
Vol.:(0123456789)

Food Science and Biotechnology (2025) 34:2101–2129 
https://doi.org/10.1007/s10068-024-01767-x

REVIEW

Antibiotic resistance and preventive strategies in foodborne 
pathogenic bacteria: a comprehensive review

Masooma Farrukh1 · Ayesha Munawar1 · Zeenat Nawaz1 · Nazim Hussain1 · Ahmer Bin Hafeez2   · Piotr Szweda2 

Received: 13 August 2024 / Revised: 8 November 2024 / Accepted: 18 November 2024 / Published online: 29 January 2025 
© The Author(s) 2025

Abstract
Antibiotic resistance in foodborne bacteria poses a substantial global health challenge. Reports indicate that antibiotic overuse 
in middle-class and low-income countries is a significant factor in the ever-increasing resistance. Resistance mechanisms have 
developed through enzymatic hydrolysis, reduced membrane permeability, efflux pumps, and target site mutations. Preventive 
measures like proper hygiene and safe food preparation, vaccination, antibiotic stewardship and surveillance, implementing 
infection prevention and control (IPC) measures, good agricultural practices, and investigating novel approaches like CRISPR, 
NGS, nanotechnology, and bacteriophages may be employed to address this challenge. Naturally occurring preservatives 
(e.g., nisin) are alternatives to antibiotics for food preservation. Prebiotics, probiotics, nanobiotics, phage treatment, and 
antimicrobial peptides are also substitutes for antibiotics. Furthermore, plant-derived compounds, such as essential oils 
and plant extracts, are promising substitutes for antibiotics in animal production. This review focuses on the mechanisms 
of underlying antibiotic resistance in foodborne pathogens, necessary preventive measures, and the challenges associated.
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Introduction

Foodborne illnesses are caused by biological organisms 
referred to as foodborne pathogens. These include viruses, 
bacteria, or parasites that are found in food or water and 
can lead to serious illnesses like food poisoning (Bint-
sis, 2017; Madilo et al., 2023). Some pathogenic bacteria 
associated with foodborne illnesses include Escherichia 
coli (found in meat and un-pasteurized milk), Clostridium 
botulinum (found in improperly canned foods), Campy-
lobacter (found in raw or undercooked foods), Salmo-
nella species (found in meat, poultry, or eggs), Shigella, 
Clostridium perfringens, Vibrio vulnificus, Vibrio para-
haemolyticus, Staphylococcus aureus, some Bacillus 

species, and Listeria monocytogenes (found in under-
cooked meats, vegetables, unpasteurized milk, and soft 
cheese) (Havelaar et al., 2015). Unsafe foods that include 
chemicals and biological toxins are a major cause of 
sickness and mortality globally (Madilo et al., 2023). All 
of the major foodborne pathogens, including Campylo-
bacter spp., S. aureus, Salmonella spp., and L. monocy-
togenes, have been shown to exhibit antibiotic resistance 
and multidrug resistance, which poses a serious threat 
to public health (Grudlewska-Buda et al., 2023b; Rajaei 
et al., 2021). Antimicrobial-resistant (AMR) foodborne 
bacteria can arise and propagate from farm to table by a 
variety of processes, such as metabolic rearrangement, 
enzymatic degradation, efflux pump system, target-site 
mutation, and self-preservation (Kim and Ahn, 2022). 

https://www.biorender.com/
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Antimicrobial resistant foodborne bacteria are more 
prevalent in food processing units. There are several 
times when this contamination might happen, such as 
while handling, storing, and preparing (Verraes et al., 
2013). In order to comprehend the propagation of resist-
ance and provide pertinent risk assessment data, anti-
microbial resistance in the food chain must be regularly 
monitored. A number of studies conducted in numerous 
countries have shown that bacteria resistant to antibiotics 
are frequently present in a variety of meats, such as lamb, 
beef, hog, and chicken. According to a study in Iran, the 
percentage of uncooked kebab and hamburger samples 
contaminated with S. aureus, E. coli, Salmonella, and L. 
monocytogenes was 35.5, 8.1, 4.8, and 1.6%, respectively 
(Rajaei et al., 2021).

In this review, we aimed to provide a comprehensive 
overview of antibiotic resistance, including its transmission 
pathways, classifications, and preventive strategies against 
AMR foodborne pathogenic bacteria. It provides a better 
understanding of the acquisition mechanisms of antibiotic 
resistance in foodborne pathogens, factors contributing anti-
biotic resistance, the effects of antibiotic resistance on public 
health and the economy, descriptions of antibiotic steward-
ship programs in food production, alternate approaches to 
combat antibiotic resistance, and complications in address-
ing antibiotic resistance in the food chain.

Trends in antibiotic resistance acquisition 
over time

Antibiotics are essential to contemporary medicine. Since 
discovery, they have not only aided in the management of 
illnesses, but have additionally facilitated the advancement, 
routine use of invasive surgical techniques and sophisticated 
medical interventions, such as the care of premature new-
borns, organ transplants, and cancer treatment (Cecchini and 
Lee, 2017). In the past, bacteria have shown the ability to 
become resistant to new antibiotics within a few years of 
their discovery (OECD, 2018). According to the UK gov-
ernment-commissioned review, AMR might kill 10 million 
people annually by 2050 (O’neill, 2014, 2016). Yang et al. 
(2020) analyzed data from eight countries and identified 
common genes with high frequency of antibiotic resistance. 
Focusing on the common antimicrobial resistance genes that 
arise every year for each country and the historical profiles 
of AMR gene occurrence that are more frequent from 2010 
to 2019 they found reported that there is a general increase 
in the number of cases of antibiotic resistance in foodborne 
pathogens (Yang et al., 2020).

Similarly, Schar et al. (2021), in their study reported that 
a major concern is increasing antibiotic resistance in food-
borne bacteria. These foodborne pathogens exhibited the 

highest resistance to tetracyclines (21.5%), sulfonamides 
(32.9%), macrolides (34.2%), and penicillins (60.4%). The 
study also revealed high mean resistance rates to the most 
vitally important and high priority antimicrobials for human 
medicine, including quinolones, macrolides, and third- and 
fourth-generation cephalosporins (Schar et al., 2021). As 
reported in a study by the European Medicines Agency, the 
anticipated resistance proportions increased by an average 
of 2% points for 12 combinations of antibiotics and bacteria 
between 2009 and 2019. Acinetobacter baumannii resist-
ance to fluoroquinolone showed the biggest anticipated 
increases in resistance proportions, while methicillin-resist-
ant S. aureus showed the largest projected declines (OECD, 
2023). Excessive use of antibiotics promotes the transfer of 
resistance genes between microorganisms and can spread to 
pathogens in addition to exerting selective pressure on anti-
biotic resistance (Juhász et al., 2021; Laxminarayan et al., 
2013). According to the World Health Organization (WHO), 
some foodborne bacteria that cause common infections in 
the community are becoming more resistant to treatment, 
and there are high levels of resistance among bacteria that 
cause potentially fatal bloodstream infections. According to 
a study, foodborne pathogens' antibiotic resistance shifted 
toward first declining and then increasing between 2000 and 
2020. Overall, the incidence of food isolate pathogen resist-
ance declined from 75% before 2010 to 72% between 2011 
and 2015, and then to 80% between 2016 and 2020 (Tao 
et al., 2022).

Common foodborne pathogens and their 
antibiotic resistance profiles

The most often found foodborne pathogens of animal origin 
that have been detected worldwide include Staphylococcus, 
Campylobacter, Salmonella and E. coli (Rafiq et al., 2022). 
These bacteria have the potential to cause foodborne ill-
nesses when undercooked food is consumed or when they 
contaminate food and water supplies (Rafiq et al., 2022). 
Some foodborne pathogens and their antibiotic resistant 
rates are given in the Table 1 (Elhadidy et al., 2020; Ford 
et al., 2023; Grudlewska-Buda et al., 2023a; Kim and Ahn, 
2022; Rafiq et al., 2022; Shen et al., 2018).

Factors contributing to acquisition 
of antibiotic resistance in foodborne 
pathogens

The demand for meat has grown over the past few decades, 
leading to an increase in worldwide meat production, which 
may be related to the rise in antibiotic usage. By 2030, the 
amount of antibiotics consumed worldwide might rise to 
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Table 1   Foodborne pathogens and their phenotypic antibiotic resistance profiles in both poultry and livestock food products & by-products

S. nos Pathogens Antibiotic Resistance levels (%) References

1 Escherichia coli Penicillin 100 Rafiq et al. (2022)
Tetracycline 72–100
Oxytetracycline 78–93
Sulfamethoxazole-trimethoprim 51–88
Ampicillin 89.5–100
Amoxicillin 92–95
Streptomycin 19–70
Erythromycin 89
Ciprofloxacin 50
Chloramphenicol 43–50
Gentamicin 8–28
Enrofloxacin 55
Norfloxacin 50
Cloxacillin 20

2 Staphylococcus aureus Penicillin 98.5 Rafiq et al. (2022)
Amoxicillin 96.5
Ampicillin 94.5
Cloxacillin 90.5
Erythromycin 88.5
Gentamicin 29.5
Tetracycline 20
Ciprofloxacin 12.5
Chloramphenicol 10
Norfloxacin 10
Sulfamethoxazole-trimethoprim 10
Enrofloxacin 5.5
Kanamycin 5.5
Neomycin 5.5
Streptomycin 5.5
Gentamicin 4.5
Tobramycin 4.5
Netilmicin 1.5

3 Salmonella Penicillin 96.15 Rafiq et al. (2022)
Ampicillin 91.48
Oxytetracycline 81.58
Sulfamethoxazole-trimethoprim 66.67
Gentamicin 3.85

