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Abstract: Antimicrobial resistance (AMR) is a multi-sectoral, systemic, and global issue
worldwide. Antimicrobial use (AMU) is a key factor in the selection of resistant bacteria
within different ecological niches, from agriculture to food-producing animals to humans.
There is a question regarding the extent to which the use of antibiotics in livestock produc-
tion and the primary food production sector influences the selection and transmission of
resistant bacteria and/or resistant genes throughout the food chain and thus contributes
to the complexity in the development of AMR in humans. Although the trends in the
prevalence of foodborne pathogens have changed over time, the burden of ecological
niches with resistance genes, primarily in commensal microorganisms, is of concern. The
implementation of the harmonized surveillance of AMU and AMR would provide com-
prehensive insights into the actual status of resistance and further interventions leading to
its reduction. Tracking AMR in different ecological niches by applying advanced genome-
based techniques and developing shared AMR data repositories would strengthen the One
Health concept.
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1. Introduction

In recent years, antimicrobial resistance (AMR) has posed a significant challenge world-
wide, affecting diverse ecological niches—from agriculture to human health—leading to
economic losses and, ultimately, death [1-5]. The main driver for the emergence of AMR in
bacteria is uncontrolled antimicrobial use (AMU), particularly in human health care and
hospitals [6]. Recently, increasing attention has been paid to the AMU in food-producing
animals as a significant source of environmental burden and the possible transmission of
resistance to humans [7-9]. Possible transmission routes for the entry of resistant bacteria
into the human population from animal sources are through direct contact, indirectly
through food, or from the environment through water [10,11]. However, the exact pat-
tern of transmission is still under investigation. While AMU has been identified as the
leading cause of resistance, several factors may contribute to its development and further
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spread, including global demographic changes, importation, poor hygiene and the devel-
opment of opportunistic infections, and the excretion of antimicrobial residues into the
environment via manure [12,13]. The additional use of antimicrobial and chemical agents
in preventing plant diseases through agricultural production [14] makes the AMR issue
even more complex, requiring a multi-system and multi-sectorial approach through a One
Health concept.

This study addresses the current state of AMR in different niches, from agriculture
through food-producing animals to humans, and future perspectives on reducing AMR.

2. Agriculture and Environment

The presence and spread of antibiotics are widespread in various ecological niches,
which has led to antibiotic resistance in bacteria in agriculture and the environment [15].
Given the constant increase in the human population and the need for food, agricultural
production is often forced to find new pathways that will ensure high yields and safety.

2.1. Antibiotic Resistance in Agriculture

Various plant diseases can lead to considerable losses in agricultural production
worldwide, estimated at billions of dollars. A particular challenge is the control of bacterial
diseases where bacteria colonize healthy plant tissue, multiply rapidly and infect tissue.
Copper-based compounds are most commonly used to control bacterial diseases, but can
only be used in the pre-flowering phase. They may inactivate the pathogens before they
penetrate the host tissue, as the pathogen is otherwise protected from the toxic effects of
the chemicals by the surrounding tissue. In years with favorable weather conditions for
disease development, which include high humidity and appropriate temperatures, bacterial
diseases can lead to complete crop destruction. In this context, growers often resort to the
uncontrolled use of copper preparations, which induces pathogen resistance [16].

In agriculture, five antibiotics are most commonly reported for use: streptomycin,
oxytetracycline, kasugamycin, oxolinic acid, and gentamicin [14]. The beginning of the use
of antibiotics in agriculture is closely linked to fire blight (FB) of pome fruit, a disease caused
by phytopathogenic bacteria Erwinia amylovora. Known for more than 100 years, the disease
was first described in the United States and spread across North America, New Zealand,
the Middle East, and Europe [17]. The first use of antibiotics in agriculture, particularly
streptomycin, was in the 1950s in the USA to control FB in commercial orchards [18].

As a result of the numerous treatments in pome fruit orchards, antibiotic-resistant
bacteria (ARB) first appeared in several locations in the western United States in the
1970s [19]. In particular, streptomycin is most commonly used to control Pseudomonas
syringae, the causal agent of blossom and fruit infection of apple and pear fruit; Xan-
thomonas campestris, the causal agent of bacterial spot disease of tomatoes and peppers;
Xanthomonas arboricola on fruit and nuts; and Agrobacterium tumefaciens, the causal agent
of crown gall on roses [18-20]. It is authorized for minor use to control bacterial diseases
on potato tubers, tobacco seedlings, and other vegetable seedlings both in the field and in
the greenhouse [17,21]. There are two mechanisms for resistance to streptomycin in the FB
pathogen samples. The most common is the spontaneous mutation of the chromosomal
gene rpsL, which is responsible for the production of the ribosomal protein, and the second
is acquired resistance, when the pathogen acquires plasmids carrying the tandem gene pair
strA and strB, which encodes the production of an aminoglycoside phosphotransferase that
inactivates streptomycin [17].

