequate sanitation and safety protocols are
compromised [171].

5.2.1. Innovative Biofilm Control Approaches

Biofilm-mediated AMR represents an often-underestimated but highly persistent chal-
lenge in food safety [172]. These structured microbial communities function as protective
reservoirs, significantly enhancing bacterial survival and tolerance to antimicrobials and
disinfectants, as illustrated in Figure 4 [173]. Consequently, biofilms constitute a critical
issue for the food and other industries, since this protective mode of growth allows food-
borne pathogens to withstand processing stressors, leading to persistent contamination of
equipment and posing a significant risk to public health risks [174].
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Figure 4. Mechanisms of antimicrobial resistance and persistence within food processing biofilms. The
illustration shows a multispecies bacterial community adhered to a stainless-steel surface, embedded
in a protective extracellular polymeric substance (EPS) matrix. Key resistance features include
physical tolerance, where the EPS matrix acts as a barrier hindering the penetration of disinfectants
and sanitizers, the presence of viable but non-culturable (VBNC) cells that survive antimicrobial
treatment and are metabolically active, and enhanced Horizontal Gene Transfer (HGT) of resistance
plasmids between bacteria within the biofilm structure.

To overcome the limitations of conventional sanitation practices, innovative biofilm
control strategies increasingly focus on preventing initial attachment and disrupting es-
tablished biofilm communities through surface engineering and biological control inter-
ventions. Surface modification and antimicrobial coatings modify the surface properties
of food processing materials, such as stainless steel and plastics, and represent effective
approaches to reduce bacterial colonization [175,176]. These strategies include coating
deposition, surface texturing, and chemical treatments [175,176].

These interventions operate through three primary mechanisms, more exactly:
(1) decreasing surface roughness to minimize available attachment sites for bacterial ad-
hesion, (2) introducing antimicrobial agents directly onto the surface to actively inhibit
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growth, (3) and applying hydrophobic coatings to repel water and organic matter, thereby
impeding the initial stages of biofilm formation [175-178].

Quorum sensing (QS) inhibition and plant-derived compounds represent additional
promising biofilm control strategies. Certain essential oils derived from medicinal plants
exhibit potent anti-biofilm and anti-QS activities [169]. Mechanistically, these compounds
down-regulate genes involved in QS signaling (such as [uxR, luxS, gseB, and sdiA) and
biofilm structural components (such as csgA, csgB, csgD, fIhD, fliZ, and motB) [179,180].
Among evaluated compounds, rose, geranium, lavender, and rosemary oils have demon-
strated superior inhibition activity [169].

A synergistic approach combining QS inhibitors with exopolysaccharide (EPS) de-
graders not only suppresses microbial growth but also enhances the efficacy of cleaning
protocols [181]. This strategy reduces contamination risks, thereby extending the shelf
life and safety of food products. Importantly, plant-based biofilm control compounds
offer a sustainable alternative that does not contribute to the development of chemical or
antimicrobial resistance [170,181-183].

Finally, bacteriophage-based biocontrol represents a highly specific biological strategy
for eliminating bacterial pathogens without disrupting the commensal microbiota [184].
Phages are viruses that specifically infect and lyse target bacteria while remaining harmless
to mammalian cells [184]. This host specificity offers a distinct advantage over broad-
spectrum antimicrobial agents, ensuring pathogen eradication while preserving beneficial
microbial balance [185-187].

5.2.2. Stringent Hygiene and Sanitation Protocols

Rigorous implementation of comprehensive sanitation protocols [188] constitutes the
cornerstone of AMR mitigation in food processing environments. To effectively prevent
biofilm formation and reduce the dissemination of resistance, protocols must encompass
five key dimensions: (1) thorough pre-cleaning to eliminate organic matter that serves as
a substrate for biofilm development; (2) chemical sanitization using approved agents at
optimal concentrations and contact times; (3) routine verification testing to confirm sanita-
tion efficacy; (4) surveillance systems capable of detecting persistent contamination; and
(5) meticulous documentation to ensure full traceability of all sanitation activities [189,190].

5.2.3. Surveillance and Monitoring Systems

Beyond traditional methods, critical innovations in hygiene management emphasize
the integration of rapid verification technologies. Tools such as ATP bioluminescence
monitoring, real-time microbial detection systems, and advanced molecular assays (QPCR
and digital PCR) can enhance sanitation effectiveness, and this shift facilitates a transition
from reactive corrective actions to proactive and risk-based hygiene management [191].

The integration of high-throughput molecular methods into routine surveillance sys-
tems is crucial for proactive AMR risk management [192]. While conventional culture-based
methods remain the legal gold standard, their 48-72 h turnaround time often delays critical
decision-making [9]. In contrast, the adoption of rapid platforms like qPCR, biosensors, and
on-site molecular diagnostics allows the generation of same-day actionable data [193-195].
This shift enables processors to quarantine or treat contaminated batches before they enter
the retail chain, thereby preventing recalls and ensuring consumer safety.

5.3. Consumer Level

Mitigating AMR spread at the consumer level is a critical, yet a frequently overlooked
component of the food chain strategy. Contaminated food products constitute a direct
vector for human exposure to antimicrobial-resistant bacteria and ARGs [5]. Consequently,
consumer behavior acts as the last line of defense in interrupting transmission cycles. De-
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spite the implementation of strict surveillance at the farm and processing stages, improper
domestic practices, such as cross-contamination between raw and cooked foods, inade-
quate thermal processing, and poor hygiene, can negate upstream efforts, facilitating the
colonization of the human gut by resistant pathogens [196-198].

Food Handling and Hygiene Practice

Studies indicate a high prevalence of antimicrobial-resistant bacteria in retail meat and
seafood, with some reports showing median prevalence rates exceeding 50% for pathogens
such as Campylobacter, Enterococcus, Salmonella, E. coli, Listeria, and Vibrio spp. [186,199-201].
This scenario underscores the significant exposure risk consumers face through the handling
and consumption of contaminated raw products.

The “4Cs” of food safety, more exactly, Cleaning, Cooking, Chilling, and avoiding
Cross-contamination, remain the cornerstone measures for reducing AMR transmission
risks [202]. Adequate thermal processing is particularly critical, as proper heat treatment
effectively eliminates viable bacteria, including resistant strains, rendering the food safe
for consumption [203]. However, consumer awareness and strict compliance with these
hygiene practices vary widely across different demographic groups, reducing their overall
effectiveness [203].

Given the ability of resistant bacteria to persist in domestic environments, preventing
cross-contamination is crucial. Evidence suggests that contaminated kitchen surfaces often
act as reservoirs for resistant pathogens, facilitating their transfer to ready-to-eat foods
during preparation [204]. Consequently, the strict separation of raw and cooked foods,
thorough disinfection of food-contact surfaces, and proper hand hygiene are therefore key
interventions to mitigate domestic AMR spread [196,204].

A summary of mitigation strategies across the food chain is presented in Figure 5.

Farm-to-fork mitigation
strategies
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I !
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Figure 5. Integrated mitigation strategies to combat antimicrobial resistance across the food chain
(“Farm-to-Fork”). On-farm strategies include the implementation of biosecurity measures, manure
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management, and alternative therapies such as vaccination, probiotics and strict hygiene protocols.
At the processing and retail level, the focus is on biofilm control using novel quorum sensing in-
hibitors (such as essential oils), bacteriophages, and rigorous sanitation protocols supported by rapid
monitoring. Lastly, at the Consumer Level, an adherence to the “4Cs” of food safety: proper Cook-
ing (thermal elimination), Chilling, Cleaning (hand hygiene), and preventing Cross-contamination
between raw and cooked foods.

6. Conclusions

The dissemination of AMR within the food chain poses a serious and escalating threat
to global public health and food security, requiring a shift from reactive control to proactive
and integrated surveillance. This review highlights that, while the food chain acts as a vast,
interconnected reservoir for resistant bacteria and resistance genes, our ability to detect,
interpret, and respond to these threats is currently undergoing a critical transition.

Moving from traditional culture-based methods to advanced genomic technologies,
such as WGS and metagenomics, offers unprecedented resolution for tracking transmission
pathways and characterizing resistance mechanisms. However, there is still a significant
discrepancy between technological capability and real-world implementation. Current
regulatory frameworks often lag behind scientific innovation, failing to fully exploit rapid
diagnostics or to adequately address critical gaps, such as the VBNC blind spot. Fur-
thermore, the absence of global standardization, coupled with economic barriers that
prevent low- and middle-income countries from adopting high-tech surveillance, results in
a fragmented global defense system against a borderless AMR threat.

Ultimately, mitigating AMR requires far more than isolated interventions but it de-
mands a unified One Health approach that effectively bridges veterinary, environmental,
and human health sectors. A comparative analysis of current detection frameworks in-
dicates that while genotypic technologies offer unprecedented resolution, their universal
adoption remains economically unfeasible for many regions. Therefore, the most effective
trend identified in this synthesis points toward hybrid surveillance models: utilizing rapid,
cost-effective biosensors for high-throughput, first-line screening at processing facilities,
while reserving WGS for complex epidemiological investigations. Future efforts must prior-
itize the harmonization of molecular detection protocols, the development of cost-effective
and deployable rapid sensing technologies, and the enforcement of strict antimicrobial
stewardship and biofilm control programs from farm to fork. Only by closing the loop
between detection, data, integration, and timely regulatory action can the integrity of the
global food supply be safeguarded against the rising challenge of antimicrobial resistance.
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BPW Buffered peptone water
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CLSI Clinical and Laboratory Standards Institute

CRE Carbapenem-resistant Enterobacteriaceae
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MRSA Methicillin-resistant Staphylococcus aureus
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POC Point-of-care
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QS Quorum sensing

qPCR Quantitative polymerase chain reaction
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VBNC Viable but non-culturable
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WASH Water, sanitation and hygiene
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WWTPs Wastewater treatment plants

https://doi.org/10.3390/antibiotics15030262


https://doi.org/10.54499/LA/P/0045/2020
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 25 of 33

References

1. Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Robles Aguilar, G.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al.
Global Burden of Bacterial Antimicrobial Resistance in 2019: A Systematic Analysis. Lancet 2022, 399, 629-655. [CrossRef]

2. Van Boeckel, T.P.; Brower, C.; Gilbert, M.; Grenfell, B.T.; Levin, S.A.; Robinson, T.P; Teillant, A.; Laxminarayan, R. Global Trends
in Antimicrobial Use in Food Animals. Proc. Natl. Acad. Sci. USA 2015, 112, 5649-5654. [CrossRef] [PubMed]

3. Ahmed, SK; Hussein, S.; Qurbani, K.; Ibrahim, R.H.; Fareeq, A.; Mahmood, K.A.; Mohamed, M.G. Antimicrobial Resistance:
Impacts, Challenges, and Future Prospects. J. Med. Surg. Public Health 2024, 2, 100081. [CrossRef]

4. Elbehiry, A.; Marzouk, E.; Abalkhail, A.; Edrees, HM.; Ellethy, A.T.; Almuzaini, A.M.; Ibrahem, M.; Almujaidel, A.; Alzaben, E;
Algrni, A.; et al. Microbial Food Safety and Antimicrobial Resistance in Foods: A Dual Threat to Public Health. Microorganisms
2025, 13, 1592. [CrossRef] [PubMed]