4 Campylobacter Ciprofloxacin 24 Elhadidy et al. (2020), Ford et al. 
(2023), Grudlewska-Buda et al., 
(2023a), Kim and Ahn (2022), 
Rafiq et al., (2022) and Shen et al. 
(2018)

Azithromycin 29
Tetracycline 44.5–49.7

5 Clostridium botulinum Chloramphenicol 10 Swenson et al. (1980)
Tetracycline 10
Fluoroquinolones 15–10
Metronidazole 10
Trimethoprim- Sulfamethoxazole 

(SXT)
< 10

Nalidixic Acid < 10
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110,000 tons (Aarestrup, 2015). The improper and exces-
sive use of antibiotics in human medicine and food pro-
duction, together with bacteria's innate ability to adapt and 
become resistant over time, are some of the causes of anti-
biotic resistance in foodborne pathogens (Bilal et al., 2017). 
According to the study, foodborne bacteria isolated from 
poultry have a higher phenotypic resistance to antibiotics 
than those from other sources like sewage water, seafood 
or dairy products (Rafiq et al., 2022). This is in line with 
other research that foodborne bacteria (E. coli, Salmonella 
spp., L. monocytogenes, S. aureus, C. botulinum) isolated 
from poultry products have significant levels of antibiotic 
resistance. Multidrug resistance was present in a significant 
amount of poultry E. coli strains (62.5%) of the bacteria 
in chicken samples (Mensah et al., 2022). Another factor 
causing antibiotic resistance in foodborne bacteria is the 

wide spread of resistance conferring genes up the food chain 
(Rafiq et al., 2022). A study suggests that enterococci and 
streptococci are the common sources of resistance genes for 
foodborne pathogens like L. monocytogenes (Rafiq et al., 
2022). Following are the major factors that are contributing 
to antibiotic resistance in foodborne pathogens.

Use of antibiotics in agriculture 
and aquaculture

Antibiotic-resistant bacteria have been found to arise as a 
result of antibiotic use in agriculture and aquaculture can 
then spread to humans through food chains and the environ-
ment Bilal et al. (2017, 2019, 2020a; Economou and Gousia, 
2015; Manyi-Loh et al., 2018). Significant differences exist 

Table 1   (continued)

S. nos Pathogens Antibiotic Resistance levels (%) References

6 Aliarobacter spp. Tetracycline 78 Grudlewska-Buda et al. (2023b)

Ciprofloxacin 24–59

Beta-lactamases < 1

Ampicillin 56

Macrolides 71

Chloramphenicol 19
7 Vibrio spp. β-lactams High resistance Grudlewska-Buda et al. (2023b)

Tetracycline 29
Sulfonamide High resistance (% not mentioned)
Aminoglycosides Low resistance
Macrolides Moderate resistance
Chloramphenicol Low resistance

8 Listeria monocytogenes Ciprofloxacin 1.8 Grudlewska-Buda et al. (2023b)
Tetracycline 8.4
Vancomycin Low to moderate resistance
Trimethoprim
Lincomycin
Macrolides
Sulfonamides 73

9 Shigella spp. Tetracycline Highest (up to 62%) Tao et al. (2022)
Fluoroqunilones High
Aminoglycosides High
Beta-lactamases High (62%)
Chloramphenicol Low
Sulfonamide High

10 Streptococcus suis Clindamycin 6.5 Grudlewska-Buda et al. (2023b) and 
Kim and Ahn (2022)Tetracycline 44.35–66

Doxycycline 9.2
Penicillin Moderate resistance
Macrolides Moderate resistance
Aminoglycosides Low resistance
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in the patterns of antibiotic consumption in agriculture 
between developing world regions and nations, and the 
majority of developing nations continue to use antibiotics 
that are prohibited in other nations, including industrialized 
nations (Adebowale et al., 2016; Moyane et al., 2013). It 
was anticipated that the antibiotic usage will roughly treble 
among the BRICS nations, which include Brazil, Russia, 
India, China, and South Africa (Van Boeckel et al., 2015). 
The estimate stems from the move to large-scale farming 
that requires frequent use of antibiotics in order to keep live-
stock healthy and productive. Concerningly, the classes of 
antibiotics used in veterinary and agricultural practices usu-
ally have same modes of action and are closely connected or 
similar to those given to humans (Islam et al., 2016).

The persistence of these superfluous antibiotics in animal 
husbandry could be attributed to several factors, including 
the expansion and concentration of farmlands, insufficient 
government regulations and supervision regarding the use 
and distribution of antibiotics, restricted application of infec-
tion control techniques, and farmers' reluctance to execute 
assigned modifications in farming practices (Kaplan et al., 
2014). Since most antibiotics are not completely metabo-
lized and are released into the environment as waste prod-
ucts, which have the potential to change the population of 
bacteria and increase antibiotic resistance, it has an ecologi-
cal impact. Antibiotics that end up in aquatic habitats due to 
human pressure may have an impact on the microbial com-
munities. By altering the makeup of bacterial communities, 
preventing or enhancing their ecological roles, and enhanc-
ing and sustaining drug resistance, antibiotics are ecological 
variables that propel microbial evolution (Kulik et al., 2023). 
Several studies reported the prevalence of antibiotic resist-
ance in Acinetobacter baumannii found in diverse environ-
mental specimens (Zhu et al., 2013) and found that manure 
and soil samples from three large commercial swine farms 
in three different regions contained notable concentrations of 
tetracycline. A broad spectrum of antibiotic resistance genes 
(149 unique ARGs) were also found and it was noted that 
43% of the aminoglycoside phosphorylation gene aphA3 was 
present in all manure samples (Xiao et al., 2016). Numerous 
genes related to antibiotic resistance were found in the paddy 
soil genome sequencing results. Multidrug resistance was 
the most prevalent, present in 38–47.5% of the soil samples 
under evaluation.

Antibiotics are used in aquaculture for preventative, 
therapeutic, metaphylactic, and growth-promoting reasons 
(Okeke et al., 2022; Pepi and Focardi, 2021). Antibiotic-
resistant microorganisms reach aquatic environments via 
human and animal sources. These antibiotic-resistant 
microbes have the ability to transfer their genes to aquatic 
microorganisms and induced the antibiotic resistance in 
them (Kraemer et al., 2019). The most commonly used anti-
biotics in aquaculture are oxytetracycline, florfenicol, and 

sulfadiazine (Okeke et al., 2022; Pepi and Focardi, 2021) 
which gives rise to antibiotic-resistance, subsequently trans-
mitting it to clinically relevant strains, impacting the entire 
ecosystem (Preena et al., 2020).

To prevent this spread in aquaculture, continuous moni-
toring, early identification of resistant strains, and adequate 
restrictions are essential (Preena et al., 2020). Moreover, 
a better understanding of gene transfer mechanisms, such 
as plasmids, transposons, integrons, and gene cassettes, 
is required to unravel the complicate process of antibiotic 
resistance in aquaculture (Preena et al., 2020). For the aqua-
culture sector, antibiotics are frequently provided as feed or 
by absorption in enclosed vessels (Fang et al., 2019). A frac-
tion of food treated with antibiotics that the fish do not con-
sume is accumulated in the sand dunes around and beneath 
aquatic farming sites (Aarestrup, 2006; Cabello et al., 2013; 
Sapkota et al., 2008; Sarmah et al., 2006). Examinations of 
the antibiotics oxytetracycline, florfenicol, and flumequine 
in the seabed underneath Greek fish farms in the Eastern 
Mediterranean Sea revealed that flumequine was the only 
antibiotic that could be identified, though in relatively small 
concentrations. It indicates that antibiotic resistance exists 
there, even in minor doses (Kalantzi et al., 2021). 90% of 
extended-spectrum β-lactamase-producing Enterobacteria 
(ESBL-E) in aquatic environments are resistant to one anti-
biotic or more, and 20% are resistant to multiple antibiotics 
(Woerther et al., 2013). Multi-resistant bacteria can arise 
when several antibiotics are used simultaneously in aqua-
culture. The consumption of raw or undercooked seafood 
contaminated with antibiotic-resistant bacteria, improper 
handling, processing, and preparation techniques for aquatic 
products, and other factors can all contribute to the transmis-
sion of antibiotic-resistant bacteria from aquaculture into 
the food chain. Moreover, the improper disposal of trash 
can lead to the contamination of water bodies by antibiotic-
resistant bacteria and resistance genes originating from 
aquaculture (Perreten, 2014).

Cross‑contamination in food processing 
and handling

Foodborne bacteria may develop antibiotic resistance due 
to cross-contamination during manufacturing and handling. 
Feces from the slaughter process can contaminate animal 
products with microorganisms resistant to antibiotics, while 
the use of fertilizers or irrigation water during the produc-
tion process can contaminate plant products (Verraes et al., 
2013). During handling by the consumer, food might become 
contaminated with antibiotic resistant bacteria or genes from 
another food item in food preparation area. This is known 
as cross-contamination (Samtiya et al., 2022; Verraes et al., 
2013). The transmission of bacteria from raw to ready-to-eat 
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foods, such as E. coli and Campylobacter, can result in 
cross-contamination and food poisoning. Cross-contamina-
tion can also result from inappropriate food storage practices 
and the usage of chopping boards and utensils for raw meat. 
Microorganisms that may possess antimicrobial resistance 
genes are purposely introduced to certain food items during 
the manufacturing process for technical purposes (Verraes 
et al., 2013). Cross-contamination can occur when micro-
organisms harboring antibiotic resistance genes, especially 
those carried by phages, are purposefully added to food 
during processing. This may contribute to spread antibiotic 
resistance. These microorganisms are categorized into four 
types based on their intended effect: starter cultures, pro-
biotics, bacteriophages and bio-preserving microorganisms 
(BRI, March 2016).