In the following years, oxytetracycline (OTC) was the antibiotic of choice in or-
chards [22]. In fact, OTC was the first antibiotic approved as a pesticide for use in pear
and peach orchards in 1974 [18]. The occurrence of Huanglongbing disease (HLB) in cit-
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rus orchards, which is caused by the non-culturable bacterium “Candidatus Liberibacter
asiaticus”, is considered the most destructive citrus disease since its appearance in the
Americas [23,24]. The application of OTC using different methods (sprays, injection, boot
injection) is used to suppress the disease [18,25,26]. OTC-resistant strains are rarely re-
ported. To date, no E. amylovora strains with resistance to moderate concentrations of OTC
have been detected [17]. OTC-resistant strains have been reported in P. syringae, X. a. pv.
Pruni, and A. tumefaciens [14], where various genes could be responsible for tetracycline
resistance—the expression of efflux pumps and the production of enzymes that inactivate
the antibiotic and ribosomal protein [14,17,27].

Kasugamycin is an aminoglycoside that was first authorized for use in agriculture
in 2018, mainly against streptomycin-resistant phytopathogenic bacteria to control fire
blight [28], as well as for pome fruit, cherries, and walnuts [18]. It is also used in Japan and
some Asian countries to control bacterial and fungal diseases in rice [18,19]. The presence
of the aac(2')-Ila gene in two bacterial rice pathogens, B. glumae and Acidovorax avenae,
has been shown to cause resistance to kasugamycin [19]. The resistance of E. amylovora
to kasugamycin is induced in in vitro tests, but it has not been detected in field isolates.
In addition, one study evaluated the potential for spontaneous resistance and found that
a two-step mutation process is required. These mutants were significantly reduced in
fitness [14,18].

Oxolinic acid (OA) has been used commercially in Israel since 1998, with success in
the control of fire blight [29]. It is also used in Japan to control bacterial panicle blight in
rice caused by Burkholderia glumae [17,30]. OA is not approved for use in agriculture in
the United States, primarily due to the emergence of antibiotic resistance. The mechanism
for the development of OA resistance is still unknown, but it is hypothesized that it may
be due to chromosomal mutations rather than gene acquisition through horizontal gene
transfer [31].

Gentamicin has been used in Chile and Central America to control vegetable diseases
caused by Pectobacterium, Ralstonia, Xanthomonas, and Pseudomonas species. It is also used
in Mexico to control vegetable crops as well as for the treatment of FB. Gentamicin is not
approved for use in the United States due to its clinical significance [17,19,20]. Resistance
to gentamicin was only reported in Xanthomonas oryzae pv. oryzae, when aacA3 encodes
enzyme that deactivates gentamicin [14].

Antibiotics such as ningnanmycin, validamycin, and zhongshengmycin are frequently
used in China. This shows that other antibiotics could potentially be used in plant protec-
tion, but their use and efficacy are not yet monitored [14].

Doubitlessly, antibiotics as a tool for plant protection will remain valuable. Nowadays,
it is very difficult to say reliably which countries use antibiotics. Some countries have
well-defined guidelines about antibiotic usage, but unfortunately, most countries do not
have established regulations or any database. Only the United States, New Zealand, and
India publish information on the amount of antibiotics used on crops [14]. In the United
States, antibiotics used in plants account for less than 0.5% of total antibiotic use [18,32].
In Serbia, antibiotics are not allowed for use in plant protection [33]. Nevertheless, their
increased use has led to the emergence of resistant plant pathogenic bacterial strains in the
past. Considering the trade in plant material and products, it is highly important to increase
awareness about antibiotic use [18]. In this way, the amount of antibiotic use would reduce
the presence of antibiotic residues as well as ARB in other ecological niches.

2.2. Presence of Antibiotics, Antibiotic-Resistant Bacteria, and Antibiotic-Resistant Genes in Water

Over the past two decades, several studies have reported the presence of ARB and
antibiotic-resistant genes (ARGs) at different concentrations in water bodies in different
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parts of the world: Europe [34-36], Asia [37,38], and Australia [39]. Large amounts of
antibiotics are released into the environment through human activities (clinical therapy,
livestock and poultry farming, and pharmaceutical production) [37]. The main receptors
and hotspots for the release of ARB into the environment are wastewater treatment plants,
where a large number of antibiotics and a high density of ARB are present in wastewa-
ter [34,40,41]. Most interesting is wastewater from hospitals and farms, which are probably
the main source of ARB and ARGs released into the environment [42]. Nowadays, several
factors are accelerating the flourishing development of antibiotic resistance in various envi-
ronmental media, including anthropogenic activities and the evolution of microorganisms
to combat antibiotics [43,44].

In addition to wastewater, surface waters appear as both a habitat and a transport
system for microorganisms and play a key role in this spread. Most antibiotics and
ARGs present in surface waters come from wastewater from the previously mentioned
sources of antibiotics (hospitals, farms, pharmacies) [36,37,45]. Multiple classes of antibi-
otics have been detected in drinking water systems in some European countries [46—48],
Canada [49,50], China [37,51], and the USA [52,53]. Despite the use of wastewater treat-
ment plants, antibiotics, ARB, and ARGs can still be present in high concentrations in
downstream rivers [54]. Due to inadequate or incomplete treatment, many drinking water
reservoirs are heavily contaminated with antibiotics and ARGs from upstream wastewa-
ter [55]. As a result, drinking water with antibiotics and ARGs represent a risk to drinking
water safety [37]. Therefore, it is essential to improve systems and techniques in wastewa-
ter plants.