5. Verraes, C.; Van Boxstael, S.; Van Meervenne, E.; Van Coillie, E.; Butaye, P.; Catry, B.; de Schaetzen, M.A.; Van Huffel, X.;
Imberechts, H.; Dierick, K,; et al. Antimicrobial Resistance in the Food Chain: A Review. Int. |. Environ. Res. Public Health 2013, 10,
2643-2669. [CrossRef]

6. Mohammed, E.A.H.; Kovécs, B.; Kuunya, R.; Mustafa, E.O.A.; Abbo, A.S.H.; Pél, K. Antibiotic Resistance in Aquaculture:
Challenges, Trends Analysis, and Alternative Approaches. Antibiotics 2025, 14, 598. [CrossRef]

7.  Prescott, S.; Mahmood, J.; Studer, M.; Renganathan, E.; Ahamad, F; Ganeson, M.; Graham, M.E.; Wilson, B.A.; Ramkumar, D.;
Rosencranz, H.; et al. Unseen Drivers of Antimicrobial Resistance: The Role of Industrial Agriculture and Climate Change in This
Global Health Crisis. Challenges 2025, 16, 22. [CrossRef]

8.  Mataragka, A.; Ikonomopoulos, J.A.; Elbehiry, A.; Marzouk, E. From Farm to Fork: Antimicrobial-Resistant Bacterial Pathogens
in Livestock Production and the Food Chain. Vet. Sci. 2025, 12, 862. [CrossRef]

9.  Gajic, I; Kabic, J.; Kekic, D.; Jovicevic, M.; Milenkovic, M.; Mitic Culafic, D.; Trudic, A.; Ranin, L.; Opavski, N. Antimicrobial
Susceptibility Testing: A Comprehensive Review of Currently Used Methods. Antibiotics 2022, 11, 427. [CrossRef]

10. Grari, O.; Ezrari, S.; El Yandouzi, I.; Benaissa, E.; Ben Lahlou, Y.; Lahmer, M.; Saddari, A.; Elouennass, M.; Maleb, A. A
Comprehensive Review on Biofilm-Associated Infections: Mechanisms, Diagnostic Challenges, and Innovative Therapeutic
Strategies. Microbe 2025, 8, 100436. [CrossRef]

11.  Uruén, C.; Chopo-Escuin, G.; Tommassen, J.; Mainar-Jaime, R.C.; Arenas, ]. Biofilms as Promoters of Bacterial Antibiotic Resistance
and Tolerance. Antibiotics 2020, 10, 3. [CrossRef]

12.  Zhang, M.; Wu, J; Shi, Z; Cao, A.; Fang, W.; Yan, D.; Wang, Q.; Li, Y. Molecular Methods for Identification and Quantification of
Foodborne Pathogens. Molecules 2022, 27, 8262. [CrossRef]

13. Mao, Z.; Chen, R,; Wang, X.; Zhou, Z.; Peng, Y.; Li, S.; Han, D.; Li, S.; Wang, Y.; Han, T.; et al. CRISPR/Cas12a-Based Technology:
A Powerful Tool for Biosensing in Food Safety. Trends Food Sci. Technol. 2022, 122, 211. [CrossRef]

14. Banicod, R.J.S.; Tabassum, N.; Jo, D.M,; Javaid, A.; Kim, Y.M.; Khan, F. Integration of Artificial Intelligence in Biosensors for
Enhanced Detection of Foodborne Pathogens. Biosensors 2025, 15, 690. [CrossRef]

15.  Council of the European Union. Council Recommendation on Stepping up EU Actions to Combat Antimicrobial Resistance in a
One Health Approach. Off. J. Eur. Union 2023, C 220/1, 1-20.

16. Holmes, A.H.; Moore, L.S.P.,; Sundsfjord, A.; Steinbakk, M.; Regmi, S.; Karkey, A.; Guerin, P].; Piddock, L.J.V. Understanding the
Mechanisms and Drivers of Antimicrobial Resistance. Lancet 2016, 387, 176-187. [CrossRef] [PubMed]

17. Aslam, B.; Wang, W.; Arshad, M.L; Khurshid, M.; Muzammil, S.; Rasool, M.H.; Nisar, M.A.; Alvi, RE; Aslam, M.A.; Qamar, M.U.;
et al. Antibiotic Resistance: A Rundown of a Global Crisis. Infect. Drug Resist. 2018, 11, 1645-1658. [CrossRef] [PubMed]

18.  Piccirillo, A.; Tolosi, R.; Mughini-Gras, L.; Kers, ].G.; Laconi, A. Drinking Water and Biofilm as Sources of Antimicrobial Resistance
in Free-Range Organic Broiler Farms. Antibiotics 2024, 13, 808. [CrossRef] [PubMed]

19. Kasimanickam, V.; Kasimanickam, M.; Kasimanickam, R. Antibiotics Use in Food Animal Production: Escalation of Antimicrobial
Resistance: Where Are We Now in Combating AMR? Med. Sci. 2021, 9, 14. [CrossRef]

20. Low, C.X,; Tan, L.T.H.; Mutalib, N.S.A.; Pusparajah, P.; Goh, B.H.; Chan, K.G.; Letchumanan, V.; Lee, L.H. Unveiling the Impact of
Antibiotics and Alternative Methods for Animal Husbandry: A Review. Antibiotics 2021, 10, 578. [CrossRef]

21. Schwarz, S.; Loeffler, A.; Kadlec, K. Bacterial Resistance to Antimicrobial Agents and Its Impact on Veterinary and Human
Medicine. Vet. Dermatol. 2017, 28, 82-e19. [CrossRef] [PubMed]

22. Cheng, G.; Ning, J.; Ahmed, S.; Huang, J.; Ullah, R.; An, B.; Hao, H.; Dai, M.; Huang, L.; Wang, X,; et al. Selection and
Dissemination of Antimicrobial Resistance in Agri-Food Production. Antimicrob. Resist. Infect. Control 2019, 8, 158. [CrossRef]

23. Hardy, K,; Sunnucks, K.; Gil, H.; Shabir, S.; Trampari, E.; Hawkey, P.; Webber, M. Increased Usage of Antiseptics Is Associated
with Reduced Susceptibility in Clinical Isolates of Staphylococcus aureus. mBio 2018, 9, e00894-18. [CrossRef] [PubMed]

24. Chang, Q.; Wang, W.; Regev-Yochay, G.; Lipsitch, M.; Hanage, W.P. Antibiotics in Agriculture and the Risk to Human Health:
How Worried Should We Be? Evol. Appl. 2015, 8, 240-247. [CrossRef]

25.  Zinno, P; Perozzi, G.; Devirgiliis, C. Foodborne Microbial Communities as Potential Reservoirs of Antimicrobial Resistance Genes

for Pathogens: A Critical Review of the Recent Literature. Microorganisms 2023, 11, 1696. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1073/pnas.1503141112
https://www.ncbi.nlm.nih.gov/pubmed/25792457
https://doi.org/10.1016/j.glmedi.2024.100081
https://doi.org/10.3390/microorganisms13071592
https://www.ncbi.nlm.nih.gov/pubmed/40732101
https://doi.org/10.3390/ijerph10072643
https://doi.org/10.3390/antibiotics14060598
https://doi.org/10.3390/challe16020022
https://doi.org/10.3390/VETSCI12090862
https://doi.org/10.3390/antibiotics11040427
https://doi.org/10.1016/j.microb.2025.100436
https://doi.org/10.3390/antibiotics10010003
https://doi.org/10.3390/molecules27238262
https://doi.org/10.1016/j.tifs.2022.02.030
https://doi.org/10.3390/bios15100690
https://doi.org/10.1016/S0140-6736(15)00473-0
https://www.ncbi.nlm.nih.gov/pubmed/26603922
https://doi.org/10.2147/IDR.S173867
https://www.ncbi.nlm.nih.gov/pubmed/30349322
https://doi.org/10.3390/antibiotics13090808
https://www.ncbi.nlm.nih.gov/pubmed/39334983
https://doi.org/10.3390/medsci9010014
https://doi.org/10.3390/antibiotics10050578
https://doi.org/10.1111/vde.12362
https://www.ncbi.nlm.nih.gov/pubmed/27581211
https://doi.org/10.1186/s13756-019-0623-2
https://doi.org/10.1128/mBio.00894-18
https://www.ncbi.nlm.nih.gov/pubmed/29844113
https://doi.org/10.1111/eva.12185
https://doi.org/10.3390/microorganisms11071696
https://www.ncbi.nlm.nih.gov/pubmed/37512869
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 26 of 33

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Huddleston, J.R. Horizontal Gene Transfer in the Human Gastrointestinal Tract: Potential Spread of Antibiotic Resistance Genes.
Infect. Drug Resist. 2014, 7, 167-176. [CrossRef]

Jadeja, N.B.; Worrich, A. From Gut to Mud: Dissemination of Antimicrobial Resistance between Animal and Agricultural Niches.
Environ. Microbiol. 2022, 24, 3290-3306. [CrossRef]

Watts, ].E.M.; Schreier, H.].; Lanska, L.; Hale, M.S. The Rising Tide of Antimicrobial Resistance in Aquaculture: Sources, Sinks and
Solutions. Mar. Drugs 2017, 15, 158. [CrossRef]

Abdel-Tawwab, M.; Monier, M.N.; Hoseinifar, S.H.; Faggio, C. Fish Response to Hypoxia Stress: Growth, Physiological, and
Immunological Biomarkers. Fish Physiol. Biochem. 2019, 45, 997-1013. [CrossRef]

Fernandez, R.; Colds-Ruiz, N.R.; Bolivar-Anillo, H.J.; Anfuso, G.; Hampel, M. Occurrence and Effects of Antimicrobials Drugs in
Aquatic Ecosystems. Sustainability 2021, 13, 13428. [CrossRef]

Maples, W.E.; Brorsen, B.W.,; Peel, D.; Hicks, B. Observational Study of the Effect of Metaphylaxis Treatment on Feedlot Cattle
Productivity and Health. Front. Vet. Sci. 2022, 9, 947585. [CrossRef]

Zhou, Y.; Zhang, G.; Zhang, D.; Zhu, N,; Bo, J.; Meng, X.; Chen, Y.; Qin, Y.; Liu, H.; Li, W. Microplastic Biofilms Promote the
Horizontal Transfer of Antibiotic Resistance Genes in Estuarine Environments. Mar. Environ. Res. 2024, 202, 106777. [CrossRef]
Miller, S.A.; Ferreira, J.P.; Lejeune, J.T. Antimicrobial Use and Resistance in Plant Agriculture: A One Health Perspective.
Agriculture 2022, 12, 289. [CrossRef]

Zalewska, M.; Blazejewska, A.; Czapko, A.; Popowska, M. Pig Manure Treatment Strategies for Mitigating the Spread of Antibiotic
Resistance. Sci. Rep. 2023, 13, 11999. [CrossRef]

Thangrongthong, S.; Ladda, B.; Sittisom, P. A Review of Antibiotic Contamination in Wastewater: Sources, Impacts, and Microbial
Bioremediation Techniques. Water Environ. Res. 2025, 97, €70118. [CrossRef] [PubMed]

Gorovtsov, A.V,; Sazykin, 1.S.; Sazykina, M. A. The Influence of Heavy Metals, Polyaromatic Hydrocarbons, and Polychlorinated
Biphenyls Pollution on the Development of Antibiotic Resistance in Soils. Environ. Sci. Pollut. Res. 2018, 25, 9283-9292. [CrossRef]
[PubMed]