Tetracycline resistance is more common than transferable 
resistance genes when it comes to antimicrobial resistance in 
beginning cultures, according to a typical result (Authority, 
2008). Antibiotic resistance has occasionally been connected 
to fermented foods and probiotic bacteria. It is possible for 
probiotic bacteria to transmit genes that confer resistance to 
antibiotics via horizontal gene transfer processes such con-
jugation, transformation, and transduction. The genes could 
be linked to transposons, integrons, and other mobile genetic 
elements that promote inter-bacterial transfer. Interactions 
within the gut microbiome, stress-induced circumstances, 
and antibiotic-induced selective pressure can all have an 
impact on the transfer. (Masco et al., 2006; Teuber et al., 
1999). Probiotic Bifidobacteria, such as Bifidobacterium 
animalis subsp. lactis and Bifidobacterium bifidum, have 
also been found to be resistant to tetracycline (Masco et al., 
2006). In Enterococcus isolated from naturally fermented 
foods, tetracycline resistance is the most prevalent kind of 
antibiotic resistance According to a study, 89.5% and 53% 
of Enterococcus isolates from conventional chicken and beef 
samples, respectively, were resistant to tetracycline (Yılmaz 
et al., 2016).

Globalization and international trade

Antibiotic resistance in foodborne pathogens is significantly 
impacted by globalization and international trade. Antibiotic 
resistance is mostly disseminated via the international com-
merce in cattle, food animals, and their feed, especially in 
animals that have resistant bacteria (Hanefeld et al., 2017). 
For instance, drug-resistant E. coli may survive in minced 
beef that has been kept for many days as well as on beef 
carcasses in a chiller for up to 24 h (Alexander et al., 2010). 
According to a study submitted by retail dealers in the Neth-
erlands many of the uncooked meat samples had methicillin-
resistant S. aureus (MRSA), ranging from 2.2% of animal 
samples to 35.3% of turkey samples (De Boer et al., 2009). 

Antibiotic resistance is also facilitated by trade agreements 
and legislation. In 2006, the European Union (EU) prohib-
ited the use of antimicrobials for the purpose of promot-
ing growth in livestock production systems (Wallinga et al., 
2022). However, this policy change led to a 'repackaging' 
of the products' labeling and marketing, positioning them 
as 'prophylactic therapeutics' rather than 'growth promot-
ers'. Using antibiotics as growth promoters increases animal 
growth and feed conversion while lowering morbidity and 
death from both clinical and subclinical illnesses (Butaye 
et al., 2003).

Acquisition mechanisms of antibiotic 
resistance

Given the widespread outbreak of antibiotic resistance, there 
are two different proposed mechanisms of antibiotic resist-
ance, (i) genetic mechanisms, and (ii) phenotypic mecha-
nisms (Hashempour-Baltork et al., 2019; Yi and Ahn, 2023).

Genetic acquisition mechanisms

Within bacterial species, there is a complex interaction 
between innate and acquired variables (horizontal gene 
transfer, efflux pumps and mutations) that contribute to the 
genetic processes of antibiotic resistance. Through a variety 
of genetic components and processes, these pathways may 
contribute to the development of resistance.

The three basic processes of horizontal gene transfer 
(HGT) among bacteria are conjugation, transformation, 
and transduction (Fig. 1) (Verraes et al., 2013). This method 
makes it possible for resistance characteristics to spread 
quickly throughout various bacterial populations, which 
causes multidrug-resistant "superbugs" to form and pose 
serious risks to the health of people and animals (Sun et al., 
2019). Antimicrobial resistance genes can also be linked to 
genomic islands, insertion elements, and transposons.

Mutations that result from exposure to antibiotics or from 
spontaneous occurrences can lead to antibiotic resistance in 
bacteria (Hasan et al., 2022). It was shown in the 1980s that 
some antibiotics cause higher than normal rates of bacterial 
mutation. This led to the proposal of the "increased evolva-
bility" theory, which states that bacterial populations' genetic 
diversity is increased by antibiotic-induced mutagenesis, 
speeding up the growth of antibiotics resistance bacterial 
(Vasse et al., 2022). Mutation is often main cause of resist-
ance to fluoroquinolones (Ruiz, 2003), rifampicin (Gillespie, 
2002), oxazolidinones (Long and Vester, 2012), fusidic acid 
(Besier et al., 2005), and streptomycin (Gillespie, 2002). 
In the most basic case, mutations occurred during DNA 
synthesis resulted in spontaneous mutations which leads 
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to antibiotic resistance in bacteria (Martinez and Baquero, 
2000). Antibiotic exposure might increase the rate of bac-
terial mutation. Antibiotic exposure can increase the rates 
of mutation directly by either temporarily downregulating 
mismatch repair or by activating error-prone DNA repair 
pathways of bacteria. (Shee et al., 2011).

Phenotypic acquisition mechanisms

Antibiotic resistance phenotypic mechanisms are linked to 
certain situations such as growth arrest, modifications in 
bacterial metabolism, and differences in antibiotic sensitivity 
depending on the metabolic status of bacterial populations 
(Kok et al., 2022). Comprehending these pathways of phe-
notypic resistance is essential for creating innovative thera-
peutic strategies that take into account the true susceptibility 
of bacteria, which may vary from conventional laboratory 
assessments (Corona and Martinez, 2013).

Even though planktonic bacteria (E. coli, L. monocy-
togenes, Vibrio spp., S. aureus, Streptococcus spp., Campy-
lobacter spp., Bacillus cereus) are used in the majority of 
investigations on antibiotic sensitivity in bacteria, microbes 
may proliferate and form biofilms when they adhere to a 
surface (Costerton et al., 1999; Hall-Stoodley et al., 2004; 
Hansen et al., 2007; Kolter and Greenberg, 2006). Biofilms 
are intricate formations that make it more difficult for anti-
biotics to diffuse freely. During biofilm growth, collective 
activities are coordinated by a system of cell-to-cell com-
munication called quorum sensing. Genes that encode 
extracellular matrix components, polysaccharides, and 

surface-associated proteins are among those essential for 
the production of biofilms (Peng et al., 2023). SNPs and 
other genetic sequence variations can affect how biofilms 
form. Research has demonstrated a correlation between 
biofilm forming capacity and SNPs linked to genes such as 
alpA, alpB, cagE, and csd4. These genetic differences may 
impact bacterial strains' ability to adhere to surfaces and 
form biofilms (Fauzia et al., 2023). The antibiotic's structure 
will determine how well it diffuses into the biofilm (Corbin 
et al., 2011; Singh et al., 2010). Biofilms exposed to cefo-
taxime produced less biomass than controls, suggesting that 
resistance mechanisms have a detrimental effect on biofilm 
formation. It has been proposed that the bacteria that create 
biofilms can exhibit a variety of metabolic states, such as 
rapidly developing cells that ought to be killed by antibi-
otics and resting cells that might only momentarily with-
stand them (Wan et al., 2018). Depending on the antibiotic 
family, various metabolic conditions have varying effects. 
Pseudomonas aeruginosa biofilms have been shown to have 
aerobic parts that are resistant to cationic peptides and vul-
nerable to quinolones, whereas the hypoxic sections exhibit 
the reverse properties like reverse diauxie (in which it uti-
lizes lactic acid in hypoxic situations rather of glucose) and 
altered nutrients utilization (Rani et al., 2007).

Efflux pumps play a significant role in the development 
of antibiotic resistance in bacteria. Bacterial membrane 
proteins known as efflux pumps actively move materials 
including antibiotics out of the cell, which greatly contrib-
utes to the emergence of antibiotic resistance. The extru-
sion of hazardous substrates from bacterial cells, including 
almost all kinds of therapeutically relevant antibiotics, is 

Fig. 1   Horizontal gene transfer. Conjugation, transformation and transduction are the basic processes involved in antimicrobial resistant horizon-
tal gene transfer (HGT) which is a type of genotypic mechanism of antibiotic resistance. Created using BioRender https://​www.​biore​nder.​com/

https://www.biorender.com/
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facilitated by these transport proteins (Webber and Piddock, 
2003). There are five main families of efflux transporters in 
the bacterial kingdom: MATE (multidrug and toxic efflux), 
RND (resistance-nodulation-division), SMR (small multid-
rug resistance), and ABC (ATP binding cassette). The RND 
(resistance-nodulation-division) is known as major facilita-
tor (Lomovskaya et al., 2001). Mutations in local repressor 
genes can cause efflux pumps to be overexpressed (Adewoye 
et al., 2002). The wide range of substrates that efflux systems 
may handle is concerning since over-expression of a pump 
can lead to resistance to several classes of antibiotics, as well 
as to certain dyes, detergents, and disinfectants (including 
several widely used biocides) (Commission).