Bonetta et al. [34] examined the antibiotic resistance of influent and effluent samples
of two drinking water treatment plants (DWTPs) and three wastewater treatment plants
(WWTPs) located in the northwest of Italy. They consider WWTPs as a “hotspot” for
the spread of antibiotic resistance, while water samples after treatment in DWTPs and
WWTPs exhibited a significant reduction in ARB and ARGs, but still exhibited antibiotic-
resistant bacteria and genes. These results highlighted the importance of the examination
of antibiotic resistance in different samples of water, especially in the urban water cycle, as
well as drinking water that presents a potential route of transmission to humans.

Surface waters can serve as a “marketplace” where different microorganisms (espe-
cially in the presence of antibiotics from wastewater) can acquire new resistances [56].
Antibiotic-resistant Gram-negative bacilli (e.g., Enterobacteriaceae, Pseudomonadales) are
favored because many species are native to water bodies and enable a high level of cross-
species genetic exchange [57]. In particular, bacteria that produce extended-spectrum
beta-lactamases (ESBLs) have become ubiquitous over the last decade. They occur in
clinical settings, in human communities, and in animals (wildlife, pets, and livestock) [58].
The excessive use of antimicrobial agents in veterinary medicine is one reason for the
increase in ESBLs in animal populations. This leads to the occurrence of ARB in the animals
themselves and to the contamination of food of animal origin, which contaminates the soil
or surface water [35].

The Danube, as the second largest river in Europe, was examined for the resistance
profile of Escherichia coli and Klebsiella spp., which were isolated from 68 sample sites
along the course of the river. A total of 629 E. coli and 319 Klebsiella spp. were isolated,
out of which 61 isolates of E. coli (9.7%) and 7 isolates of Klebsiella spp. (2.19%) had
acquired resistance to more than three antibiotics. Furthermore, two E. coli and two
Klebsiella spp. isolates were tested as positive on ESBL genes. Besides E. coli and Klebsiella
spp., the authors also examined the presence of ESBL and carbapenamase harboring
Enterobacteriaceae as examples of clinically relevant resistance mechanisms. They isolated
35 ESBL Enterobacteriaceae, 17 E. coli, 13 Klebsiella pneumoniae, and 5 Enterobacter spp. The
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obtained results showed that only five isolates were not classified as multiresistant, while
nine isolates showed resistance to one antibiotic out of six representative classes. The study
revealed the river Danube as reservoir of antibiotic-resistant Enterobaceriaceae [35].

The global distribution of carbapenemase-producing strains has been detected in
rivers in different regions of the world [59]. In the study by Lepuschitz et al. [36], neither
ESBL-producing nor carbapenem-resistant K. pneumoniae isolates were found in five water
samples taken upstream of the cities of Vienna (Danube), Linz (n = 2, Danube and Traun),
Klagenfurt (Glan), and Innsbruck (Inn). On the other hand, five samples taken downstream
of the cities contained multiresistant K. pneumoniae isolates (Danube, Traun, Glan, and Inn).
In addition, a comparison was made between isolates from water samples and 95 clinical
K. pneumoniae isolates based on whole-genome sequencing, whereby three clusters were
identified. Cluster 1 and cluster 2 consisted of isolates from water and clinical samples that
were carbapenem-resistant strains. Cluster 3 consisted of three ESBL-producing strains
isolated from a water sample and two clinical samples. The cities where the patient
isolates of clusters 2 and 3 were collected matched the locations of the water samples
downstream of these cities. The results of this study reveal clinically relevant strains in
the environment, which is alarming and appears to be a future public health problem that
requires heightened attention.

Source water contains a considerable number of bacteria, besides treated drinking
water (finished water) and tap water, in Louisiana [40]. Several pure cultures were isolated
and identified, and the bacteria that were consistently present in the water sample each
month in the period from September 2014 to September 2015 were E. coli, Enterobacter cloacae,
K. pneumoniae, Staphylococcus warneri, Bacillus, Pseudomonas, and Enterococcus spp. The
bacteria were resistant to some of the common antibiotics such as oxacillin, clindamycin,
vancomycin, erythromycin, neomycin, chloramphenicol, tetracycline, kanamycin, and
streptomycin. However, the water treatment plant removed these bacteria from tap water,
as well as from finished water.

China represents one of the world’s largest producers and consumers of antibiotics,
among which 46.1% of antibiotics are used in the animal industry [60]. Most of these
antibiotics end up in the environment via waste from animal husbandry. Plants can take
up and bioaccumulate antibiotics from the environment, which endangers human health
when consumed [61]. Besides animal industry and plants, drinking water sources in China
can be polluted with antibiotics and ARGs. A study by Hu et al. [37] revealed the presence
of antibiotics in frequencies above 70% in drinking water sources in East China, while
concentrations of different antibiotics ranged from 19.68 to 497 ng/L. In addition, 41 ARG
subtypes and four intergrase genes were investigated, while 18 ARG subtypes and the
class I intergrase gene intl were detected in water samples. The obtained results indicate
antibiotic resistance pollution in the drinking water sources of East China.