Soderqvist, K. Is Your Lunch Salad Safe to Eat? Occurrence of Bacterial Pathogens and Potential for Pathogen Growth in
Pre-Packed Ready-to-Eat Mixed-Ingredient Salads. Infect. Ecol. Epidemiol. 2017, 7, 1393608. [CrossRef] [PubMed]
Koutsoumanis, K.; Allende, A.; Alvarez-Ordofiez, A.; Bolton, D.; Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare, A.; Herman,
L.; Hilbert, F; et al. Role Played by the Environment in the Emergence and Spread of Antimicrobial Resistance (AMR) through
the Food Chain. EFSA J. 2021, 19, e06651. [CrossRef]

Samreen; Ahmad, I.; Malak, H.A.; Abulreesh, H.H. Environmental Antimicrobial Resistance and Its Drivers: A Potential Threat to
Public Health. J. Glob. Antimicrob. Resist. 2021, 27, 101-111. [CrossRef]

Berendonk, T.U.; Manaia, C.M.; Merlin, C.; Fatta-Kassinos, D.; Cytryn, E.; Walsh, E; Blirgmann, H.; Serum, H.; Norstrom,
M.; Pons, M.N; et al. Tackling Antibiotic Resistance: The Environmental Framework. Nat. Rev. Microbiol. 2015, 13, 310-317.
[CrossRef] [PubMed]

Pandey, R.P; Yousef, A.F; Alsafar, H.; Hasan, S.W. Surveillance, Distribution, and Treatment Methods of Antimicrobial Resistance
in Water: A Review. Sci. Total Environ. 2023, 890, 164360. [CrossRef]

La Rosa, M.C.; Maugeri, A.; Favara, G.; La Mastra, C.; Magnano San Lio, R.; Barchitta, M.; Agodi, A. The Impact of Wastewater
on Antimicrobial Resistance: A Scoping Review of Transmission Pathways and Contributing Factors. Antibiotics 2025, 14, 131.
[CrossRef]

Chukwu, K.B.; Abafe, O.A.; Amoako, D.G,; Essack, S.Y.; Abia, A.L.K. Antibiotic, Heavy Metal, and Biocide Concentrations in a
Wastewater Treatment Plant and Its Receiving Water Body Exceed PNEC Limits: Potential for Antimicrobial Resistance Selective
Pressure. Antibiotics 2023, 12, 1166. [CrossRef]

Markland, S.M.; Ingram, D.; Kniel, K.E.; Sharma, M. Water for Agriculture: The Convergence of Sustainability and Safety.
Microbiol. Spectr. 2017, 5, 10-1128. [CrossRef]

Swift, B.M.C.; Bennett, M.; Waller, K.; Dodd, C.; Murray, A.; Gomes, R.L.; Humphreys, B.; Hobman, ].L.; Jones, M.A.; Whitlock,
S.E.; et al. Anthropogenic Environmental Drivers of Antimicrobial Resistance in Wildlife. Sci. Total Environ. 2019, 649, 12-20.
[CrossRef]

Gao, FZ.; Hu, L.X,; Liu, Y.S.; He, L.Y,; Bai, H.; Qiao, L.K.; Chen, Z.Y,; Li, P; Ju, E; Guo, J.; et al. The Increase in Wastewater-Sourced
Resistome Elevated the Prevalence and Risk of Riverine Antibiotic Resistance in Wet Season. Environ. Int. 2025, 203, 109769.
[CrossRef]

Borja-Serrano, P.; Ochoa-Herrera, V.; Maurice, L.; Morales, G.; Quilumbaqui, C.; Tejera, E.; Machado, A. Determination of the
Microbial and Chemical Loads in Rivers from the Quito Capital Province of Ecuador (Pichincha)—A Preliminary Analysis of
Microbial and Chemical Quality of the Main Rivers. Int. J. Environ. Res. Public Health 2020, 17, 5048. [CrossRef] [PubMed]
Vinueza, D.; Ochoa-Herrera, V.; Maurice, L.; Tamayo, E.; Mejia, L.; Tejera, E.; Machado, A. Determining the Microbial and
Chemical Contamination in Ecuador’s Main Rivers. Sci. Rep. 2021, 11, 17640. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.2147/IDR.S48820
https://doi.org/10.1111/1462-2920.15927
https://doi.org/10.3390/md15060158
https://doi.org/10.1007/s10695-019-00614-9
https://doi.org/10.3390/su132313428
https://doi.org/10.3389/fvets.2022.947585
https://doi.org/10.1016/j.marenvres.2024.106777
https://doi.org/10.3390/agriculture12020289
https://doi.org/10.1038/s41598-023-39204-4
https://doi.org/10.1002/wer.70118
https://www.ncbi.nlm.nih.gov/pubmed/40599047
https://doi.org/10.1007/s11356-018-1465-9
https://www.ncbi.nlm.nih.gov/pubmed/29453715
https://doi.org/10.1080/20008686.2017.1407216
https://www.ncbi.nlm.nih.gov/pubmed/29230273
https://doi.org/10.2903/j.efsa.2021.6651
https://doi.org/10.1016/j.jgar.2021.08.001
https://doi.org/10.1038/nrmicro3439
https://www.ncbi.nlm.nih.gov/pubmed/25817583
https://doi.org/10.1016/j.scitotenv.2023.164360
https://doi.org/10.3390/antibiotics14020131
https://doi.org/10.3390/antibiotics12071166
https://doi.org/10.1128/microbiolspec.PFS-0014-2016
https://doi.org/10.1016/j.scitotenv.2018.08.180
https://doi.org/10.1016/j.envint.2025.109769
https://doi.org/10.3390/ijerph17145048
https://www.ncbi.nlm.nih.gov/pubmed/32674286
https://doi.org/10.1038/s41598-021-96926-z
https://www.ncbi.nlm.nih.gov/pubmed/34480050
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 27 of 33

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

Viana, G.G.F,; Cardozo, M.V,; Pereira, J.G.; Rossi, G.A.M. Antimicrobial Resistant Staphylococcus spp., Escherichia coli, and
Salmonella spp. in Food Handlers: A Global Review of Persistence, Transmission, and Mitigation Challenges. Pathogens 2025,
14, 496. [CrossRef]

Giacometti, F; Shirzad-Aski, H.; Ferreira, S. Antimicrobials and Food-Related Stresses as Selective Factors for Antibiotic Resistance
along the Farm to Fork Continuum. Antibiotics 2021, 10, 671. [CrossRef] [PubMed]

Bennani, H.; Mateus, A.; Mays, N.; Eastmure, E.; Stark, K.D.C.; Hasler, B. Overview of Evidence of Antimicrobial Use and
Antimicrobial Resistance in the Food Chain. Antibiotics 2020, 9, 49. [CrossRef]

Freivogel, C.; Lehmann, S.H.; Visschers, VH.M. Tailoring Can Improve Consumers’ Hygienic Food-Handling Behavior to Reduce
the Transmission Risk of Antimicrobial-Resistant Bacteria through Food. Eur. J. Investig. Health Psychol. Educ. 2022, 12, 169-192.
[CrossRef]

Merchel Piovesan Pereira, B.; Wang, X.; Tagkopoulos, I. Biocide-Induced Emergence of Antibiotic Resistance in Escherichia coli.
Front. Microbiol. 2021, 12, 640923. [CrossRef]

Conficoni, D.; Losasso, C.; Cortini, E.; Di Cesare, A.; Cibin, V.; Giaccone, V.; Corno, G.; Ricci, A. Resistance to Biocides in Listeria
monocytogenes Collected in Meat-Processing Environments. Front. Microbiol. 2016, 7, 1627. [CrossRef] [PubMed]

Oniciuc, E.A.; Likotrafiti, E.; Alvarez-Molina, A.; Prieto, M.; Lopez, M.; Alvarez-Ordoéiiez, A. Food Processing as a Risk Factor for
Antimicrobial Resistance Spread along the Food Chain. Curr. Opin. Food Sci. 2019, 30, 21-26. [CrossRef]

Bergspica, I.; Kaprou, G.; Alexa, E.A.; Prieto-Maradona, M.; Alvarez-Ordéiez, A. Identification of Risk Factors and Hotspots of
Antibiotic Resistance along the Food Chain Using Next-Generation Sequencing. EFSA |. 2020, 18, €181107. [CrossRef]

WHO. Global Action Plan on Antimicrobial Resistance; World Health Organization: Geneva, Switzerland, 2015.

Dong, K.; Song, D.; Li, S.; Wang, X.; Dai, L.; Pei, X.; Yang, X.; Jiang, Y. Significance of Whole-Genome Sequencing for the
Traceability of Foodborne Pathogens: During the Processing of Meat and Dairy Products. Foods 2025, 14, 1410. [CrossRef]

FAO. Monitoring and Surveillance of Antimicrobial Resistance in Bacteria from Healthy Food Animals Intended for Consumption; Regional
Antimicrobial Resistance Monitoring and Surveillance Guidelines—Volume 1; FAO: Bangkok, Thailand, 2019.

Hassall, J.; Coxon, C.; Patel, V.C.; Goldenberg, S.D.; Sergaki, C. Limitations of Current Techniques in Clinical Antimicrobial
Resistance Diagnosis: Examples and Future Prospects. npj Antimicrob. Resist. 2024, 2, 16. [CrossRef]

Dushayeva, L.Z. Antimicrobial Resistance in Foodborne Escherichia coli and Salmonella spp. from Animal-Origin Foods: Transmis-
sion Pathways, Global Surveillance Gaps, and Alternative Therapeutic Strategies. Vet. World 2025, 18, 3288-3305. [CrossRef]
[PubMed]

Galhano, B.S.P; Ferrari, R.G.; Panzenhagen, P.; de Jesus, A.C.S.; Conte-Junior, C.A. Antimicrobial Resistance Gene Detection
Methods for Bacteria in Animal-Based Foods: A Brief Review of Highlights and Advantages. Microorganisms 2021, 9, 923.
[CrossRef] [PubMed]

Aerts, M.; Battisti, A.; Hendriksen, R.; Kempf, L; Teale, C.; Tenhagen, B.A.; Veldman, K.; Wasyl, D.; Guerra, B.; Liébana, E.;
et al. Technical Specifications on Harmonised Monitoring of Antimicrobial Resistance in Zoonotic and Indicator Bacteria from
Food-Producing Animals and Food. EFSA ]. 2019, 17, 5709. [CrossRef]

ISO 6887-1:2017; Microbiology of the Food Chain—Preparation of Test Samples, Initial Suspension and Decimal Dilutions for
Microbiological Examination—Part 1: General Rules for the Preparation of the Initial Suspension and Decimal Dilutions. ISO:
Geneva, Switzerland, 2017.