Six distinct strategies can be used to control an organism's 
permeability to antibiotics (Fig. 2). (1) Under the strain of 
antibiotic selection, the enzyme inactivation functions as a 

self-resistance mechanism. The penicillin-binding proteins 
(PBPs), which are crucial for the formation of peptidogly-
can, share structural similarities with β-lactam antibiotics. 
Penicillin and cephalosporin, two structural analogs, per-
manently acylate a PBP's active site, which degrades the 
antibiotic (Kim and Ahn, 2022). Penicillins, monobactams, 
and cephems are resistant to mutations that result in hyper-
inducible AmpC synthesis or that cause enhanced expression 
of AmpC enzymes. Furthermore, resistance might range 
widely due to horizontal acquisition of several β-lactamases 
from classes A, B, and D. A number of these β-lactamases 
are connected to specific "high risk" P. aeruginosa clones 
that are widely dispersed around the world (Eichenberger 
and Thaden, 2019). (2) Antibiotic resistance in bacteria can 
be caused by the hydrolase-type enzymes breaking down 
substrates such aminoglycosides, phenicols, macrolides, 

Fig. 2   Phenotypic mechanism of antibiotic resistance. Phenotypic 
mechanisms such as biofilm formation, efflux pumps and transient 
variation in permeability of bacteria to antibiotics are among the 

major players responsible for resistance in bacteria. Figure was Cre-
ated using BioRender https://​www.​biore​nder.​com/

https://www.biorender.com/
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and β-lactams. Antibiotic resistance may result from the 
steric obstruction of antibiotic target sites. By transferring 
functional groups (acyl, phosphate, nucleotidyl, and ribi-
toyl) to aminoglycosides, chloramphenicol, streptogramins, 
and fluoroquinolones, antibiotic-modifying enzymes such 
transferases can confer antibiotic resistance (Kim and Ahn, 
2022). (3) The susceptibility to antibiotics may vary depend-
ing on changes in the quantity or type of porins or antibiotic 
transporters. (4) The antibiotic can actively be pushed out-
side the cell via efflux pumps after it enters the cytoplasm 
(Corona and Martinez, 2013). (5) Bacteria can change the 
lipopolysaccharide on their surface, which disrupts the anti-
biotic's molecular interactions and, as a result, its penetra-
tion. The process of creating membrane vesicles increases 
the amount of membrane surface that is available, which 
may also lower the effective concentration of antibiotic that 
can enter a cell. (6) By establishing a physical barrier that 
restricts medication penetration and encouraging microenvi-
ronments that lower antibiotic efficacy, biofilm development 
increases resistance to antibiotics. Furthermore, persisted 
cells reside in biofilms, which promote genetic exchange and 
hasten the dissemination of resistance characteristics among 
bacterial populations (Sadık et al., 2020).

When bacteria simultaneously develop resistance to 
many chemicals, such antibiotics and heavy metals, through 
comparable processes, this is referred to as co-resistance 
(Wales and Davies, 2015). In bacterial isolates, co-resistance 
to heavy metals and antibiotics seems to work in concert 
through comparable pathways. Antibiotic resistance genes in 
the environment may be amplified by this synergy and then 
transmitted to clinical settings (Edet et al., 2023). Genetic 
connections between metal resistance and antibiotic resist-
ance genes can lead to co-resistance, when the two are 
inherited together (Murray et al., 2024). The co-location of 
these genes on mobile elements, including transposons and 
plasmids, increases the likelihood that bacteria may pass 
co-resistance (Edet et al., 2023).

The phenomenon known as cross-resistance occurs when 
bacteria use comparable pathways to gain resistance to a 
variety of chemicals, including antibiotics. This can hap-
pen when bacteria acquire genes that make them resistant 
to drugs or when they have gene mutations that change how 
sensitive they are to antibiotics (Cherny et al., 2020). Cross-
resistance is an issue when an efflux pump is exposed to a 
single agent that is part of its substrate profile, it tends to 
over-express that efflux pump and becomes resistant to all 
other substrates (Webber and Piddock, 2003).

Consequences of antibiotic resistance

When compared to identical infections caused by susceptible 
strains of bacteria, infections produced by antibiotic-resist-
ant bacteria can result in up to two time greater risks of unfa-
vorable consequences (Friedman et al., 2016). Antibiotic 
resistance poses a risk to treatable diseases like pneumonia, 
TB, or mild infections, making them incurable and burden-
ing families and the healthcare system more financially and 
emotionally (Chenoweth et al., 2000).

Public health consequences of antibiotic 
resistance in foodborne bacteria

Global public health concerns about antibiotic resistance 
can have serious repercussions, such as a higher chance of 
developing a serious, protracted disease or dying from it, 
experiencing severe drug side effects, needing more frequent 
checkups and hospital stays, and spending more financial 
resources on medical treatment. Consuming food or water 
contaminated with antibiotic-resistant bacteria can result in 
foodborne sickness in the public. There are around nineteen 
pathogenic bacteria known to be responsible for outbreaks 
of foodborne diseases. Following is the table of major food-
borne pathogenic bacteria (Table 2) (Nazir et al., 2023).

Increased treatment failure and severity 
of infection

New diseases and outbreaks have emerged as a result of 
shifting trends in food production and distribution, such as 
the advent of contemporary intensive farming and the forma-
tion of biofilms (Nazir et al., 2023). Antibiotic-resistant bac-
teria reduce the effectiveness of drugs intended to eliminate 
them or inhibit their growth, posing challenges in treating 
foodborne illnesses caused by them. Sepsis is more likely 
to occur in cases of antibiotic-resistant bacterial infection 
(Kumar et al., 2024). Due to the prolong sickness, higher 
frequency of septicemia, and severe symptoms can lead to 
expensive treatments, hospital stays, and increased risks of 
side effects (CDC).

Higher mortality rates and healthcare costs

The center for disease control (CDC) estimates that food-
borne infections cause 3,000 fatalities in the US each year 
(CDC). Immuno-compromised individuals, the elderly, and 
young children are frequently more susceptible and have a 
greater chance of infections (Smith, 1998). Additionally, 



2111Antibiotic resistance and preventive strategies in foodborne pathogenic bacteria…

people having pre-medical complications, foodborne infec-
tions can make their life-threatening illnesses worse (Barton 
Behravesh et al., 2011). In 2003, the yearly cost of disease 
caused by E. coli O157 (O157 STEC), which produces shiga 
toxin, was $405 million (US dollars). This amount included 
$370 million for preventable deaths, $30 million for medi-
cal expenses, and $5 million for lost productivity (Frenzen 
et al., 2005).

Challenges in diagnosis and societal 
consequences

A foodborne illness's diagnosis and treatment are deter-
mined by the patient's medical history and physical examina-
tion. Foodborne infections frequently cause vomiting, diar-
rhea (bloody or not), fever, headaches, abdominal cramps, 
dehydration, myalgia, and arthralgias (Switaj et al., 2015). 
Stool cultures, the gold standard for identifying bacterial 

Table 2   Major Foodborne pathogenic bacteria, diseases and food items associated with these bacteria

S. nos Pathogen Disease Commonly associated foods References

1 Campylobacter spp. Campylobacteriosis Undercooked poultry, unpas-
teurized milk, water

Giangaspero et al. (2023)

2 Shiga toxin–producing E. coli 
non-O157

Hemolytic uremic syndrome 
(HUS), diarrhea, vomiting

Undercooked beef, pork, 
chicken, contaminated fruits 
and vegetables

Marder et al. (2023) and Rounds 
et al. (2012)

3 Brucella spp. Brucellosis Raw unpasteurized dairy, under-
cooked meat

Qureshi et al. (2023)

4 Streptococcus spp. group A 
(GAS)

Cellulitis, Necrotizing fasciitis, 
pharyngitis, streptococcal 
toxic shock syndrome etc.

Unhygienically handled food, 
e.g. pasta, sandwiches

Brouwer et al. (2023), Falken-
horst et al. (2008) and Okamoto 
et al. (2014)

5 Enterotoxigenic E. coli Traveler’s diarrhea Raw vegetables, untreated 
water, street food

Buuck et al. (2020) and MMWR 
(1993)

6 Bacillus cereus Food poisoning (diarrheal and 
emetic syndrome)

Rice, dairy, infant foods Chen et al. (2022)

7 Clostridium botulinum Botulism Canned foods, 
improperly,preserved/stored 
vegetables (spinach, mush-
rooms), meat, seafood, water

WHO (2023b)

8 Staphylococcus aureus Bacteremia, infective endocar-
ditis etc.

Raw meat, raw milk, cheese, 
bakery products etc.

Kadariya et al., (2014) and Tong 
et al. (2015)

9 Shiga toxin–producing E. coli 
O157

Hemorrhagic colitis (HC), 
hemolytic uremic syndrome 
(HUS)

Undercooked beef, raw milk, 
contaminated produce

Etcheverría and Padola (2013)

10 Vibrio vulnificus Vibriosis Raw/undercooked oysters, 
seafood

Dutta et al. (2021)

11 Clostridium perfringens Food poisoning, gastroenteritis Meat, poultry, gravies Larry (2023)
12 Vibrio parahaemolyticus Vibriosis Raw/undercooked seafood (oys-

ters, crabs, fish, sushi)
Dutta et al. (2021)

13 Mycobacterium bovis Tuberculosis (TB) Unpasteurized milk, dairy 
products

Krajewska-Wędzina et al. (2022)

14 Shigella spp. Bacillary dysentery (Shigel-
losis)

Raw vegetables, contaminated 
water, potato salad, tuna salad 
etc.

CDC (2024) and Lampel et al. 
(2018)

15 Listeria monocytogenes Listeriosis Deli meats, soft cheeses, raw 
milk

Rogalla and Bomar (2024)

16 Salmonella spp. Salmonellosis Chicken, pork, eggs, fruits and 
vegetables

Popa and Papa (2021)

17 Vibrio cholerae Cholera Fish and shellfish Dutta et al. (2021)
18 S. enterica serotype Typhi Typhoid fever Dried milk products, milk 

chocolate, peanut butter, pork, 
eggs, water etc.

Bhandari et al. (2024) and Ehuwa 
et al. (2021)

19 Yersinia enterocolitica Yersiniosis Pork, unpasteurized milk, 
undercooked meat, contami-
nated water

Aziz and Yelamanchili (2024) 
and Bari et al. (2011)
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foodborne illnesses, only provide positive results in fewer 
than 40% of cases, which presents difficulties in the diagno-
sis of antibiotic-resistant foodborne illnesses (Switaj et al., 
2015). This implies that more testing may be required to 
establish the presence of antibiotic-resistant bacteria, and 
that a negative culture result does not always rule out a 
bacterial foodborne disease. Since there are no particular 
symptoms associated with foodborne illness, the doctor 
must make an appropriate diagnosis based on the patient's 
history, epidemiologic factors, and objective results (Switaj 
et al., 2015). Foodborne illnesses have a substantial finan-
cial cost, reduce productivity, and have an adverse effect on 
public health. The financial toll that foodborne infections 
take includes lost productivity from people who are unable 
to work and medical costs.