In a preliminary study carried out by Mohamad et al. [62], in three samples from
DWTPs, multidrug-resistant Enterobacteriaceae and heterotrophic ARB were isolated in river
water sources. The obtained results showed that, out of 56 isolates, 24 (40%) E. coli and
Salmonella spp. were multidrug-resistant isolates.

Waste water, rivers, water drinking sources, and lakes also have the potential to
store and accumulate ARGs due to the longer retention time of pollutants, as the water
retains pollutants from wastewater that circulate slowly in the lakes [63]. In a study by
Filipi¢ et al. [64], ten samples from glacial lakes of the Western Balkans were examined
for the presence of ARGs. The RND efflux pump genes were the most abundant in the
metagenome of Lake Plav, followed by ermB, blargy, aacA, and aadA genes. Genes for
RND efflux pumps and ermB were detected in the Black Lake metagenome, while all
resistance genes tested were found in the Donje-Bare Lake metagenome, with the blatry
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gene being the most abundant. The western glacial lake sediments analyzed in this study
differed in terms of exposure to the human population, chemical properties, and bacterial
community composition. Since Plav is a relatively small town, the author assumed that the
human population exerts little selection pressure through the use of antibiotics in medicine
or agriculture.

Once in the environment, antibiotics used in agriculture, veterinary, or human
medicine are linked to the contamination of water in different parts of the environment.
Furthermore, the use of antibiotics consequently leads to the rise of ARB and ARGs and
their transfer from one environment to another and, finally, to humans. In that sense, some
effort must be made to reduce the possibility of ARB and ARGs entering and spreading
into the environment. The most effective and direct approach may be the judicious use of
antibiotics in health protection and agricultural production. In addition, new and effective
wastewater treatment processes need to be developed to improve the efficiency of ARG
removal in wastewater treatment plants. Furthermore, the feasibility of the agricultural
application of sewage sludge or irrigation with treated wastewater needs to be thoroughly
discussed, as ARGs can enter the soil and groundwater.

3. Food Production and Veterinary Public Health

Over the past decade, demands for high-quality animal protein have increased, pos-
ing a significant challenge to improving animal health and welfare, reducing morbid-
ity and mortality in food-producing animals, and overall economic losses in the food
industry [65,66]. The misuse or overuse of antimicrobial agents in animal husbandry leads
to the emergence of AMR in pathogenic bacteria, the complexity of the development of ge-
netic mechanisms in the present microbiome, and further selective pressure on commensal
microorganisms [67,68].

3.1. Antimicrobial Use (AMU) in Food-Producing Animals

The AMU in intensive livestock production is rising, with the prediction that total
antibiotic consumption in the farm system will increase by 104,079 tonnes by 2030 [69,70].
Although antibiotics are used for therapeutic purposes, it is evident that their application for
non-therapeutic purposes, through prophylaxis, metaphylaxis, and as growth promoters, is
still present [2,71]. Subtherapeutic AMU is influenced by several factors, such as inadequate
drug selection, inappropriate dosing, non-bacterial infection, and inadequate treatment
duration [65,72]. Through irrational, suboptimal doses of antibiotics in farm animals, ideal
conditions for the development of AMR occur. Considering the large biomass of farm
animals, the chances of mutations in microorganisms are high, leading to shifts in the gut
microbiome, facilitating the presence and further spread of resistance microorganisms and
their genes, not only to the antibiotics used but also against other antibiotics, influenced
by complex mechanisms of co-resistance [73]. It has also been established that 75% of
the antibiotics used in farm animals are excreted via feces and urine, affecting antibiotic
residues’ release into the environment and selective pressure on the microbiome [74].

The strategy for mitigating AMR includes several steps: classifying antimicrobial
drugs, monitoring AMU in farm animals, and the surveillance of pathogenic microorgan-
isms for which animals serve as reservoirs [75,76]. In human and veterinary medicine,
antimicrobial drugs have been classified by the World Health Organization (WHO) and
World Organization for Animal Health (WOAH) according to their importance: critically
important, highly important, and important. Based on the above approach, two classes of
antibiotics are important for both sectors: third- and fourth-generation cephalosporins and
fluoroquinolones [77]. Although the highest level of resistance in farm animals is toward
tetracyclines, sulfonamides, and penicillins due to their availability and low cost [66], in
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recent years, there has been an increasing trend toward the emergence of resistance to
critically important antibiotics. Another issue that arises is co-resistance. Resistance to
carbapenems, which are banned in veterinary medicine, is most likely a consequence of
using third- and fourth-generation cephalosporins. Therefore, Quebec has restricted the use
of critically important antibiotics to human medicine in food-producing animals, includ-
ing polymyxins, third- and fourth-generation cephalosporins, and fluoroquinolones [78].
Most developed countries have implemented a strategy for monitoring AMU in veterinary
medicine (Table 1) [79,80]. However, a harmonized, quantitative methodological protocol
has not yet been established, making it challenging to monitor AMU in livestock between
different countries, let alone at the level of different ecological niches [81]. Future directions
for surveillance should include monitoring AMU in different animal species, emphasizing
developing publicly available databases similar to those in human medicine. Reducing
AMU in food-producing animals has yielded some results, lowering the occurrence of
resistant pathogens among animals, with limited prospects for reducing resistance in hu-
mans [82]. The burden of the ecological niche with resistance genes, primarily in commensal
microorganisms, as well as the mechanisms of resistance transmission could lead to com-
plexity in reducing the AMR. Therefore, the reduction in AMU should have a multi-sector
approach, not limited to food-producing animals, with mandatory susceptibility testing
before using antimicrobial drugs.