Dwivedi, H.P; Jaykus, L.A. Detection of Pathogens in Foods: The Current State-of-the-Art and Future Directions. Crit. Rev.
Microbiol. 2011, 37, 40-63. [CrossRef]

Nugen, S.R.; Baeumner, A.]. Trends and Opportunities in Food Pathogen Detection. Anal. Bioanal. Chem. 2008, 391, 451-454.
[CrossRef]

Law, ] W.E,; Mutalib, N.S.A.; Chan, K.G.; Lee, L.H. Rapid Methods for the Detection of Foodborne Bacterial Pathogens: Principles,
Applications, Advantages and Limitations. Front. Microbiol. 2015, 5, 770. [CrossRef]

Wu, V.C.H. A Review of Microbial Injury and Recovery Methods in Food. Food Microbiol. 2008, 25, 735-744. [CrossRef]

Kim, H.; Bhunia, A.K. SEL, a Selective Enrichment Broth for Simultaneous Growth of Salmonella enterica, Escherichia coli O157:H7,
and Listeria monocytogenes. Appl. Environ. Microbiol. 2008, 74, 4853-4866. [CrossRef]

Perry, ].D. A Decade of Development of Chromogenic Culture Media for Clinical Microbiology in an Era of Molecular Diagnostics.
Clin. Microbiol. Rev. 2017, 30, 449-479. [CrossRef] [PubMed]

Hendriksen, R.S.; Cavaco, L.M.; Guerra, B.; Bortolaia, V.; Agersg, Y.; Svendsen, C.A.; Nielsen, H.N.; Kjeldgaard, ].S.; Pedersen, S.K.;
Fertner, M; et al. Evaluation and Validation of Laboratory Procedures for the Surveillance of ESBL-, AmpC-, and Carbapenemase-
Producing Escherichia coli from Fresh Meat and Caecal Samples. Front. Microbiol. 2023, 14, 1229542. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.3390/pathogens14050496
https://doi.org/10.3390/antibiotics10060671
https://www.ncbi.nlm.nih.gov/pubmed/34199740
https://doi.org/10.3390/antibiotics9020049
https://doi.org/10.3390/ejihpe12020014
https://doi.org/10.3389/fmicb.2021.640923
https://doi.org/10.3389/fmicb.2016.01627
https://www.ncbi.nlm.nih.gov/pubmed/27807430
https://doi.org/10.1016/j.cofs.2018.09.002
https://doi.org/10.2903/J.EFSA.2020.E181107
https://doi.org/10.3390/foods14081410
https://doi.org/10.1038/s44259-024-00033-8
https://doi.org/10.14202/vetworld.2025.3288-3305
https://www.ncbi.nlm.nih.gov/pubmed/41472774
https://doi.org/10.3390/microorganisms9050923
https://www.ncbi.nlm.nih.gov/pubmed/33925810
https://doi.org/10.2903/J.EFSA.2019.5709
https://doi.org/10.3109/1040841X.2010.506430
https://doi.org/10.1007/s00216-008-1886-2
https://doi.org/10.3389/fmicb.2014.00770
https://doi.org/10.1016/j.fm.2008.04.011
https://doi.org/10.1128/AEM.02756-07
https://doi.org/10.1128/CMR.00097-16
https://www.ncbi.nlm.nih.gov/pubmed/28122803
https://doi.org/10.3389/fmicb.2023.1229542
https://www.ncbi.nlm.nih.gov/pubmed/37621395
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 28 of 33

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Hasman, H.; Agerso, Y.; Hendriksen, R.; Cavaco, L.M.; Guerra-Roman, B. Laboratory Protocol: Isolation of ESBL-, AmpC- and
Carbapenemase-Producing E. coli from Caecal Samples, Version 9; European Union Reference Laboratory for Antimicrobial Resis-
tance (EURL-AR), National Food Institute, Technical University of Denmark (DTU Food): Kongens Lyngby, Denmark, 2024.
Available online: https:/ /www.food.dtu.dk/english/-/media/institutter /foedevareinstituttet/temaer/antibiotikaresistens /eurl-
ar/protocols/esbl-ampc-and-camrbapenemase-producing-e-coli/esbl_ampc_cpeprotocol_version_caecal_v9_17122024.pdf (ac-
cessed on 5 January 2026).

Sanchini, A. Recent Developments in Phenotypic and Molecular Diagnostic Methods for Antimicrobial Resistance Detection in
Staphylococcus aureus: A Narrative Review. Diagnostics 2022, 12, 208. [CrossRef] [PubMed]

ISO 20776-1:2019; Susceptibility Testing of Infectious Agents and Evaluation of Performance of Antimicrobial Susceptibility Test
Devices—Part 1: Broth Micro-Dilution Reference Method for Testing the In Vitro Activity of Antimicrobial Agents against Rapidly
Growing Aerobic Bacteria Involved in Infectious Diseases. ISO: Geneva, Switzerland, 2019.

Zimmer, B.; Carpenter, D.; Esparza, G.; Alby, K.; Bhatnagar, A. CLSI M07: Methods for Dilution Antimicrobial Susceptibility Tests for
Bacteria That Grow Aerobically, 12th ed.; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2024.

Syal, K.; Mo, M.; Yu, H,; Iriya, R.; Jing, W.; Guodong, S.; Wang, S.; Grys, T.E.; Haydel, S.E.; Tao, N. Current and Emerging
Techniques for Antibiotic Susceptibility Tests. Theranostics 2017, 7, 1795-1815. [CrossRef]

Khan, Z.A ; Siddiqui, M.E; Park, S. Current and Emerging Methods of Antibiotic Susceptibility Testing. Diagnostics 2019, 9, 49.
[CrossRef]

EUCAST. Antimicrobial Susceptibility Testing: EUCAST Disk Diffusion Method, Version 12.0; European Committee on Antimicrobial
Susceptibility Testing: Vaxjo, Sweden, 2024.

Jenkins, S.G.; Schuetz, A.N. Current Concepts in Laboratory Testing to Guide Antimicrobial Therapy. Mayo Clin. Proc. 2012, 87,
290-308. [CrossRef]

Ge, M.C,; Kuo, S.E; Chang, S.C.; Chien, C.C.; You, H.L,; Lu, ]J.J. Antimicrobial Susceptibility and Virulence Surveillance of
Campylobacter spp. Isolated from Patients in Two Tertiary Medical Centers in Taiwan. Front. Microbiol. 2019, 9, 3186. [CrossRef]
Turnidge, J.; Paterson, D.L. Setting and Revising Antibacterial Susceptibility Breakpoints. Clin. Microbiol. Rev. 2007, 20, 391-404.
[CrossRef]

Humpbhries, R.M.; Ambler, J.; Mitchell, S.L.; Castanheira, M.; Dingle, T.; Hindler, J.A.; Koeth, L.; Sei, K. CLSI Methods Development
and Standardization Working Group Best Practices for Evaluation of Antimicrobial Susceptibility Tests. J. Clin. Microbiol. 2018,
56,e01934-17. [CrossRef]

Cusack, T.P.; Ashley, E.A,; Ling, C.L.; Roberts, T.; Turner, P.; Wangrangsimakul, T.; Dance, D.A.B. Time to Switch from CLSI to
EUCAST? A Southeast Asian Perspective. Clin. Microbiol. Infect. 2019, 25, 782-785. [CrossRef] [PubMed]

EFSA; ECDC. The European Union Summary Report on Antimicrobial Resistance in Zoonotic and Indicator Bacteria from
Humans, Animals and Food in 2017. EFSA |. 2019, 17, 5598. [CrossRef] [PubMed]

Turnidge, J.; Kahlmeter, G.; Kronvall, G. Statistical Characterisation of Bacterial Wild-Type MIC Value Distributions and the
Determination of Epidemiological Cut-off Values. Clin. Microbiol. Infect. 2006, 12, 418-425. [CrossRef]

Allard, M.W.; Strain, E.; Melka, D.; Bunning, K.; Musser, S.M.; Brown, EW.; Timme, R. Practical Value of Food Pathogen
Traceability through Building a Whole-Genome Sequencing Network and Database. . Clin. Microbiol. 2016, 54, 1975-1983.
[CrossRef] [PubMed]

Ellington, M.].; Ekelund, O.; Aarestrup, EM.; Canton, R.; Doumith, M.; Giske, C.; Grundman, H.; Hasman, H.; Holden, M.T.G;
Hopkins, K.L,; et al. The Role of Whole Genome Sequencing in Antimicrobial Susceptibility Testing of Bacteria: Report from the
EUCAST Subcommittee. Clin. Microbiol. Infect. 2017, 23, 2-22. [CrossRef] [PubMed]

Garibyan, L.; Avashia, N. Research Techniques Made Simple: Polymerase Chain Reaction (PCR). J. Investig. Dermatol. 2013,
133, e6. [CrossRef]

Anjum, M.F. Screening Methods for the Detection of Antimicrobial Resistance Genes Present in Bacterial Isolates and the
Microbiota. Future Microbiol. 2015, 10, 317-320. [CrossRef]

Chen, Y,; Wang, Z.; Shi, Q.; Huang, S.; Yu, T.; Zhang, L.; Yang, H. Multiplex PCR Method for Simultaneous Detection of Five
Pathogenic Bacteria Closely Related to Foodborne Diseases. 3 Biotech 2021, 11, 219. [CrossRef] [PubMed]

Markoulatos, P; Siafakas, N.; Moncany, M. Multiplex Polymerase Chain Reaction: A Practical Approach. J. Clin. Lab. Anal. 2002,
16, 47-51. [CrossRef]

Thomas, P.; Arun, T.R.; Nair, S.S.; Subbaiyan, A.; Abhishek; Abdel-Glil, M.Y.; Dandapat, P. Advanced Strategies for Target
Selection, Primer Design, and Development of Multiplex PCR Assays for Pathogen Genotyping. Methods Microbiol. 2025, 57,
177-201. [CrossRef]

Tajadini, M.; Panjehpour, M.; Javanmard, S. Comparison of SYBR Green and TagMan Methods in Quantitative Real-Time
Polymerase Chain Reaction Analysis of Four Adenosine Receptor Subtypes. Adv. Biomed. Res. 2014, 3, 85. [CrossRef]

Schrader, C.; Schielke, A.; Ellerbroek, L.; Johne, R. PCR Inhibitors—Occurrence, Properties and Removal. ]. Appl. Microbiol. 2012,
113, 1014-1026. [CrossRef]

https:/ /doi.org/10.3390/ antibiotics15030262


https://www.food.dtu.dk/english/-/media/institutter/foedevareinstituttet/temaer/antibiotikaresistens/eurl-ar/protocols/esbl-ampc-and-camrbapenemase-producing-e-coli/esbl_ampc_cpeprotocol_version_caecal_v9_17122024.pdf
https://www.food.dtu.dk/english/-/media/institutter/foedevareinstituttet/temaer/antibiotikaresistens/eurl-ar/protocols/esbl-ampc-and-camrbapenemase-producing-e-coli/esbl_ampc_cpeprotocol_version_caecal_v9_17122024.pdf
https://doi.org/10.3390/diagnostics12010208
https://www.ncbi.nlm.nih.gov/pubmed/35054375
https://doi.org/10.7150/thno.19217
https://doi.org/10.3390/diagnostics9020049
https://doi.org/10.1016/j.mayocp.2012.01.007
https://doi.org/10.3389/fmicb.2018.03186
https://doi.org/10.1128/CMR.00047-06
https://doi.org/10.1128/JCM.01934-17
https://doi.org/10.1016/j.cmi.2019.03.016
https://www.ncbi.nlm.nih.gov/pubmed/30922928
https://doi.org/10.2903/j.efsa.2019.5598
https://www.ncbi.nlm.nih.gov/pubmed/32626224
https://doi.org/10.1111/j.1469-0691.2006.01377.x
https://doi.org/10.1128/JCM.00081-16
https://www.ncbi.nlm.nih.gov/pubmed/27008877
https://doi.org/10.1016/j.cmi.2016.11.012
https://www.ncbi.nlm.nih.gov/pubmed/27890457
https://doi.org/10.1038/jid.2013.1
https://doi.org/10.2217/fmb.15.2
https://doi.org/10.1007/s13205-021-02759-y
https://www.ncbi.nlm.nih.gov/pubmed/33968564
https://doi.org/10.1002/jcla.2058
https://doi.org/10.1016/BS.MIM.2025.04.001
https://doi.org/10.4103/2277-9175.127998
https://doi.org/10.1111/j.1365-2672.2012.05384.x
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 29 of 33

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

ISO 22174:2024; Microbiology of the Food Chain—Polymerase Chain Reaction (PCR) for the Detection and Quantification of
Microorganisms—General Requirements and Definitions. ISO: Geneva, Switzerland, 2024.