Economic implications for the food industry 
and society as a whole

The USDA's Economic Research Service (ERS) has been 
estimating the financial impact of fifteen major foodborne 
diseases since the mid-1990s. These includes illnesses 
caused by Campylobacter, Clostridium, Cryptosporidium, 
E. coli O157, Cyclospora, E. coli non-O157, Listeria spp., 
Shigella, Salmonella, Vibrio spp., Vibrio parahaemolyticus, 
Vibrio vulnificus and Yersinia (Hoffmann and Ahn, 2021). 
A meta-analysis of earlier research led ERS to estimate the 
worth of each life saved in the US at $8.7 million dollars in 
2013, rising to $9.7 million dollars in 2018 after account-
ing for income growth and inflation. The $2 billion rise in 
the overall cost of these foodborne diseases between 2013 
and 2021 was 76 percent of this $1.6 billion increase (Hoff-
mann and Ahn, 2021). Foodborne diseases have consider-
able costs, including medical expenses, loss of productivity, 
and financial losses for food companies. When foodborne 
disease outbreaks occur, firms in the food sector may experi-
ence lower sales, bad press (negative publicity), reputational 
harm, increased legal expenses, or perhaps have to close 
permanently. A decline in customer trust in the food supply's 
safety can have long-term consequences, including modifi-
cations to consumer preferences and behavior (Macready 
et al., 2020).

Loss of productive livestock and crops

Antibiotics resistant foodborne infections cause productive 
livestock and crops to perish because afflicted animals may 
need long-term care and harvests may need to be thrown out. 
Treating resistant cattle diseases can also be expensive since 
it may be necessary to use expensive medications or alterna-
tive therapies. Through the food chain, antibiotic-resistant 

bacteria in cattle can infect people, resulting in complex, 
incurable, and protracted diseases that can occasionally be 
fatal (Manyi-Loh et al., 2018). Antibiotic-resistant genes 
(ARGs) are released into the environments (such as soil and 
water) through cattle feces with antibiotic resistant strains. 
The possibility of human exposure would rise with more 
ARG replication and proliferation, especially for agricultural 
workers and those residing nearby (Li et al., 2015).

Antibiotic stewardship in agriculture 
and food production

A safe food supply and the prevention of antibiotic resistance 
in animals and humans depend significantly on antibiotic 
stewardship in agriculture and food production. Without 
lowering agricultural productivity, antibiotic stewardship in 
food production has been attributed to lower rates of resist-
ance in humans and animals (Patel et al., 2020). Antibiotic 
stewardship programmes (ASPs) aim to uphold the efficacy 
of antibiotics for the benefit of both animal and human 
health while also promoting their appropriate usage. The 
American Veterinary Medical Association (AVMA) outlines 
four pivotal tenets of antibiotic stewardship:

	 i.	  A commitment to stewardship.
	 ii.	  An emphasis on disease prevention.
	 iii.	  The cautious use of antibiotics.
	 iv.	  The monitoring and reporting of antibiotic usage and 

resistance (AVMA).

Through the incentive of certification, animal manage-
ment certification programmes can encourage compliance 
with antibiotic stewardship on farms. Programmes like U.S. 
Poultry and Egg Association, National Dairy FARM Pro-
gramme, and Beef Quality Assurance have shown an excel-
lent deal of variability in meeting the metrics of the Antibi-
otic Stewardship Assessment Tool (ASAT) in the US. This 
is partly because the programmes have different audiences 
and objectives (Umber and Moore, 2021).

A number of nations, notably those in Europe, have 
worked diligently to minimize the usage of antibacterial 
drugs in animals reared for food through implementing an 
assortment of stewardship measures (More, 2020). Antibi-
otic usage in the Netherlands is assessed across farms, iden-
tifying veterinary prescribers as well as medium, high, and 
extremely high consumers, with the possibility of regulatory 
penalties (Speksnijder et al., 2015). The use of antibiotic 
growth promoters was declared unlawful by the European 
Union in 2006 (Union, 2022). New regulations, which are 
scheduled to take effect in 2022, prohibit the use of antibiot-
ics in groups of animals or medicated feeds. These regula-
tions put constraints on the use of metaphylactic antibiotics, 
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bolster the ban on growth-promoting agents, call for member 
states to gather information on the supply and consumption 
of antibiotics. These new regulations also stipulate the pos-
sibility of reserving certain antibiotics for consumption by 
humans only, and forbid the importation of meat raised using 
growth promoting agents (Union, 2022). Decrease in resist-
ance to antibiotics in animals reared for food has been linked 
to antibiotic stewardship practices on farms. Within the span 
of two years of Denmark outlawing the use of avoparcin, an 
antibiotic that is analogous to vancomycin, the prevalence 
of vancomycin-resistant enterococci in humans and cattle 
dropped (Levy, 2014).

Regulation and control of antibiotic usage 
in animal feed and growth promotion

The excessive consumption of antibiotics has led to a consid-
erable increase in the emergence of microorganisms in the 
twenty-first century, and these organisms have been shown 
to regulate their genetic makeup in a faster and more effi-
cient manner, which helps them acquire resistance to multi-
ple antibiotic groups, particularly antibiotics with a broader 
spectrum. It has been noted that even the latest generation 

of antibiotics is inadequate against such a variety of micro-
organisms. This creates an important obstacle for scientists, 
prompting the development of novel strategies to tackle this 
recurring issue. Consequently, it is vital that novel strategies 
be developed in order to reduce or offer a substitute option 
to this burgeoning issue of multiple drugs resistance (Mann 
et al., 2021).

Among the techniques that humans have innovated is the 
usage of modified or transgenic crops in order to minimize 
the use of antibiotics and develop a more effective strategy to 
resist diseases in crops. Genetically modified crops are those 
that have had a gene of your choice introduced, eliminated, 
or suppressed in order to generate plants with characteristics 
that are desirable (Grifths et al., 2005). To safeguard plants 
against insects and the infections causing microorganisms 
they carry, genetically modified crops that are resistant to 
insects have also been designed. Even though this boosts 
productivity of crops and relieves the monetary burden on 
cultivators, it is currently being observed that the population 
of target microbes or insects is becoming increasingly resist-
ant (Bawa and Anilakumar, 2013). Policies at the national, 
regional, and international levels have been enacted lately 
as mentioned in (Fig. 3). While strategies for action dif-
fer immensely between countries and areas, they all seek 

Fig. 3   Combating antibiotic 
resistance requires a multifac-
eted approach at international, 
regional and national levels. 
Global action plans, funding to 
low and middle income coun-
tries, research collaborations, 
and policy frameworks to sup-
port international collaboration 
and standardized approaches are 
the main goals of global efforts 
to prevent antibiotic resistance. 
Regional collaborations focus 
on data sharing including joint 
surveillance and coordinated 
responses to outbreaks, a one 
health approach, and capacity 
building (training healthcare 
professionals and improv-
ing laboratory capacities) to 
collectively combat antibiotic 
resistance. At national level, 
countries are enforcing stricter 
antibiotic regulations, enhanc-
ing surveillance, raising public 
awareness, investing in research 
for novel alternatives and 
improving food safety to combat 
antibiotic resistance. This figure 
was created with BioRender. 
https://​www.​biore​nder.​com/
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to battle antimicrobial resistance (AMR) through the use of 
antibiotics cautiously, raising the concept of biosecurity and 
hygiene practices to avoid infections, and coming up with 
innovative antibiotic substitutes like probiotics, vaccines, 
and feed additives (Fig. 3). It's still debatable if these regu-
lations and laws are effective to fight against antimicrobial 
resistance, the successful implementation of multifaceted 
synchronized initiatives can be measured by a number of 
vital factors (Kasimanickam et al., 2021).

Responsible antibiotic usage practices in farming and 
fisheries are crucial to prevent the development and spread 
of antibiotic resistance. This can be achieved by implement-
ing good aquaculture practices, which lower disease risks 
and prevent disease, reducing the need for antibiotics and 
antimicrobials. The prudent use of veterinary medicines is 
also indispensable, as the use of antibiotics in animal rearing 
is important for increasing population survival rates, reduc-
ing chronic problems from infections, and improving food 
conversion rates. However, antimicrobials should only be 
used after careful consideration of the options for disease 
prevention and control (FAO). Project FMM/RAS/298/
MUL: Consolidating capabilities, policies, and national 
action plans on the rational and judicious use of antimicro-
bials in fisheries was carried out by the FAO in 2017. The 
project's goals were to help participating competent authori-
ties (CAs) build and implement national action plans (NAPs) 
and policies regarding the responsible and cautious use of 
antibiotics, as well as to improve their knowledge, abilities, 
and capacity in the areas of fisheries and aquaculture (FAO, 
2020).

The US Food and Drug Administration (FDA) has been 
trying to encourage the use of medically required antibiot-
ics wisely in animals that are the source of meat and milk. 
In order to protect public health, the FDA issued two non-
binding guidelines for industry (GFI #209 as well as GFI 
#213) in the years 2012 and 2013, respectively (Apley, 
2015). These instructions planned out the use of medically 
significant antimicrobial substances in food animals for pro-
duction-related reasons (to boost growth or feed efficacy) 
while implementing their therapeutic uses (to cure, control, 
or prevent specific ailments) under the watchful eye of cer-
tified veterinary professionals (Apley, 2015; Ekakoro et al., 
2019; Redding et al., 2020).