Table 1. Antimicrobial sales for food-producing animals in the EU and USA in 2023 [79,80].

EU USA

Antimicrobial Classes

Antimicrobial Sales (tonnes) % Antimicrobial Sales (tonnes) %
Penicillins 1354.16 314 614.62 10.2
Tetracyclines 931.52 21.6 4051.12 66.9
Sulfonamides 435.57 10.1 263.09 4.3
Macrolides 414.01 9.6 530.59 8.8
Aminoglycosides 297.57 6.9 320.63 53
Lincosamides 228.57 53 149.75 2.5
Other classes * 219.94 5.1 95.29 1.6
Fluoroquinolones 99.19 2.3 26.91 0.4
Pleuromutilins 146.63 34 - -
Polymixins 116.44 2.7 - -
Trimethoprim 69.00 1.6 - -
Total 4312.60 100.0 6051.99 100.0

* Other classes: amphenicols, cephalosporins, other quinolones, and other antibacterials.

3.2. Surveillance of AMR in Food Production

During all stages of its production, food can be contaminated with various microor-
ganisms, which, under certain conditions, can lead to foodborne infections in humans or
spoilage. The most commonly investigated pathogens in food are Salmonella, Campylobacter
spp., Shiga toxin-producing E. coli, Listeria monocytogenes, and Staphylococcus aureus [83].
Trends in the prevalence of specific pathogens in food have changed over time, especially
in developed countries, due to the implementation of preventive measures. Due to the
low prevalence of Salmonella spp., monitoring E. coli is recommended as an indicator of
commensal microorganisms for the easier tracking of resistance genes present at the mi-
crobiome level, considering Gram-negative bacteria. Enterococcus faecalis and Enterococcus
faecium are recommended as indicator microorganisms for monitoring the resistance of
Gram-positive bacteria [84]. Detecting genes resistant to the last-resort antibiotics used in
human medicine, carbapenems and colistin (polymyxin E), is of concern. Resistance genes
to carbapenems (blayp.1, blanpa-1, and blanpps-s) and colistin (mcr-1 to mcr-9) have been
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identified in isolated Salmonella from pigs, poultry, and humans, indicating a multi-sector
pattern of resistance and a threat to public health [85].

The surveillance of antimicrobial resistance in pathogenic microorganisms involves
the application of classical microbiological and molecular techniques. The standard ap-
proach includes culture and susceptibility testing, phenotypic confirmatory tests, and the
determination of the minimum inhibitory concentration [65,86-88]. Advanced molecular
techniques for the detection of resistance genes, mutation recognition, the identification of
resistance determinants, and the analysis of resistomes have a high level of discrimination
even among very similar bacteria species [65,89,90]. Genome-based approaches should be
used to identify and relate AMR mechanisms from food-producing animals, environments,
and humans [85,90]. Likewise, the WHO recommends using whole-genome sequencing
(WGS) as a tool to strengthen foodborne disease surveillance and response, including its
application in outbreak investigations [91]. Publicly available tools such as the Compre-
hensive Antibiotic Resistance Database (CARD) and ResFinder facilitate the interpretation
of WGS data by linking resistance genes to corresponding phenotypic traits, thereby sup-
porting more accurate AMR surveillance across the One Health spectrum. Whole-genome
long-read sequencing is, to date, the most accurate genotyping method, which allows for
AMR determinants mediated by chromosomal point mutations and resistance linked to
mobile genetic elements to be distinguished [84]. WGS allows for the identification of
resistant genes and mutations and the prediction of gene transmission between different
bacterial species, which, together with phylogenetic analysis, provides a deeper insight into
the pattern of AMR between different regions and countries [92]. Thus, a cross-sectional
study investigating AMR at the human-animal-environment interface found genetically
closely related strains of Campylobacter jejuni and Salmonella enterica in chicken manure,
retail chicken meat, and the feces of asymptomatic farm workers. Notably, the majority of
Salmonella isolates were multidrug-resistant (S. enterica serovar Muenchen), harboring the
emerging S. infantis pESI megaplasmid, which confers resistance to multiple antibiotics.
These findings underscore the transmission of MDR foodborne pathogens from animals
to humans through the food chain [93]. Metagenomics, as a DNA-based approach, is the
next step in monitoring AMR, which directly analyzes genetic material from the entire
sample, allowing AMR patterns to be recognized across the entire diversity of present
microorganisms [94].