Chang, B.; Taguri, T.; Sugiyama, K.; Amemura-Maekawa, J.; Kura, F.; Watanabe, H. Comparison of Ethidium Monoazide and
Propidium Monoazide for the Selective Detection of Viable Legionella Cells. Jpn. ]. Infect. Dis. 2010, 63, 119-123. [CrossRef]
[PubMed]

Fittipaldi, M.; Nocker, A.; Codony, F. Progress in Understanding Preferential Detection of Live Cells Using Viability Dyes in
Combination with DNA Amplification. . Microbiol. Methods 2012, 91, 276-289. [CrossRef] [PubMed]

Cui, J.; Zhao, T.; Song, W.; Li, H.; Chen, Y.; Chen, R. Rapid Quantitative Real-Time Analysis and Visual Detection of Escherichia coli
in Meat by Direct PMAxx-VPCR. Food Control 2026, 180, 111663. [CrossRef]

Liang, N.; Dong, J.; Luo, L.; Li, Y. Detection of Viable Salmonella in Lettuce by Propidium Monoazide Real-Time PCR. J. Food Sci.
2011, 76, M234-M237. [CrossRef]

Pan, Y.; Breidt, F. Enumeration of Viable Listeria monocytogenes Cells by Real-Time PCR with Propidium Monoazide and Ethidium
Monoazide in the Presence of Dead Cells. Appl. Environ. Microbiol. 2007, 73, 8028-8031. [CrossRef]

Josefsen, M.H.; Lofstrom, C.; Hansen, T.B.; Christensen, L.S.; Olsen, J.E.; Hoorfar, ]. Rapid Quantification of Viable Campylobacter
Bacteria on Chicken Carcasses, Using Real-Time PCR and Propidium Monoazide Treatment, as a Tool for Quantitative Risk
Assessment. Appl. Environ. Microbiol. 2010, 76, 5097-5104. [CrossRef]

Lee, E.S.; Han, ].S. Propidium Monoazide-Quantitative PCR to Detect Viable Legionella spp. in the Supply Process of Tap Water.
Water Supply 2022, 22, 6205-6212. [CrossRef]

Flekna, G.; Stefani¢, P, Wagner, M.; Smulders, E].M.; Mozina, S.S.; Hein, 1. Insufficient Differentiation of Live and Dead
Campylobacter jejuni and Listeria monocytogenes Cells by Ethidium Monoazide (EMA) Compromises EMA /Real-Time PCR. Res.
Microbiol. 2007, 158, 405-412. [CrossRef]

Goodwin, S.; McPherson, J.D.; McCombie, W.R. Coming of Age: Ten Years of Next-Generation Sequencing Technologies. Nat.
Rev. Genet. 2016, 17, 333-351. [CrossRef] [PubMed]

Arredondo-Alonso, S.; Willems, R.J.; van Schaik, W.; Schiirch, A.C. On the (Im) Possibility of Reconstructing Plasmids from
Whole-Genome Short-Read Sequencing Data. Microb. Genom. 2017, 3, €000128. [CrossRef]

Lu, H.; Giordano, F; Ning, Z. Oxford Nanopore MinION Sequencing and Genome Assembly. Genom. Proteom. Bioinform. 2016, 14,
265-279. [CrossRef] [PubMed]

Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving Bacterial Genome Assemblies from Short and Long
Sequencing Reads. PLoS Comput. Biol. 2017, 13, €1005595. [CrossRef]

Zankari, E.; Hasman, H.; Cosentino, S.; Vestergaard, M.; Rasmussen, S.; Lund, O.; Aarestrup, EM.; Larsen, M.V. Identification of
Acquired Antimicrobial Resistance Genes. |. Antimicrob. Chemother. 2012, 67, 2640-2644. [CrossRef]

McDermott, P.E; Tyson, G.H.; Kabera, C.; Chen, Y.; Li, C.; Folster, ].P.; Ayers, S.L.; Lam, C.; Tate, H.P.; Zhao, S. Whole-Genome
Sequencing for Detecting Antimicrobial Resistance in Nontyphoidal Salmonella. Antimicrob. Agents Chemother. 2016, 60, 5515-5520.
[CrossRef]

Amato, A.; de Jong, B.; Derrough, T.; Johansson, K.; Heuer, O.; Diaz Hogberg, L.; Kinross, P.; Kohlenberg, A.; Kotila, S.; Kédmon,
C.; etal. ECDC Strategic Framework for the Integration of Molecular and Genomic Typing into European Surveillance and Multi-Country
Outbreak Investigations—2019-2021; ECDC: Stockholm, Sweden, 2019.

Mughini-Gras, L.; Kooh, P.; Augustin, ].C.; David, ].; Fravalo, P; Guillier, L.; Jourdan-Da-Silva, N.; Thébault, A.; Sanaa, M.; Watier,
L.; et al. Source Attribution of Foodborne Diseases: Potentialities, Hurdles, and Future Expectations. Front. Microbiol. 2018, 9, 51.
[CrossRef]

Dallman, T.J.; Byrne, L.; Ashton, PM.; Cowley, L.A.; Perry, N.T.; Adak, G.; Petrovska, L.; Ellis, R.J.; Elson, R.; Underwood, A.; et al.
Whole-Genome Sequencing for National Surveillance of Shiga Toxin-Producing Escherichia coli O157. Clin. Infect. Dis. 2015, 61,
305-312. [CrossRef]

Pightling, A.W.,; Pettengill, ].B.; Luo, Y.; Baugher, ].D.; Rand, H.; Strain, E. Interpreting Whole-Genome Sequence Analyses of
Foodborne Bacteria for Regulatory Applications and Outbreak Investigations. Front. Microbiol. 2018, 9, 1482. [CrossRef] [PubMed]
Nadon, C.; Van Walle, I.; Gerner-Smidt, P.; Campos, J.; Chinen, I.; Concepcion-Acevedo, J.; Gilpin, B.; Smith, A.M.; Kam, K.M,;
Perez, E.; et al. PulseNet International: Vision for the Implementation of Whole Genome Sequencing (WGS) for Global Food-Borne
Disease Surveillance. Eurosurveillance 2017, 22, 30544. [CrossRef]

Oniciuc, E.A.; Likotrafiti, E.; Alvarez-Molina, A.; Prieto, M.; Santos, J.A.; Alvarez-Ordéfiez, A. The Present and Future of
Whole Genome Sequencing (WGS) and Whole Metagenome Sequencing (WMS) for Surveillance of Antimicrobial Resistant
Microorganisms and Antimicrobial Resistance Genes across the Food Chain. Genes 2018, 9, 268. [CrossRef] [PubMed]

Quince, C.; Walker, A.W.; Simpson, ].T.; Loman, N.J.; Segata, N. Shotgun Metagenomics, from Sampling to Analysis. Nat.
Biotechnol. 2017, 35, 833-844. [CrossRef] [PubMed]

Bengtsson-Palme, J.; Boulund, E; Fick, J.; Kristiansson, E.; Joakim Larsson, D.G. Shotgun Metagenomics Reveals a Wide Array of
Antibiotic Resistance Genes and Mobile Elements in a Polluted Lake in India. Front. Microbiol. 2014, 5, 648. [CrossRef]

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.7883/yoken.63.119
https://www.ncbi.nlm.nih.gov/pubmed/20332575
https://doi.org/10.1016/j.mimet.2012.08.007
https://www.ncbi.nlm.nih.gov/pubmed/22940102
https://doi.org/10.1016/j.foodcont.2025.111663
https://doi.org/10.1111/j.1750-3841.2011.02123.x
https://doi.org/10.1128/AEM.01198-07
https://doi.org/10.1128/AEM.00411-10
https://doi.org/10.2166/ws.2022.240
https://doi.org/10.1016/j.resmic.2007.02.008
https://doi.org/10.1038/nrg.2016.49
https://www.ncbi.nlm.nih.gov/pubmed/27184599
https://doi.org/10.1099/mgen.0.000128
https://doi.org/10.1016/j.gpb.2016.05.004
https://www.ncbi.nlm.nih.gov/pubmed/27646134
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1128/AAC.01030-16
https://doi.org/10.3389/fmicb.2018.01983
https://doi.org/10.1093/cid/civ318
https://doi.org/10.3389/fmicb.2018.01482
https://www.ncbi.nlm.nih.gov/pubmed/30042741
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.3390/genes9050268
https://www.ncbi.nlm.nih.gov/pubmed/29789467
https://doi.org/10.1038/nbt.3935
https://www.ncbi.nlm.nih.gov/pubmed/28898207
https://doi.org/10.3389/fmicb.2014.00648
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 30 of 33

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Pereira-Marques, J.; Hout, A.; Ferreira, R.M.; Weber, M.; Pinto-Ribeiro, I.; Van Doorn, L.J.; Knetsch, C.W.; Figueiredo, C. Impact of
Host DNA and Sequencing Depth on the Taxonomic Resolution of Whole Metagenome Sequencing for Microbiome Analysis.
Front. Microbiol. 2019, 10, 1277. [CrossRef]

Thoendel, M.; Jeraldo, PR.; Greenwood-Quaintance, K.E.; Yao, J.Z.; Chia, N.; Hanssen, A.D.; Abdel, M.P; Patel, R. Comparison
of Microbial DNA Enrichment Tools for Metagenomic Whole Genome Sequencing. |. Microbiol. Methods 2016, 127, 141-145.
[CrossRef]

Bertrand, D.; Shaw, J.; Kalathiyappan, M.; Ng, A H.Q.; Kumar, M.S; Li, C.; Dvornicic, M.; Soldo, J.P.; Koh, J.Y.; Tong, C.; et al.
Hybrid Metagenomic Assembly Enables High-Resolution Analysis of Resistance Determinants and Mobile Elements in Human
Microbiomes. Nat. Biotechnol. 2019, 37, 937-944. [CrossRef]

Beaulaurier, J.; Zhu, S.; Deikus, G.; Mogno, I.; Zhang, X.S.; Davis-Richardson, A.; Canepa, R.; Triplett, E.W.,; Faith, ].J.; Sebra, R.;
et al. Metagenomic Binning and Association of Plasmids with Bacterial Host Genomes Using DNA Methylation. Nat. Biotechnol.
2017, 36, 61-69. [CrossRef] [PubMed]