Development and maintenance 
of a comprehensive surveillance system 
for antibiotic resistance

The U.S. food and drug administration (FDA) assembled a 
team of experts in 1994, and its members put forth the set-
ting up of a national surveillance system aimed at tracking 
resistance among particular animal enteric bacteria that can 

cause diseases in humans. The panel of experts agreed and 
endorsed the foundation of National Antimicrobial Resist-
ance Monitoring System (NARMS) in 1996 (Administration, 
1994a, 1994b, 2001). State and municipal health organiza-
tions from every state in the union, in conjunction with three 
the federal government agencies—the CDC, FDA, and the 
US department of agriculture (USDA), cooperated to create 
NARMS (Karp et al., 2017). In the United States, microbes 
that frequently propagate through food are tracked for anti-
biotic resistance by the National Antimicrobial Resistance 
Monitoring System (NARMS) (Karp et al., 2017). Details 
on resistant to drugs intestinal bacteria, the dissemination 
of bacterial communities among individuals, animals used 
for food, and other sources, the genetic processes causing 
resistance, and the underlying causes and implications of 
resistant illnesses are all supplied by NARMS (Karp et al., 
2017). These data are critical in establishing and evaluat-
ing the effectiveness of interventions designed to avert the 
emergence of resistance, as well as for guaranteeing that 
antibiotics approved for use in animals that are the source of 
meat, milk etc. are used in a way that is appropriate for the 
well-being of humans (Karp et al., 2017). The main objec-
tives of NAMRS are:

	 i.	  Tracking enteric bacteria's resistance profile in human 
beings, commercial meats, and animals.

	 ii.	  To foster efforts that diminish resistance among food-
borne bacteria, properly guide authorities in the USA 
and elsewhere concerning the development of antimi-
crobial resistance in infectious and commensal organ-
isms.

	 iii.	  Investigate the development, prevalence, and trans-
mission of antibiotic resistance by means of research.

	 iv.	  Share information that assists the FDA determine 
whether or not to approve effective and secure animal 
antimicrobial agents (FDA, 2021–2025).

The two main zoonotic pathogenic bacteria that cause 
food-related illnesses in the US, non typhoidal Campylo-
bacter and Salmonella, are the focus of NARMS monitor-
ing. The gut is the house of two most common bacteria, 
which are Enterococcus and E. coli, and they can be valuable 
sources of antibiotic resistance genes. In the gut, Enterococ-
cus (gram positive) and E. coli (gram negative) get acted 
on by selective pressures that facilitate the development 
and maintenance of antibiotic resistance in these different 
bacterial groups. Thus, Gram-positive and Gram-negative 
bacteria each adapt to unique environmental challenges and 
pressures that cause their resistance mechanisms to evolve.” 
They are also included in food animal and meat sold in 
stores surveillance (Organization, 2017). NARMS investi-
gated patterns of resistance in the food chain and identified 
new resistance risks via a holistic surveillance strategy. For 
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instance, NARMS reported that non typhoidal Salmonella 
from retail meats, humans and food animals at slaughter, 
were growing more tolerant to ceftriaxone, a cephalosporin 
used to treat encroaching salmonellosis. The resistance fluc-
tuates from source and serotype (Administrtion, 2011, 2012, 
2015; CDC, 2014; Medalla et al., 2013).

In 2022 global antimicrobial resistance and use surveil-
lance system (GLASS) reported resistance among prevalent 
bacterial pathogens. A major cause of concern is the median 
reported rates of 42% for third-generation cephalosporin-
resistant E. coli and 35% for methicillin-resistant S. aureus 
across 76 nations (WHO, 2023a). In 2020, 1 in 5 cases of E. 
coli urinary tract infections showed decreased susceptibility 
to common antibiotics such as fluoroquinolones, ampicil-
lin and co-trimoxazole. Additionally, it supervises the state 
of both new and old national surveillance systems, with a 
particular emphasis on the representativeness and quality of 
data assembling. Surveillance networks that enable GLASS 
enrollment and offer technical assistance to countries have 
been formed in some WHO regions (WHO, 2023a).

An integrated, unifying strategy known as "One Health" 
aspires to provide the best possible health outcomes for 
people, animals, and ecosystems in an ecofriendly manner 
(WHO, 2023a). It acknowledges the interdependence and 
robust relationship between domestic and wild animals, 
human health, plants, and ecosystem. Programs, legislation, 
policies, and research are designed, implemented, and moni-
tored in collaboration with partners from relevant sectors 
under the one health approach to combat AMR and achieve 
better economic and health results (WHO, 2023a).

Rapid detection and tracking 
of resistant pathogens in food products 
and the environment

For a long time, pathogens in food items have been char-
acterized using culture-dependent approaches. These 
approaches are often straightforward to execute and cost-
effective, but depend upon the pathogen being targeted, it 
can take up to three days for detection and seven days for 
confirmation of the specific pathogen. Furthermore, the 
detection of some pathogens that are not produced in culture, 
the capability to discern between culturable cells that are 
viable (living cells) and viable but non-culturable (VBNC) 
cells, and the dearth of adequate data to distinguish across 
strains are all downsides to culture-based approaches. The 
food sector has witnessed an upheaval in pathogen detec-
tion with the advent of nucleic acid amplification (NAA)-
based technologies (Panwar et al., 2023). Next-generation 
sequencing (NGS) is one example of an advanced research 
approach that integrates bioinformatics and food science in 
order to fulfil the market demand for quickly and effectively 

detecting food pathogens (Liu et al., 2021). A variety of 
intriguing characteristics are provided by CRISPR-based 
technologies, including price effectiveness, convenient use, 
reliability analogous to PCR, many innovative detection 
platforms, and visualization methods for the sensitive and 
directed identification of pathogens. The CRISPR-Cas sys-
tem is a configurable, versatile genome editing technology 
that uses the CRISPR RNA (crRNA)-guided Cas protein to 
cleave invading DNA and RNA. The "collateral effect" of 
RNase activity in a CRISPR-Cas 13a system can be elicited 
following the crRNA-mediated identification of the target 
RNA (Zhou et al., 2020). The upcoming era of foodborne 
pathogen identification with greater efficacy and experi-
ment throughput rate is greatly projected with the integra-
tion of omics and CRISPR technological advances (Nehra 
et al., 2022). For foodborne pathogen, the biosensor beaded 
detection approach is straightforward, cost-effective, quick, 
and very selective. Traditional procedures, on the flip side, 
are laborious, slow, less precise, selective, and have poorer 
detection. Compared to traditional techniques, it is the most 
appropriate method for detecting foodborne pathogens 
because conventional methods cannot identify antimicro-
bial resistant pathogens that can enter the VBNC (viable 
but non-culturable) state such as Vibrio cholerae and E. coli 
from food (Kabiraz et al., 2023).

Enhancing hygiene practices and food safety 
measures

A scientific course on food safety accentuates combating 
and preventing food-borne illnesses in all phases of the 
food production process, such as storing, handling, trans-
porting, and preparing food, as well as guaranteeing the 
safety and health of food for human consumption. Being 
equipped with knowledge and competencies in food safety 
is the main objective of a scientific course. It aims at 
safeguarding public health and preserving the credibility 
of the food sector from farm to fork (Hashempour-Baltork 
et al., 2019). Antimicrobial resistant bacteria and their 
transfer from field to plate is significantly reduced by 
biosecurity measures in agricultural products and food 
items (Hashempour-Baltork et al., 2019). In 2011, the 
WHO and FAO defined biosecurity steps to reduce or 
entirely eradicate the likelihood of new diseases arising 
and propagating throughout a region or a nation. The 
primary focus of the actions known as critical control 
points and hazard analysis, good agricultural and veteri-
nary practices, and good hygiene practices, is to manage 
microbes, assess risks, and ensure health. These prac-
tices aim to identify and control potential hazards in food 
production to ensure food safety. Thus, biosecurity can 
be economically beneficial to public health approaches, 
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particularly for the agricultural sector where low chemi-
cal usage, well-managed farming, and good practices 
result in healthier animals and a decline in the need for 
antibacterial interventions (Hashempour-Baltork et al., 
2019). In the regulation for industry guide to minimize 
microbial food safety hazards for fresh fruits and vegeta-
bles, the Food and Drug Administration (FDA) described 
the core principles of good agricultural practices (GAPs) 
(Jaysankar De, 2019). These guidelines offer extensive 
suggestions for lowering the risk of microbial contami-
nation of fresh products to the fresh fruit and vegeta-
ble business. The US department of agriculture (USDA) 
formally launched the good agricultural practices & 
good handling practices (GAPs and GHPs) audit verifi-
cation program in response to this guidance (Jaysankar 
De, 2019). These guidelines were put together to help 
local and international growers, packers, and shippers 
of fresh vegetables and fruits that have been partially or 
completely processed (but are still raw). In accordance 
to the FDA, these recommendations were wide-ranging 
and optional (Jaysankar De, 2019). Any complete food 
safety program should take into account the following 
GAPs assertions and clarifying remarks. The guidelines 
for water,municipal manure, sanitary facilities, sanitation 
of fields, worker health and hygiene, packaging facilities 
and transportation are summarized below as provided by 
Food and drug administration (FDA) [(FDA), 1998].