4. Public Health and One Health Approach

When it comes to food, AMR presents a dual problem: (i) it is a source of pathogenic
bacteria that, if resistant, can make treatment challenging when infection requires antibiotic
use; (ii) food also serves as a reservoir for both pathogenic and non-pathogenic bacteria,
which can carry resistance genes. These genes can be transferred to the normal microbiome
of the digestive tract and pose an issue, as they may be passed on to future pathogenic
bacteria, compromising their treatment.

4.1. Pathogenic Microorganisms and Foodborne Infections
4.1.1. Overview of Foodborne Pathogens and AMR

Every year, unsafe food leads to 600 million cases of foodborne illnesses and
420,000 deaths worldwide. The WHO estimates that 33 million years of healthy life are
lost globally annually due to unsafe food consumption, a figure that is likely an underesti-
mation [95]. Each year, there are 1.7 billion cases of childhood diarrhea worldwide, often
linked to contaminated food and water, leading to 525,000 deaths [96].

Most cases of infectious diarrhea in immunocompetent persons are self-limiting, typi-
cally caused by viruses, and require only symptomatic care. Bacterial acute diarrhea is also
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usually self-limiting, with antimicrobial treatment generally not recommended. However,
antimicrobials are indicated for patients with persistent fever, bloody or persistent diarrhea,
severe illness that restricts mobility, and HIV-positive or immunocompromised individu-
als. AMR is an increasing threat to the effective treatment of bacterial infections causing
diarrhea, driven by the widespread use of antibiotics in both food animal production and
clinical settings.

4.1.2. Common Zoonotic Foodborne Pathogens

The most common zoonotic bacterial pathogens responsible for foodborne infections,
along with the number of confirmed cases, hospitalizations, and deaths according to the
European Food Safety Authority and the European Centre for Disease Prevention and
Control, are displayed in Table 2 [97].

Table 2. The most common zoonotic foodborne pathogens—EU, 2023.

Confirmed Human Hospitalizations and

Bacteria Cases (N) l?rol?ortion of Deaths (N)
Hospitalized Cases (N)
Campylobacter spp. 148,181 90 0
Salmonella spp. 77,486 1726 16
STEC infections 10,217 48 1
Yersinia spp. 8738 9 0
Listeria monocytogenes 2952 84 11
Brucella spp. 259 0 0

Mycobacterium bovis and M.
caprae (Mycobacterium 138 0 0
causing zoonotic tuberculosis)

Non-Typhoidal Salmonella

The WHO lists non-typhoidal Salmonella (NTS) as one of the major global causes of
diarrheal disease, with over 2500 NTS serotypes or serovars [98]. In 2023, the European
Union (EU) reported 16.9% zoonotic salmonellosis cases per 100,000 population, making
it the second most common foodborne infection after campylobacteriosis. The top three
serotypes, S. Enteritidis, S. Typhimurium, and its monophasic variant (1,4,[5],12:i:-), ac-
counted for over 70% of human cases, continuing a trend since 2014. In 2023, these serovars
caused 84.8% of cases, while S. Infantis remained the fourth most common serovar. Isolates
were mainly linked to broiler sources, followed by pigs, laying hens, turkeys, and cattle [99].
The FoodNet report for 2019 shows that Salmonella infection ranked second in the United
States of America (USA) after Campylobacter, with 14.2% of cases per 100,000 population.
For over a decade, five Salmonella serotypes (Enteritidis, Newport, Typhimurium, Javiana,
and S. 1,4,[5],12:i:- have been predominant. Over 75% of human salmonellosis in the USA
was attributed to seven food categories: chicken, fruits, pork, seeded vegetables (e.g.,
tomatoes), other produce (e.g., fungi, herbs, nuts, root vegetables), turkey, and eggs [100].
NTS infection occurs when bacteria bypass the stomach’s acid barrier and invade intestinal
cells, causing inflammation. If the infection spreads, it can lead to invasive NTS (iNTS),
especially in those with a weakened immune system and newborns. Septicemia is the most
common complication and the overall pooled case—fatality ratio of iNTS is estimated at
17.1% in Africa, 14.0% in Asia, 9.9% in Europe, and 9.6% in the Americas [101]. Health
authorities are concerned about the growing cases of gastroenteritis and sepsis caused by
NTS strains resistant or multidrug-resistant (MDR) to common antibiotics like beta-lactams,
aminoglycosides, and quinolones. Salmonella resistance to ampicillin and cephalosporins is
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often due to 3-lactamase production. Ciprofloxacin resistance results from mutations in
the gyrA and parC genes, while plasmid-mediated quinolone resistance and efflux pumps
contribute to low-level quinolone resistance. AMR varies by region: China reports ampi-
cillin resistance at 73.4%, third-generation cephalosporins at 20%, fluoroquinolones at
16.2%, and MDR at 40-81%. Europe shows ampicillin resistance at 25.2%, third-generation
cephalosporins at 1.1%, fluoroquinolones at 14.9%, and MDR at 22.6%. The USA has
ampicillin resistance at 6.6%, third-generation cephalosporins at 3%, fluoroquinolones
at 3%, and MDR at 10.3% [102]. The prevalence of MDR isolates in sub-Saharan Africa
reached 75% [103]. Finally, fluoroquinolone-resistant NTS indirectly increases resistance in
typhoidal Salmonella by contributing to the prevalence of resistance genes. Shared genes
increase the risk of resistance transfer, compromising the effectiveness of fluoroquinolone
in treating typhoid fever. This is why the WHO added fluoroquinolone-resistant NTS to the
high-priority category of bacterial pathogens of public health importance to guide research,
development, and strategies to prevent and control antimicrobial resistance [104].