Deng, X.; Den Bakker, H.C.; Hendriksen, R.S. Genomic Epidemiology: Whole-Genome-Sequencing-Powered Surveillance and
Outbreak Investigation of Foodborne Bacterial Pathogens. Annu. Rev. Food Sci. Technol. 2016, 7, 353-374. [CrossRef] [PubMed]
Hendriksen, R.S.; Munk, P; Njage, P.; van Bunnik, B.; McNally, L.; Lukjancenko, O.; Réder, T.; Nieuwenhuijse, D.; Pedersen, S.K,;
Kjeldgaard, J.; et al. Global Monitoring of Antimicrobial Resistance Based on Metagenomics Analyses of Urban Sewage. Nat.
Commun. 2019, 10, 1124. [CrossRef] [PubMed]

Zhu, Y.G.; Johnson, T.A.; Su, ].Q.; Qiao, M.; Guo, G.X,; Stedtfeld, R.D.; Hashsham, S.A.; Tiedje, ]. M. Diverse and Abundant
Antibiotic Resistance Genes in Chinese Swine Farms. Proc. Natl. Acad. Sci. USA 2013, 110, 3435-3440. [CrossRef] [PubMed]
Berglund, F; Marathe, N.P; Osterlund, T.; Bengtsson-Palme, J.; Kotsakis, S.; Flach, C.F; Larsson, D.G.J.; Kristiansson, E.
Identification of 76 Novel B1 Metallo-3-Lactamases through Large-Scale Screening of Genomic and Metagenomic Data. Microbiome
2017, 5, 134. [CrossRef]

Liu, S.; Zhao, K,; Huang, M.; Zeng, M.; Deng, Y.; Li, S.; Chen, H.; Li, W.; Chen, Z. Research Progress on Detection Techniques for
Point-of-Care Testing of Foodborne Pathogens. Front. Bioeng. Biotechnol. 2022, 10, 958134. [CrossRef]

Croxatto, A.; Prod’hom, G.; Greub, G. Applications of MALDI-TOF Mass Spectrometry in Clinical Diagnostic Microbiology.
FEMS Microbiol. Rev. 2012, 36, 380-407. [CrossRef]

Hrabak, J.; Chudackova, E.; Walkova, R. Matrix-Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) Mass
Spectrometry for Detection of Antibiotic Resistance Mechanisms: From Research to Routine Diagnosis. Clin. Microbiol. Rev. 2013,
26,103-114. [CrossRef]

Hou, T.Y.; Chiang-Ni, C.; Teng, S.H. Current Status of MALDI-TOF Mass Spectrometry in Clinical Microbiology. J. Food Drug
Anal. 2019, 27, 404-414. [CrossRef]

Moon, YJ.; Lee, S.Y.; Oh, S.W. A Review of Isothermal Amplification Methods and Food-Origin Inhibitors against Detecting
Food-Borne Pathogens. Foods 2022, 11, 322. [CrossRef]

Hassan, M.M.; van Vliet, A.-H.M.; Higgins, O.; Burke, L.P.; Chueiri, A.; O’Connor, L.; Morris, D.; Smith, T.J.; La Ragione, R.M.
Rapid Culture-Independent Loop-Mediated Isothermal Amplification Detection of Antimicrobial Resistance Markers from
Environmental Water Samples. Microb. Biotechnol. 2023, 16, 977-989. [CrossRef]

Hu, C,; Kalsi, S.; Zeimpekis, I.; Sun, K.; Ashburn, P.; Turner, C.; Sutton, ].M.; Morgan, H. Ultra-Fast Electronic Detection of
Antimicrobial Resistance Genes Using Isothermal Amplification and Thin Film Transistor Sensors. Biosens. Bioelectron. 2017, 96,
281-287. [CrossRef] [PubMed]

Gootenberg, ].S.; Abudayyeh, O.O.; Lee, ].W.; Essletzbichler, P.; Dy, A.]; Joung, J.; Verdine, V.; Donghia, N.; Daringer, N.M.; Freije,
C.A,; et al. Nucleic Acid Detection with CRISPR-Cas13a/C2c2. Science 2017, 356, 438-442. [CrossRef]

Chen, ].S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, ].M.; Doudna, J.A. CRISPR-Cas12a Target Binding Unleashes
Indiscriminate Single-Stranded DNase Activity. Science 2018, 360, 436—439. [CrossRef]

Gootenberg, ].S.; Abudayyeh, O.O.; Kellner, M.]; Joung, J.; Collins, ].J.; Zhang, F. Multiplexed and Portable Nucleic Acid Detection
Platform with Cas13, Cas12a and Csm6. Science 2018, 360, 439-444. [CrossRef]

Tyumentseva, M.; Tyumentsev, A.; Prelovskaya, A.; Akinin, A.; Mikhailova, Y.; Shelenkov, A.; Panevina, A.; Akimkin, V.
Ultrasensitive CRISPR/Cas12a-Based System for Detection of blaOXA-1 Gene in Antibiotic-Resistant Microorganisms. Curr.
Issues Mol. Biol. 2025, 47, 238. [CrossRef]

Elbehiry, A.; Marzouk, E.; Abalkhail, A.; Abdelsalam, M.H.; Mostafa, M.E.A.; Alasiri, M.; Ibrahem, M.; Ellethy, A.T.; Almuzaini,
A.; Aljarallah, S.N.; et al. Detection of Antimicrobial Resistance via State-of-the-Art Technologies versus Conventional Methods.
Front. Microbiol. 2025, 16, 1549044. [CrossRef]

Oliver, ].D. Recent Findings on the Viable but Nonculturable State in Pathogenic Bacteria. FEMS Microbiol. Rev. 2010, 34, 415-425.
[CrossRef] [PubMed]

Wei, C.; Zhao, X. Induction of Viable but Nonculturable Escherichia coli O157:H7 by Low Temperature and Its Resuscitation. Front.
Microbiol. 2018, 9, 2728. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.3389/fmicb.2019.01277
https://doi.org/10.1016/j.mimet.2016.05.022
https://doi.org/10.1038/s41587-019-0191-2
https://doi.org/10.1038/nbt.4037
https://www.ncbi.nlm.nih.gov/pubmed/29227468
https://doi.org/10.1146/annurev-food-041715-033259
https://www.ncbi.nlm.nih.gov/pubmed/26772415
https://doi.org/10.1038/s41467-019-08853-3
https://www.ncbi.nlm.nih.gov/pubmed/30850636
https://doi.org/10.1073/pnas.1222743110
https://www.ncbi.nlm.nih.gov/pubmed/23401528
https://doi.org/10.1186/s40168-017-0353-8
https://doi.org/10.3389/fbioe.2022.958134
https://doi.org/10.1111/j.1574-6976.2011.00298.x
https://doi.org/10.1128/CMR.00058-12
https://doi.org/10.1016/j.jfda.2019.01.001
https://doi.org/10.3390/foods11030322
https://doi.org/10.1111/1751-7915.14227
https://doi.org/10.1016/j.bios.2017.05.016
https://www.ncbi.nlm.nih.gov/pubmed/28505562
https://doi.org/10.1126/science.aam9321
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1126/science.aaq0179
https://doi.org/10.3390/cimb47040238
https://doi.org/10.3389/fmicb.2025.1549044
https://doi.org/10.1111/j.1574-6976.2009.00200.x
https://www.ncbi.nlm.nih.gov/pubmed/20059548
https://doi.org/10.3389/fmicb.2018.02728
https://www.ncbi.nlm.nih.gov/pubmed/30555428
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 31 of 33

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Fakruddin, M.; Mannan, K.S.B.; Andrews, S. Viable but Nonculturable Bacteria: Food Safety and Public Health Perspective. ISRN
Microbiol. 2013, 2013, 703813. [CrossRef]

Zhang, J.; Yang, H.; Li, J.; Hu, J; Lin, G.; Tan, B.K,; Lin, S. Current Perspectives on Viable but Non-Culturable Foodborne
Pathogenic Bacteria: A Review. Foods 2023, 12, 1179. [CrossRef]

Vk, D.; Srikumar, S.; Shetty, S.; van Nguyen, S.; Karunasagar, I.; Fanning, S. Silent Antibiotic Resistance Genes: A Threat to
Antimicrobial Therapy. Int. |. Infect. Dis. 2019, 79, 20. [CrossRef]

Doyle, RM.; O’sullivan, D.M.; Aller, S.D.; Bruchmann, S.; Clark, T.; Pelegrin, A.C.; Cormican, M.; Benavente, E.D.; Ellington, M.].;
McGrath, E.; et al. Discordant Bioinformatic Predictions of Antimicrobial Resistance from Whole-Genome Sequencing Data of
Bacterial Isolates: An Inter-Laboratory Study. Microb. Genom. 2020, 6, e000335. [CrossRef]

WHO. GLASS Whole-Genome Sequencing for Surveillance of Antimicrobial Resistance; World Health Organization: Geneva, Switzer-
land, 2020.

Gomes, E.; Aratijo, D.; Nogueira, T,; Oliveira, R.; Silva, S.; Oliveira, L.V.N.; Azevedo, N.F,; Almeida, C.; Castro, ]. Advances in
Whole Genome Sequencing for Foodborne Pathogens: Implications for Clinical Infectious Disease Surveillance and Public Health.
Front. Cell. Infect. Microbiol. 2025, 15, 1593219. [CrossRef] [PubMed]

WHO. Integrated Surveillance of Antimicrobial Resistance in Foodborne Bacteria: Application of a One Health Approach; World Health
Organization: Geneva, Switzerland, 2017.

Koutsoumanis, K.; Allende, A.; Alvarez-Ordéiiez, A.; Bolton, D.; Bover-Cid, S.; Chemaly, M.; Davies, R.; De Cesare, A.; Hilbert,
F.; Lindqvist, R.; et al. Whole Genome Sequencing and Metagenomics for Outbreak Investigation, Source Attribution and Risk
Assessment of Food-Borne Microorganisms. EFSA J. 2019, 17, e05898. [CrossRef]

Moran-Gilad, J. Whole Genome Sequencing (WGS) for Food-Borne Pathogen Surveillance and Control—Taking the Pulse.
Eurosurveillance 2017, 22, 30547. [CrossRef]

Vegyari, C.; Underwood, A.; Kekre, M.; Argimon, S.; Muddyman, D.; Abrudan, M.; Carlos, C.; Donado-Godoy, P.; Okeke,
LN.; Ravikumar, K.L.; et al. Whole-Genome Sequencing as Part of National and International Surveillance Programmes for
Antimicrobial Resistance: A Roadmap. BM] Glob. Health 2020, 5, e002244. [CrossRef]

Takeuchi, M. Applications of Whole Genome Sequencing in Food Safety Management; Food and Agriculture Organization of the United
Nations: Rome, Italy; World Health Organization: Geneva, Switzerland, 2016.