FDA guidelines emphasize the significance of prevent-
ing contamination through careful management of water, 
municipal bio-solids, and manure in order to preserve the 
safety of fresh produce. In order to prevent the introduc-
tion of harmful bacteria, water quality must be closely 
monitored. Contamination prevention is emphasized over 
the use of antimicrobials post-spoilage [(FDA), 1998]. In 
addition to appropriate application and handling proce-
dures for manure, treatments like composting and ageing 
(storing manure or organic materials for extended peri-
ods (e.g. 6–12 months) are crucial for lowering pathogen 
risks associated with municipal bio solids and manure. 
Well-maintained sanitary facilities and handwashing sta-
tions are essential, and an effective action plan for acci-
dents and leaks [(FDA), 1998]. Field sanitation involves 
cleaning equipment and storage facilities and preventing 
contamination of fresh produce from fertilizers, harvest-
ing equipment, labourers and water. Worker health and 
hygiene are vital, requiring policies to manage sickness 
and proper training on hygiene practices. High standards 
of cleanliness must be upheld by packaging facilities, and 
in order to prevent microbiological contamination dur-
ing produce transportation, meticulous vehicle inspec-
tions and adherence to sanitation guidelines are necessary 
[(FDA), 1998].

Regulatory measures and policies

A systematic approach is used in the currently in force 
frameworks of regulation to deal with the potential hazards 
stemming from antimicrobial resistance (AMR) in the food 
chain in order to combat antibiotic resistance in foodborne 
microorganisms. These frameworks place an enormous 
value on the need of control, preventive, and surveillance 
tactics in the battle against AMR bacterial spread.

Current regulatory frameworks

The noticeable characteristics of current regulatory frame-
works consist of:

Surveillance and risk analysis: Executing risk analysis 
frameworks into practice to evaluate the risks associated 
with antimicrobial resistance (AMR) in food-borne patho-
gens and carrying out surveillance to track load of AMR 
bacteria in the food chain (FAO;WHO, 2023).

Prevention strategies: Stressing the significance of lim-
iting the use of antibiotics in crop and livestock throughout 
the food production process in order to reduce the risk 
of AMR in humans. This involves evaluating the risk of 
introducing and spreading antimicrobial resistance (AMR) 
through viable microorganisms used in the production of 
food and feed crops (FAO;WHO, 2023).

Control measures: Creating and putting into practice 
national or regional recommendations for treatment that 
especially tackle AMR food safety issues, encouraging 
antimicrobial guidelines for responsible use, fostering 
infection control and biosecurity programmes to reduce 
the spread of resistant microorganisms from animals to 
human beings (FAO;WHO, 2023).

International collaborations: Addressing the global 
threat of antibiotic resistance requires working together 
with various organizations, partner countries, and interna-
tional bodies like food and drug organization of the United 
Nations (FAO), world health organization (WHO), and the 
world organization for animal health (OIE). This encom-
passes pledging support for worldwide action plans and 
convening high-level gatherings to address AMR globally. 
The national action plan for combating antibiotic resistant 
bacteria of U.S, lays forth strategic objectives that are stra-
tegically integrated to fast-track the government's response 
to antimicrobial resistance and enhance public health for 
all citizens. The plan has pushed for radical shifts that 
bolster and exacerbate the response to threats of resist-
ance. Pursuant to the national action plan, the US will 
collaborate globally as well as locally to prevent, identify, 
and cope with disease and mortality caused by illnesses 
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as a result of antibiotic resistance. Beyond that, the code 
of practice to minimize and control foodborne antibiotic 
resistance was created by the codex alimentarius commis-
sion, a joint venture between FAO and WHO. This docu-
ment offers evidence-based and risk-based recommenda-
tions for controlling foodborne antibiotic resistance and 
surveillance (CDC, 2020–2025).

The WHO approved the formation of a "strategic and 
technical advisory group" on AMR. International organi-
zations suggested the one health strategy, which involves 
WHO, FAO, and OIE teaming forces to jointly establish a 
"tripartite alliance" in order alleviate the hazards associ-
ated with AMR. WHO also released a global action plan 
on AMR and started working with tripartite partners to 
resolve this global problem. The global foodborne infec-
tions network of the WHO and the international molecular 
subtyping network both use the colombian integrated pro-
gramme for antimicrobial resistance surveillance (COI-
PARS) as a standard for foodborne infection surveillance. 
COIPARS techniques were employed by the advisory 
group on integrated surveillance of antimicrobial resist-
ance by WHO to regulate AMR and the employment of 
antibiotics in food animals (Samtiya et al., 2022). At the 
2015 World Health Assembly, nations agreed to address 
AMR globally by implementing national action plans that 
utilize a one health approach. These nations also endorsed 
the global action plan (GAP) on AMR. The world organi-
zation for animal health (WOAH), the governing bodies 
of FAO and the united nations environment programme 
subsequently acknowledged the GAP (WHO, 2023a).

Various approaches and technologies 
that can be used as alternatives 
to antibiotics

Given the ever-increasing resistance it is now crucial imper-
ative to look for non-conventional anti-infective agents with 
novel mechanisms to kill microorganisms. Antimicrobial 
peptides (AMPs) have recently attracted extensive interest 
as potential therapeutic agents (Fig. 4) (Bin Hafeez et al., 
2021; Ren et al., 2022). AMPs are distributed across all 
kingdoms of life and are an indispensable component of 
host defenses (Bin Hafeez et al., 2021). Most AMPs are 
oligopeptides of 5 to 100 amino acids with a positive net 
charge (typically + 2 to + 11) and a significant proportion 
(typically 50%) of hydrophobic residues (Bin Hafeez et al., 
2021). In mammals, these proteins serve as the first line 
of shield against microbial invasion, while in prokaryotes, 
they are produced as a competitive strategy to impede the 
maturation of other microorganisms (Lei et al., 2019). In 
recognition of their antibacterial characteristics, AMPs are 
now widely employed in a variety of products as native alter-
natives to chemical additives for food safety and increasing 
shelf life (Jenssen et al., 2006; Lei et al., 2019). The reported 
mechanisms of action of AMPs are diverse and generally 
result in the direct killing of the pathogen, although several 
AMPs may also kill indirectly via modulating host immune 
responses (Bin Hafeez et al., 2021). An important feature 
that sets AMPs apart from conventional antibiotics is their 
attack on multiple low-affinity targets such as bacterial mem-
branes, which is thought to mitigate the development of anti-
microbial resistance (Bin Hafeez et al., 2021). A broad range 
of bacteria and archaea produce ribosomally synthesized 

Fig. 4   Alternatives to antibiot-
ics. Phage therapy and bacterio-
phages, vaccination strategies, 
essential oils and plant extracts, 
antimicrobial peptides, probiot-
ics and prebiotics, CRISPR-
Cas antimicrobials are some 
of the alternatives that can be 
employed in agriculture and 
healthcare settings to combat 
antibiotic resistance. This figure 
was created using BioRender. 
https://​www.​biore​nder.​com/

https://www.biorender.com/
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peptide‒bacteriocins, with a length of 20–60 amino acids 
that are hydrophobic and cationic nature (Kumariya et al., 
2019; Soltani et al., 2020). Bacteriocins have an appreci-
ated impact on animal health and can be used to reduce or 
suppress infections, thus favoring livestock growth (Soltani 
et al., 2020). Pediocin PA-1 markedly accelerated the growth 
performance of broiler chickens infected with Clostridium 
perfringens (Soltani et al., 2020). The US Food and Drug 
Administration (USFDA) has approved the use of lactic acid, 
hydrogen peroxide, safe food preservation chemicals and 
certain peptides as biopreservatives (Soltani et al., 2020). 
Nisin is a most prominent bacteriocin produced by Lacto-
coccus lactis that prevents the growth of Clostridium spp., 
S. aureus, L. monocytogenes, and other bacteria and it is 
used for preservation of dairy items such as milk, canned 
vegetables, juice, alcoholic beverages, fish and meat (Soltani 
et al., 2020). Antibiotic resistance is a side effect associated 
with conventional antibiotic therapy that can be addressed 
with the use of nano-antibiotics. It has been demonstrated 
that silver nanoparticles (AgNPs) synthesized using Cae-
salpinia sappan extract are efficient antibacterial agents 
against methicillin-resistant S. aureus (MRSA) (Jun et al., 
2015). One of the more promising uses of nanotechnology 
is nanoantibiotics, which uses the physicochemical conjuga-
tion of antibiotics with tiny particles or deliberately synthe-
sized pure antibiotic molecules with a size range of at least 
100 nm in one dimension (Mamun et al., 2021). Silver and 
ceramic nanoparticles, among other metal nanoparticles, are 
frequently used as nanoantibiotics, either alone or in con-
junction with traditional antibiotics (Manjula and Chavadi, 
2020).

Vaccination is an intriguing approach to avoid diseases 
and/or infections from occurring in people and animals 
(Fig. 4). It also reduces the need for antibiotics, which stops 
the growth and dissemination of bacteria that are resistant 
to treatment. The H. influenza type B vaccine and pneumo-
coccal conjugate vaccines are two prominent examples of 
how successful vaccinations are at lowering AMR. Prior to 
the introduction of the polyvalent pneumococcal conjugate 
vaccination in the 1990s, there were over 63,000 cases of 
pneumococcal illness in the United States. As a result, S. 
pneumoniae developed a significant resistance to penicil-
lin and other antibiotics. Following the vaccine's release, 
the disease's prevalence was drastically reduced and the 
pathogen's colonization was greatly reduced, both of which 
had a visible impact on resistant strains spread (Jansen and 
Anderson, 2018).

Antibiotic resistance is frequently linked to foodborne 
pathogens like Salmonella and E. coli, and these illnesses 
may originate due to the overuse of antibiotics, escalating 
the worldwide antibiotic resistance epidemic. Numerous 
vaccinations combating these infections are in their differ-
ent developmental stages. For example, there are clinical 

trials underway for a 12-valent vaccine against extra-intes-
tinal pathogenic E. coli (ExPEC). Vaccines against N. gon-
orrhoeae and Salmonella enterica ParaTyphi A are also in 
phase III of clinical trials (Mullins et al., 2023).