Campylobacter spp.

In 2023, campylobacteriosis remained the most commonly reported zoonosis in the EU,
accounting for 58.9% of confirmed human cases [99], with a notification rate of 45.7 cases per
100,000 population. The number of confirmed cases is shown in Table 2. Campylobacteriosis
in humans is primarily due to the consumption of undercooked poultry, whereas outbreaks
are mostly associated with the consumption of raw milk or dairy products. Campylobacter is
also present in the intestines of companion animals (such as dogs and cats), and interaction
with puppies infected with Campylobacter has been linked to transmission.

Campylobacter is exposed to antibiotics used in food-producing animals, companion
animals, and humans, which has led to the development of various resistance mechanisms.
As a result, antibiotic-resistant Campylobacter is becoming more common, threatening the
effectiveness of antibiotic treatments and posing a significant public health risk. Macrolides
are the preferred antibiotics for treating campylobacteriosis. However, increasing rates
of macrolide resistance, particularly in C. coli strains from China, Spain, and Peru, have
raised concerns about relying on macrolides as the primary treatment in these regions [105].
Fluoroquinolones and tetracycline are alternative options but are not recommended for
children. Over the past decade, resistance to ciprofloxacin and tetracycline has quickly
risen in Campylobacter spp. among humans in Europe, while resistance to erythromycin
has remained relatively low. The use of fluoroquinolone antibiotics has contributed to the
emergence of resistance, with reports indicating a 75-90% prevalence of fluoroquinolone
resistance in clinical Campylobacter strains across various countries [106,107]. Aminogly-
cosides like gentamicin are effective for systemic infections, as Campylobacter is generally
susceptible to them. However, the emergence of novel aminoglycoside resistance genes
and multidrug resistance islands threatens their clinical effectiveness [108]. Due to in-
creasing rates of MDR Campylobacter spp., there are suggestions to include amoxicillin—-
clavulanic acid or fosfomycin tromethamine as treatment options. Future studies will
evaluate their effectiveness.

Diarrheagenic E. coli

Escherichia coli is the predominant commensal gut bacterium. However, there are
strains capable of causing diseases in the human intestinal tract and are designated as
diarrheagenic E. coli (DEC), which is subclassified into seven different pathotypes: Shiga
toxin-producing E. coli (STEC), enteropathogenic E. coli (EPEC), enterotoxigenic E. coli
(ETEQC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), diffusely adherent
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E. coli (DAEC), and the recently identified, though uncommon, adherent-invasive E. coli
(AIEC) [109].

The risk factors associated with gut colonization and the spread of infection caused by
diarrheagenic E. coli (DEC) in humans include poor sanitation and hygiene practices such
as open defecation, lack of clean water, inadequate hand washing facilities, malnutrition,
HIV/AIDS infections, overcrowded living conditions such as in refugee camps and slumes,
contact with infected individuals and animals, and contaminated food and water [110,111].

If indicated, antibiotic treatment includes fluoroquinolone, azithromycin, or rifaximin.
In addition, trimethoprim-sulfamethoxazole and third-generation cephalosporins are also
in use. Although studies investigating the antimicrobial resistance of DEC in Europe
are scarce, studies on DEC in Asia have shown that the highest resistance of DEC was
to penicillin-based antibiotics, with amoxicillin exhibiting 80.9% resistance, followed by
ampicillin at 73.5% [112]. In South Africa, the antimicrobial resistance of DEC was as
follows: amikacin (95%), gentamycin (93%), meropenem (91%), chloramphenicol (90%),
norfloxacin (88%), nitrofurantoin (87%), imipenem (84%), and polymyxin B (83%), with
ceftazidime, cefotaxime, cephalothin, and nalidixic acids demonstrating susceptibilities
slightly above average (62, 55, 62, and 58%, respectively) [113]. A growing number of ARGs
have been found in E. coli, many of which are situated in mobile genetic elements, allowing
them to be transmitted between animals, humans, and the environment.

BlaTtpp was the most commonly detected resistance determinant among the DEC
isolates in South Africa, with an average of 33% of the isolates carrying this resistance
factor [113], supporting the findings of the study by Zhou et al. in central China [114].

4.2. Non-Pathogenic and Opportunistic Bacteria as the Source of Antimicrobial Resistance in Food

Besides pathogenic bacteria, non-pathogenic and opportunistic bacteria should be
included in the list of public health concerns, as they serve as reservoirs for AMR genes,
which can be transferred to pathogenic bacteria directly of via the members of the gut
microbiome. Gene transfer occurs through three main mechanisms. Bacteria can directly
take up DNA from the environment or with the assistance of vectors like conjugative
plasmids, conjugative integrative elements, or bacteriophages [115]. Examples of these
bacterial species carrying antibiotic resistance genes are given in Table 3.