Partridge, S.R.; Kwong, S.M.; Firth, N.; Jensen, S.O. Mobile Genetic Elements Associated with Antimicrobial Resistance. Clin.
Microbiol. Rev. 2018, 31, e00088-17. [CrossRef]

Machado, A.; Zamora-Mendoza, L.; Alexis, F.; Alvarez-Suarez, ].M. Use of Plant Extracts, Bee-Derived Products, and Probiotic-
Related Applications to Fight Multidrug-Resistant Pathogens in the Post-Antibiotic Era. Future Pharmacol. 2023, 3, 535-567.
[CrossRef]

Aanensen, D.M.; Okeke, I.N.; Donado-Godoy, P; Egyir, B.; Lingegowda, R.K.; Sia, S. The Genomic Surveillance Gap: Averting the
Antimicrobial Resistance Pandemic Requires Global Equity and Action. Lancet Infect. Dis. 2025, 25, 122-123. [CrossRef] [PubMed]
Tang, K.L.; Caffrey, N.P; Nébrega, D.B.; Cork, S.C.; Ronksley, P.E.; Barkema, H.W.; Polachek, A.].; Ganshorn, H.; Sharma, N.;
Kellner, J.D.; et al. Restricting the Use of Antibiotics in Food-Producing Animals and Its Associations with Antibiotic Resistance
in Food-Producing Animals and Human Beings: A Systematic Review and Meta-Analysis. Lancet Planet. Health 2017, 1, e316.
[CrossRef]

Aarestrup, EM.; Seyfarth, AM.; Emborg, H.D.; Pedersen, K.; Hendriksen, R.S.; Bager, F. Effect of Abolishment of the Use of
Antimicrobial Agents for Growth Promotion on Occurrence of Antimicrobial Resistance in Fecal Enterococci from Food Animals
in Denmark. Antimicrob. Agents Chemother. 2001, 45, 2054-2059. [CrossRef]

Unicomb, L.E.; Ferguson, J.; Stafford, R.J.; Ashbolt, R.; Kirk, M.D.; Becker, N.G.; Patel, M.S.; Gilbert, G.L.; Valcanis, M.; Mickan, L.
Low-Level Fluoroquinolone Resistance among Campylobacter jejuni Isolates in Australia. Clin. Infect. Dis. 2006, 42, 1368-1374.
[CrossRef]

Jimenez, C.E.P; Keestra, S.; Tandon, P.; Cumming, O.; Pickering, A.J.; Moodley, A.; Chandler, C.I.LR. Biosecurity and Water,
Sanitation, and Hygiene (WASH) Interventions in Animal Agricultural Settings for Reducing Infection Burden, Antibiotic Use,
and Antibiotic Resistance: A One Health Systematic Review. Lancet Planet. Health 2023, 7, e418—e434. [CrossRef]

Postma, M.; Stiark, K.D.C,; Sjolund, M.; Backhans, A.; Beilage, E.G.; Losken, S.; Belloc, C.; Collineau, L.; Iten, D.; Visschers, V.; et al.
Alternatives to the Use of Antimicrobial Agents in Pig Production: A Multi-Country Expert-Ranking of Perceived Effectiveness,
Feasibility and Return on Investment. Prev. Vet. Med. 2015, 118, 457-466. [CrossRef]

Castro, J.; Barros, M.M.; Aratjo, D.; Campos, A.M.; Oliveira, R;; Silva, S.; Almeida, C. Swine Enteric Colibacillosis: Current
Treatment Avenues and Future Directions. Front. Vet. Sci. 2022, 9, 981207. [CrossRef] [PubMed]

Bak, H.; Rathkjen, P.H. Reduced Use of Antimicrobials after Vaccination of Pigs against Porcine Proliferative Enteropathy in a
Danish SPF Herd. Acta Vet. Scand. 2009, 51, 1. [CrossRef]

Imperial, .C.V.].; Ibana, ].A. Addressing the Antibiotic Resistance Problem with Probiotics: Reducing the Risk of Its Double-Edged
Sword Effect. Front. Microbiol. 2016, 7, 1983. [CrossRef]

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.1155/2013/703813
https://doi.org/10.3390/foods12061179
https://doi.org/10.1016/j.ijid.2018.11.063
https://doi.org/10.1099/mgen.0.000335
https://doi.org/10.3389/fcimb.2025.1593219
https://www.ncbi.nlm.nih.gov/pubmed/40357405
https://doi.org/10.2903/J.EFSA.2019.5898
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30547
https://doi.org/10.1136/BMJGH-2019-002244
https://doi.org/10.1128/CMR.00088-17
https://doi.org/10.3390/futurepharmacol3030034
https://doi.org/10.1016/S1473-3099(25)00723-6
https://www.ncbi.nlm.nih.gov/pubmed/41285140
https://doi.org/10.1016/S2542-5196(17)30141-9
https://doi.org/10.1128/AAC.45.7.2054-2059.2001
https://doi.org/10.1086/503426
https://doi.org/10.1016/S2542-5196(23)00049-9
https://doi.org/10.1016/j.prevetmed.2015.01.010
https://doi.org/10.3389/fvets.2022.981207
https://www.ncbi.nlm.nih.gov/pubmed/36387374
https://doi.org/10.1186/1751-0147-51-1
https://doi.org/10.3389/fmicb.2016.01983
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 32 of 33

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Gaggia, F.; Mattarelli, P.; Biavati, B. Probiotics and Prebiotics in Animal Feeding for Safe Food Production. Int. ]. Food Microbiol.
2010, 141, S15-528. [CrossRef] [PubMed]

Ricke, S.C. Perspectives on the Use of Organic Acids and Short Chain Fatty Acids as Antimicrobials. Poult. Sci. 2003, 82, 632—639.
[CrossRef] [PubMed]

Pearlin, B.V,; Muthuvel, S.; Govidasamy, P; Villavan, M.; Alagawany, M.; Ragab Farag, M.; Dhama, K.; Gopi, M. Role of Acidifiers
in Livestock Nutrition and Health: A Review. J. Anim. Physiol. Anim. Nutr. 2020, 104, 558-569. [CrossRef] [PubMed]

Zhou, X.; Shen, X. Cecropin Supplementation Improves Growth Performance by Regulating Immune Function, Rumen Fermenta-
tion and Microbiota in Goats. Anim. Biosci. 2025, 38, 2651-2664. [CrossRef]

Wu, S.; Zhang, F; Huang, Z.; Liu, H; Xie, C.; Zhang, J.; Thacker, P.A.; Qiao, S. Effects of the Antimicrobial Peptide Cecropin AD
on Performance and Intestinal Health in Weaned Piglets Challenged with Escherichia coli. Peptides 2012, 35, 225-230. [CrossRef]
Song, T.; Liang, X.; Wang, H.; Xue, M.; Wang, ]. Gut Microbiota-Bile Acid Crosstalk and Metabolic Fatty Liver in Spotted Seabass
(Lateolabrax maculatus): The Role of a Cholesterol, Taurine and Glycine Supplement. Anim. Nutr. 2024, 17, 87-99. [CrossRef]
Closs, G., Jr.; Kathayat, D.; Helmy, Y.A.; Bhandari, M.; Rajashekara, G. Antimicrobial Peptides Disrupting the Bacterial Membrane
Reduce Salmonella Colonization in Chickens. Microbiol. Spectr. 2025, 13, e01848-25. [CrossRef]

Szab6, M.A ; Varga, G.Z.; Hohmann, J.; Schelz, Z.; Szegedi, E.; Amaral, L.; Molndr, J. Inhibition of Quorum-Sensing Signals by
Essential Oils. Phytother. Res. 2010, 24, 782-786. [CrossRef]

Jara-Medina, N.R.; Cueva, D.E; Cedefio-Pinargote, A.C.; Gualle, A.; Aguilera-Pesantes, D.; Méndez, M.A.; Orejuela-Escobar, L.;
Cisneros-Heredia, D.F,; Cortez-Zambrano, R.; Miranda-Moyano, N.; et al. Eco-Alternative Treatments for Vibrio parahaemolyticus
and V. cholerae Biofilms from Shrimp Industry through Eucalyptus (Eucalyptus globulus) and Guava (Psidium guajava) Extracts: A
Road for an Ecuadorian Sustainable Economy. PLoS ONE 2024, 19, e0304126. [CrossRef]

Capita, R.; Alonso-Calleja, C. Antibiotic-Resistant Bacteria: A Challenge for the Food Industry. Crit. Rev. Food Sci. Nutr. 2013, 53,
11-48. [CrossRef]

Galié, S.; Garcia-Gutiérrez, C.; Miguélez, E.M.; Villar, C.J.; Lombé, F. Biofilms in the Food Industry: Health Aspects and Control
Methods. Front. Microbiol. 2018, 9, 3158. [CrossRef] [PubMed]

Balcazar, J.L.; Subirats, J.; Borrego, C.M. The Role of Biofilms as Environmental Reservoirs of Antibiotic Resistance. Front.
Microbiol. 2015, 6, 1216. [CrossRef]

Bridier, A.; Sanchez-Vizuete, P.; Guilbaud, M.; Piard, J.C.; Naitali, M.; Briandet, R. Biofilm-Associated Persistence of Food-Borne
Pathogens. Food Microbiol. 2015, 45, 167-178. [CrossRef]

Awad, T.S.; Asker, D.; Hatton, B.D. Food-Safe Modification of Stainless Steel Food-Processing Surfaces to Reduce Bacterial
Biofilms. ACS Appl. Mater. Interfaces 2018, 10, 22902-22912. [CrossRef]

Bencina, M.; Rawat, N.; Paul, D.; Kovag, J; Igli¢, A.; Junkar, I. Surface Modification of Stainless Steel for Enhanced Antibacterial
Activity. ACS Omega 2025, 10, 13361-13369. [CrossRef]

Mirio, K.; Pérez, A.; Iza-Garcia, T.X.; Cabascango, D.G.; Gordillo, C.; Gordillo, A.; Vispo, N.; Machado, A.; Zamora-Ledezma,
C.; Alexis, F. Antimicrobial Cellulose Hydrogels against Gram-Positive and Gram-Negative Bacteria. Front. Soft Matter 2024,
4,1362677. [CrossRef]

Zamora-Mendoza, L.; Vispo, S.N.; De Lima, L.; Mora, J.R.; Machado, A.; Alexis, F. Hydrogel for the Controlled Delivery of
Bioactive Components from Extracts of Eupatorium glutinosum Lam. Leaves. Molecules 2023, 28, 1591. [CrossRef] [PubMed]
Alvarez, M.V,; Ortega-Ramirez, L.A.; Gutierrez-Pacheco, M.M.; Bernal-Mercado, A.T.; Rodriguez-Garcia, I.; Gonzalez-Aguilar,
G.A.; Ponce, A.; Moreira, M.d.R.; Roura, S.I.; Ayala-Zavala, J.F. Oregano Essential Oil-Pectin Edible Films as Anti-Quorum
Sensing and Food Antimicrobial Agents. Front. Microbiol. 2014, 5, 699. [CrossRef]

Guillin, Y.; Caceres, M.; Torres, R.; Stashenko, E.; Ortiz, C. Effect of Essential Oils on the Inhibition of Biofilm and Quorum Sensing
in Salmonella Enteritidis 13076 and Salmonella Typhimurium 14028. Antibiotics 2021, 10, 1191. [CrossRef] [PubMed]

Coughlan, L.M.; Cotter, P.D.; Hill, C.; Alvarez-Ordéiiez, A. New Weapons to Fight Old Enemies: Novel Strategies for the
(Bio)Control of Bacterial Biofilms in the Food Industry. Front. Microbiol. 2016, 7, 1641. [CrossRef]

Fernandez-Soto, P; Celi, D.; Tejera, E.; Alvarez-Suarez, ].M.; Machado, A. Cinnamomum sp. and Pelargonium odoratissimum as
the Main Contributors to the Antibacterial Activity of the Medicinal Drink Horchata: A Study Based on the Antibacterial and
Chemical Analysis of 21 Plants. Molecules 2023, 28, 693. [CrossRef]

Celi, D.; Quiroz, E.; Beltran-Noboa, A.; Machado, A.; Tejera, E.; Fernandez-Soto, P. A Chemical Analysis of the Pelargonium
Species: P. odoratissimum, P. graveolens, and P. zonale Identifies Secondary Metabolites with Activity against Gram-Positive Bacteria
with Multidrug-Resistance. PLoS ONE 2024, 19, e0306637. [CrossRef]

Moye, Z.D.; Woolston, J.; Sulakvelidze, A. Bacteriophage Applications for Food Production and Processing. Viruses 2018, 10, 205.
[CrossRef]

Gutiérrez, D.; Rodriguez-Rubio, L.; Martinez, B.; Rodriguez, A.; Garcia, P. Bacteriophages as Weapons against Bacterial Biofilms
in the Food Industry. Front. Microbiol. 2016, 7, 825. [CrossRef]

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.1016/j.ijfoodmicro.2010.02.031
https://www.ncbi.nlm.nih.gov/pubmed/20382438
https://doi.org/10.1093/ps/82.4.632
https://www.ncbi.nlm.nih.gov/pubmed/12710485
https://doi.org/10.1111/jpn.13282
https://www.ncbi.nlm.nih.gov/pubmed/31912950
https://doi.org/10.5713/ab.25.0103
https://doi.org/10.1016/j.peptides.2012.03.030
https://doi.org/10.1016/j.aninu.2024.03.008
https://doi.org/10.1128/spectrum.01848-25
https://doi.org/10.1002/ptr.3010
https://doi.org/10.1371/journal.pone.0304126
https://doi.org/10.1080/10408398.2010.519837
https://doi.org/10.3389/fmicb.2018.00898
https://www.ncbi.nlm.nih.gov/pubmed/29867809
https://doi.org/10.3389/fmicb.2015.01216
https://doi.org/10.1016/j.fm.2014.04.015
https://doi.org/10.1021/acsami.8b03788
https://doi.org/10.1021/acsomega.4c11424
https://doi.org/10.3389/frsfm.2024.1362677
https://doi.org/10.3390/molecules28041591
https://www.ncbi.nlm.nih.gov/pubmed/36838578
https://doi.org/10.3389/fmicb.2014.00699
https://doi.org/10.3390/antibiotics10101191
https://www.ncbi.nlm.nih.gov/pubmed/34680772
https://doi.org/10.3389/fmicb.2016.01641
https://doi.org/10.3390/molecules28020693
https://doi.org/10.1371/journal.pone.0306637
https://doi.org/10.3390/v10040205
https://doi.org/10.3389/fmicb.2016.00825
https://doi.org/10.3390/antibiotics15030262

Antibiotics 2026, 15, 262 33 of 33

186.

187.

188.
189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Espinoza-Erazo, V.P; Vela-Chauvin, M.G.; Collantes-Vela, ].C.; Zapata-Mena, S.; Machado, A. Biofilms of Salmonella: Implications
for Food Safety and Public Health. Food Prot. Trends 2025, 1-21. [CrossRef] [PubMed]

Vela-Chauvin, M.G.; Machado, A.; Zapata-Mena, S. Unraveling Salmonella enterica Phage Interactions: From Receptors to
Resistance and Food-Based Applications. PHAGE 2025, 6, 154-176. [CrossRef]

Marriott, N.G.; Schilling, M.W.; Gravani, R.B. Principles of Food Sanitation, 6th ed.; Springer: Cham, Switzerland, 2018.
Chmielewski, R.A.N.; Frank, ].E. Biofilm Formation and Control in Food Processing Facilities. Compr. Rev. Food Sci. Food Saf. 2003,
2,22-32. [CrossRef]

Holah, ].T.; Taylor, ].H.; Dawson, D.J.; Hall, K.E. Biocide Use in the Food Industry and the Disinfectant Resistance of Persistent
Strains of Listeria monocytogenes and Escherichia coli. |. Appl. Microbiol. 2002, 92, 1115-120S. [CrossRef] [PubMed]

Tao, Q.; Wu, Q.; Zhang, Z.; Liu, J; Tian, C.; Huang, Z.; Malakar, PK,; Pan, Y.; Zhao, Y. Meta-Analysis for the Global Prevalence of
Foodborne Pathogens Exhibiting Antibiotic Resistance and Biofilm Formation. Front. Microbiol. 2022, 13, 906490. [CrossRef]
Jagadeesan, B.; Gerner-Smidt, P; Allard, M.W.,; Leuillet, S.; Winkler, A.; Xiao, Y.; Chaffron, S.; Van Der Vossen, J.; Tang, S.; Katase,
M.; et al. The Use of Next Generation Sequencing for Improving Food Safety: Translation into Practice. Food Microbiol. 2019, 79,
96-115. [CrossRef]

Peng, K,; Li, C.; Wang, Q.; Xin, X.; Wang, Z.; Li, R. The Applications and Advantages of Nanopore Sequencing in Bacterial
Antimicrobial Resistance Surveillance and Research. npj Antimicrob. Resist. 2025, 3, 87. [CrossRef]

Sanjana, T.D.; Sanjana, R.; Harshitha, T.; Sivamani, Y.; Surendra, K.; Devendran, R.; Elayaperumal, S. CRISPR-Cas Systems for
Foodborne Pathogen Detection. In Novel Food Analysis. Methods and Protocols in Food Science; Humana: New York, NY, USA, 2026;
pp. 1-23. [CrossRef]

Oluwaseun, A.C.; Phazang, P.; Bhalla Sarin, N. Biosensors: A Fast-Growing Technology for Pathogen Detection in Agriculture
and Food Sector. In Biosensing Technologies for the Detection of Pathogens; IntechOpen: London, UK, 2018. [CrossRef]

Moretre, T.; Langsrud, S. Residential Bacteria on Surfaces in the Food Industry and Their Implications for Food Safety and Quality.
Compr. Rev. Food Sci. Food Saf. 2017, 16, 1022-1041. [CrossRef] [PubMed]

Tschudin-Sutter, S.; Frei, R.; Stephan, R.; Héchler, H.; Nogarth, D.; Widmer, A.F. Extended-Spectrum $-Lactamase (ESBL)-
Producing Enterobacteriaceae: A Threat from the Kitchen. Infect. Control Hosp. Epidemiol. 2014, 35, 581-584. [CrossRef]
Samtiya, M.; Matthews, K.R.; Dhewa, T.; Puniya, A.K. Antimicrobial Resistance in the Food Chain: Trends, Mechanisms,
Pathways, and Possible Regulation Strategies. Foods 2022, 11, 2966. [CrossRef]

Jans, C.; Sarno, E.; Collineau, L.; Meile, L.; Stark, K.D.C.; Stephan, R. Consumer Exposure to Antimicrobial Resistant Bacteria
from Food at Swiss Retail Level. Front. Microbiol. 2018, 9, 362. [CrossRef]

Ayoub, H.; Kumar, M.S.; Dubal, Z.B.; Bhilegaonkar, K.N.; Nguyen-Viet, H.; Grace, D.; Thapliyal, S.; Sanjumon, E.S.; Sneha, EIN.P;
Premkumar, D.; et al. Systematic Review and Meta-Analysis on Prevalence and Antimicrobial Resistance Patterns of Important
Foodborne Pathogens Isolated from Retail Chicken Meat and Associated Environments in India. Foods 2025, 14, 555. [CrossRef]
[PubMed]

Jara-Medina, N.R.; Cedefo-Pinargote, A.C.; Beltran-Noboa, A.; Tejera, E.; Machado, A. Managing Vibrio parahaemolyticus and
Vibrio alginolyticus Infections in the Whiteleg Shrimp (Penaeus vannamei): A Systematic Review. Molecules 2025, 30, 3620. [CrossRef]
[PubMed]

Food Standards Agency. Food Hygiene for Your Business. Available online: https:/ /www.food.gov.uk/business-guidance/food-
hygiene-for-your-business (accessed on 6 January 2026).

Redmond, E.C.; Griffith, C.J. Consumer Food Handling in the Home: A Review of Food Safety Studies. J. Food Prot. 2003, 66,
130-161. [CrossRef]

Moretro, T.; Nguyen-The, C.; Didier, P.; Maitre, L; 1zs6, T.; Kasza, G.; Skuland, S.E.; Cardoso, M.].; Ferreira, V.B.; Teixeira, P; et al.
Consumer Practices and Prevalence of Campylobacter, Salmonella and Norovirus in Kitchens from Six European Countries. Int. J.
Food Microbiol. 2021, 347, 109172. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ antibiotics15030262


https://doi.org/10.1177/15353141251389597
https://www.ncbi.nlm.nih.gov/pubmed/41273791
https://doi.org/10.1089/phage.2024.0032
https://doi.org/10.1111/j.1541-4337.2003.tb00012.x
https://doi.org/10.1046/j.1365-2672.92.5s1.18.x
https://www.ncbi.nlm.nih.gov/pubmed/12000620
https://doi.org/10.3389/fmicb.2022.906490
https://doi.org/10.1016/j.fm.2018.11.005
https://doi.org/10.1038/s44259-025-00157-5
https://doi.org/10.1007/978-1-0716-4787-5_1
https://doi.org/10.5772/INTECHOPEN.74668
https://doi.org/10.1111/1541-4337.12283
https://www.ncbi.nlm.nih.gov/pubmed/33371605
https://doi.org/10.1086/675831
https://doi.org/10.3390/foods11192966
https://doi.org/10.3389/fmicb.2018.00362
https://doi.org/10.3390/foods14040555
https://www.ncbi.nlm.nih.gov/pubmed/40001999
https://doi.org/10.3390/molecules30173620
https://www.ncbi.nlm.nih.gov/pubmed/40942145
https://www.food.gov.uk/business-guidance/food-hygiene-for-your-business
https://www.food.gov.uk/business-guidance/food-hygiene-for-your-business
https://doi.org/10.4315/0362-028X-66.1.130
https://doi.org/10.1016/j.ijfoodmicro.2021.109172
https://doi.org/10.3390/antibiotics15030262

	Introduction 
	Methodology 
	Sources and Drivers of AMR in the Food Chain 
	Animal Agriculture 
	Aquaculture and Crops 
	Environment 
	Processing and Handling 

	Detection of AMR in the Food Chain 
	Conventional Methods 
	Sample Preparation and Isolation 
	Phenotypic Antimicrobial Susceptibility Testing (AST) 
	Regulatory Frameworks 

	Molecular Approaches 
	Polymerase Chain Reaction (PCR)-Based Methods 
	Whole Genome Sequencing (WGS) 
	Metagenomics 

	Rapid and Emerging Technologies 
	MALDI-TOF MS 
	Nucleic Acid-Based Biosensors and Isothermal Amplification 
	CRISPR-Cas Diagnostics 

	Detection Gaps 
	The Viable but Non-Culturable (VBNC) Blind Spot 
	Matrix Interference and Sample Complexity 
	The Genotype-Phenotype Disconnect 
	Global Standardization Challenges 
	Fragmentation of the One Health System 


	Mitigation Strategies Across the Food Chain 
	On-Farm 
	Prudent Antimicrobial Stewardship 
	Enhanced Biosecurity and Farm Management 
	Alternative Disease Prevention and Control Strategies 

	Processing & Retail 
	Innovative Biofilm Control Approaches 
	Stringent Hygiene and Sanitation Protocols 
	Surveillance and Monitoring Systems 

	Consumer Level 

	Conclusions 
	References