Table 3. Non-pathogenic and opportunistic bacteria in fresh, ready-to-eat, and fermented food as
antimicrobial resistance gene reservoirs.

Bacterial Origin

Bacteria Antibiotic Class and Corresponding Resistance Genes  Reference

Street kebab,
raw buffalo meat

Fish,
crustacean

Yogurt

Gram-positive
p-lactam — mecA
Staphylococcus spp. Fluoroquinolone — gnrB/S [116]
Sulfonamide — sull
Aminoglycoside — aac(6')-Ie-aph(2")-Ia
B-lactam — blaZ
Fluoroquinolone — gyrA
Enterococcus spp. Glycopeptide — vanA, vanB [117]
Macrolide — ermB
Oxazolidinone — optrA
Tetracycline — tetM/K
Aminoglycoside — AacA-D, strA, strB
B-lactam — blaZ
Fluoroquinolone — gyrA
Streptococcus thermophiles, Lincosamide — linA, cat1
Lactobacillus bulgaricus Macrolide — ermA
Nitrofuran — nfsA
Rifamycin — rpoB
Tetracycline — tetM/K

[118]
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Bacterial Origin Bacteria Antibiotic Class and Corresponding Resistance Genes  Reference
Nono Enterococcus thallandz;us, Ammoglycos1de — aadE [119]
Streptococcus infantarius Tetracycline — tetS/M
Enterococcus spp. (E. faecium Aminoglycoside — aac(6')-le-aph(2'')-Ia, ant(6')-Ia
Ready-to-eat food E. faccalis) pp- (& ! Macrolide — mefA/E, ermB [120]
’ Tetracycline — tetK/L/M
Latilactobacillus sakei,
Lactiplantibacillus plantarum, Macrolide — ermA/B/C
Pork and llama sausages Staphylococcus spp. (S. xylosus, Tetracycline — tetK/L/M/S/W [121]
S. equorum, S. saprophyticus)
Gram-negative
Enterobacter spp.
(E. cloacae,
Tomatoes, E. ludwlgu, Aminoglycoside — aadE
E. asburiae,
carrots, - p-lactam — blargm/crx-m/sHv/cmy/oxa-4
) E. kobei), .
iceberg lettuce, P . Fluoroquinolone — gnrS [122]
. Lelliottia amnigena, -
strawberries, .. Sulfonamide — sull
. Morganella morganii, .
coriander . . Tetracycline — tetW
Serratia spp. (S. fonticola,
S. odorifera),
Pseudomonas aeruginosa
Aminoglycoside — aph(3')-VI, aph(3')la, aph(3"')-Ib,
aph(6)-Id, aac (3)-1la, aac (6')-Ib, aad A1, aac(6')-Ib-c, rmtF
Amphenicol — catB3
Minced meat, p-lactam — blanpwm-1/NDM-5/0xA-48/0x4-9/0xA-1/0xA-10/
diced meat ' . CTX-M-15/SHV~67/SHV-1/SHV-148/CTX-M-14b/TEM-1A/TEM-1C/
. ’ Klebsiella pneumoniae CTX-M-82/CTX-M-194/ TEM-1B [123]
chicken meat, g
mutton meat Fluoroquinolone — gnrB1, OgxA, OqxB
utto Fosfomycin — fosA, fosA6
Sulfonamide — sul1/2
Tetracycline — tetA
Trimethoprim — dfrA5
Aminoglycoside — aadA2, dfrA12, aph(3")-Ib, aph(6)-1d
Amphenicol — catA3, catlll
B-lactam — ampS, ampH, blapox/cep-a3/Mox/0xa/ aqu,
Fresh mussels Aeromonas spp. cphA3/4/6/7, imiHPolymyhin — mcr3 [124]
and oysters .
Sulfonamide — sul1/2
Tetracycline — tetA/E/Y
Trimethoprim — dfrA15
Fresh cabbage, Klebsiella pneumoniae,
spinach, Escherichia coli, B-lactam — blaxpc.2/NpDM-1/viM-2 [125]
lettuce Pseudomonas aeruginosa
-lactam — BepC, ber, Mdtl, AcrAB-TolC, MexEF-OprN
Fresh vegetables Pseudomonas putida Quinolone — Mdtl, AcrAB-TolC, MexEF-OprN [126]

Tetracycline — Mdtl, AcrAB-TolC, MexEF-OprN

5. Conclusions

There is still a high presence of AMR, with possible transmission-mediated routes

between different ecological niches. While the trends in the prevalence of foodborne

pathogens have changed over time, the burden of the ecological niches with resistance

genes, primarily in commensal microorganisms, is of concern. The implementation of

the harmonized surveillance of AMU and AMR would provide comprehensive insights

into the actual status of resistance and further interventions leading to its reduction. WGS

should be used as a genome-based tool necessary for tracking AMR within the One Health

concept. The development of publicly available repositories for AMR minimum metadata

from human and non-human samples, not only for pathogenic microorganisms but also

for non-pathogenic ones, will enable more comprehensive AMR surveillance, monitoring

of transmission-mediated pathways, and identification of AMR sources to be carried out,

potentially resulting in its elimination.
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