For numerous reasons, the development of vaccinations 
against prevalent foodborne pathogens, like enteric bacte-
rial infections, continues to be extremely difficult. Research 
indicates that issues with security, efficacy, and long-term 
protective immunity have been encountered in the devel-
opment of vaccinations against the main gut bacteria that 
cause enteric infections (Das et al., 2018). Additionally, the 
intricate nature of immune evasion mechanisms and micro-
bial diversity presents difficulties in developing efficient 
vaccinations against infectious diseases caused by Neisse-
ria gonorrhoeae, Pseudomonas aeruginosa, and Staphy-
lococcus aureus (Microbiology, 2022). Scholars highlight 
the significance of emphasizing on various immunologi-
cal mechanisms, such as T cell and antibody immunity, in 
order to boost the effectiveness of vaccines against these 
diseases. Targeting common foodborne infections with 
vaccines requires managing microbial diversity, complex 
immune responses, and the requirement for long-term pro-
tection. Sufficient research and developments in vaccina-
tion technologies are important to overcome these obstacles 
and improve food safety protocols. Any new vaccine takes 
a lengthened period of time to develop, typically a decade 
or two. Pharmaceutical companies should revamp the work-
flow to develop vaccines as a counteraction to the resistance 
issue. This may incorporate establishing new vaccination 
platforms and innovative technologies. It would also be 
essential to hasten clinical trials and alter how they com-
municate with regulatory bodies (Micoli et al., 2021).

The food and agriculture organization (FAO) of the UN 
has provided instructions on the principles and utilization of 
vaccines against diseases that affect cattle and poultry. The 
document emphasizes the benefits of livestock vaccination 
for rural livelihoods and the role it plays in preventing and 
controlling animal diseases (Metwally, 2022). An integrated 
federal-state-industry tool for managing certain poultry 
diseases is the national poultry improvement plan (NPIP), 
which offers immunization regimens tailored to the require-
ments of specific farms and regions (USDA, 2019). Multi-
ple studies have shown that vaccinations against different 
bacteria and viruses may considerably decrease the amount 
of antibiotics used by animal populations. For instance, the 
use of antibiotics in the farmed salmon sector drastically 
dwindled after the introduction and regular use of a vaccine 
against Aeromonas salmonicida (Hoelzer et al., 2018).

Probiotics are live microorganisms that, when consumed 
in appropriate amounts, provide health benefits to the host 
(Bin Hafeez et al., 2024). Probiotics can be either allochtho-
nous—which are typically not found in the flora of animal 
intestines—or autochthonous—that is, they can be either 
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bacterial e.g. Bacillus, Lactobacillus, Enterococcus, and 
Bifidobacterium or non-bacterial (and fungal and yeast) 
(Afzal et al., 2020; Khan et al., 2021). Animals undergoing 
therapeutic treatment with antibiotics or other drugs may 
occasionally be given probiotics in order to allow for the 
repopulation or augmentation of gut flora that may have been 
compromised during the treatment (Fig. 4) (Rahman et al., 
2022). The majority of research has shown that feeding 
probiotic strains to pigs and poultry, either in conjunction 
or alone substantially nurture feed conversion ratio (FCR), 
average daily feed intake (ADFI), and average daily gain 
(ADG) (Angelin and Kavitha, 2020; Rahman et al., 2022).

Prebiotics are substances that, by encouraging the growth 
of good bacteria in the gut, function as either food or ferti-
lizer for these microorganisms. Prebiotics are a broad class 
of non-starch oligosaccharides or polysaccharides, notably 
lactulose, lactitol, fructans (inulin and fructo-oligosaccha-
rides), mannan-oligosaccharide, galactans (galacto-oligosac-
charide), gluco-oligosaccharides malto-oligosaccharide (Bin 
Hafeez et al., 2024). Beneficial bacteria in the large intes-
tine ferment these nondigestible oligosaccharides, supplying 
the fuel to the microbiota (Rahman et al., 2022). Adhikari 
et al.2017 thoroughly studied and analyzed the function 
of prebiotic additives in enhancing growth, regulation of 
immune system, and pathogen cutback (Adhikari and Kim, 
2017; Scott et al., 2020).

Moreover, studies revealed that predatory bacteria‒
Micavibrio aeruginosavorus, Bdellovibrio bacteriovorus, 
associated organisms and two subgroups of proteobacteria 
can function as probiotics and antibiotics and can effectively 
treat ocular diseases in rabbits and cows caused by Morax-
ella bovis and Shigella flexneri, respectively (Hashempour-
Baltork et al., 2019). Predatory bacteria like Bdellovibrio 
bacteriovorus target specific foodborne pathogens through 
their predatory nature, which allows them to effectively prey 
on a wide range of Gram-negative bacteria, including food-
borne pathogens, without being affected by antibiotic resist-
ance (Economou and Gousia, 2015).

Bacteriophages (phages) are viruses that infect bacteria. 
Their exceptional selectivity, lack of toxicity, and inherent 
abundance have made them quite popular in the last few 
years (Ranveer et al., 2024). Bacteriophages are distinctive 
in several ways. They do not leave residues in the ecosystem 
like chemicals or antibiotics do, they don't directly impact 
the microbiota like probiotics do, and they do not prioritize 
the immune response as vaccines do (Rahman et al., 2022). 
Bacteriophages primarily function as growth promoters 
through their antimicrobial activity since they have a very 
circumscribed range or spectrum of activity and only prey on 
particular troublesome strains without changing the micro-
flora. Promising findings have been obtained from multiple 
researches on the application of bacteriophages to ward off 
pathogen infections in humans and animals (Fig. 4). For 

instance, a cocktail of four bacteriophages was introduced 
for use in on-farm therapy after it shown efficacy against 
isolates of human and bovine E. coli O157:H7. Furthermore, 
it was observed that bacteriophage biocontrol can lower the 
concentrations of Campylobacter jejuni in chickens without 
having an adverse effect on the gut microbiome. This can 
help avoid human exposure to infected poultry products and 
food-borne illnesses (Rahman et al., 2022).

Because of their antibacterial qualities, plant extracts and 
essential oils such as rosemary oil, cinnamon bark oil, tea 
tree oil, oregano oil, thyme oil and many others are being 
investigated more and more as potential antibiotic substi-
tutes in agriculture (Fig. 4) (Bilal et al., 2020b; Nagore et al., 
2021; Saeed et al., 2021; Shafiq et al., 2021; Shah et al., 
2022). These organic substances have proven to be effective 
insecticides and crop protectors. Essential oils, comprise 
complex mixture of substances such as terpenes, alcohols, 
ethers, aldehydes, ketones, esters, amines, amides, phenols 
etc. that possess antimicrobial and antifungal potential 
(Abers et al., 2021; Alonso-Gato et al., 2021; Bashir et al., 
2022; Lupia et al., 2024; Riaz et al., 2023). Cinnamon bark 
oil demonstrated antibacterial properties against S. aureus 
and E. coli. Oils like thyme, peppermint, cinnamon, oregano, 
and lemongrass are effective against S. aureus (Abers et al., 
2021; Inouye et al., 2001; Abers et al., 2021 #350). Moreo-
ver, it has been suggested that plant secondary metabolites, 
such as essential oils, are safe and natural ways to treat bac-
terial infections in animals, which minimizes the need for 
antibiotics in animal husbandry. Essential oils' antibacterial 
activity is largely dependent on their chemical composition 
with key components like monoterpene hydrocarbons play-
ing a significant role (Tanhaeian et al., 2020). Recent studies 
revealed that essential oils can be deployed as food preserva-
tives and may even be able to halt the growth of bacteria that 
are resistant to multiple drugs (Hashempour-Baltork et al., 
2019). Moreover, when used in conjunction with conven-
tional antibiotics, certain essential oils can have a synergistic 
inhibitory effect that lowers the effective dose of the medi-
cations and reduces their side effects (Duarte et al., 2012). 
Fadli et al (2012) demonstrated that combining a traditional 
antibiotic with the essential oil of the endemic Moroccan 
thyme could have a synergistic effect in antimicrobial activ-
ity, leading to a decrease in the toxic side effects, necessary 
effective dose, and overall cost when it comes to drug-resist-
ant bacteria (Fadli et al., 2012).

The use of CRISPR-Cas (an RNA-guided CRISPR sys-
tem that targets DNA is called CRISPR/Cas12) technology 
to address antibiotic resistance in foodborne bacteria has 
demonstrated enormous potential (Fig. 4) (Qian et al., 2023). 
Certain diseases can be detected and eradicated by using the 
CRISPR-Cas system, a gene-editing instrument that targets 
the pathogen's DNA (Javed et al., 2023; Qian et al., 2023). It 
is theoretically possible to have an antibacterial effect in vivo 
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by targeting and cleaving drug-resistant genes in drug-
resistant bacteria, which would reinstate their sensitivity to 
antibiotics. This might be achieved by coupling CRISPR-
Cas with phage delivery (Qian et al., 2023). CRISPR-Cas 
systems could be developed as "smart" antimicrobials to 
regulate the composition of gut microbiomes by eliminat-
ing antibiotic-resistant pathogens and halting spread of anti-
biotic resistance genes in medical applications, provided 
that the challenges with delivery and targeting efficiency 
are resolved (Duan et al., 2021). Promising techniques for 
identifying bacteria and their antibiotic resistance are engi-
neered CRISPR-Cas systems, which have been shown to effi-
ciently finish off bacteria or even reverse bacterial resistance 
to antibiotics. The dissemination of drug resistance genes, 
plasmid-mediated transformation and conjugation of antibi-
otic-sensitive organisms, and the transformation of plasmids 
carrying AMR genes can all be stopped by the CRISPR-Cas 
system. Multiplexed detection of AMR sequences, which is 
applied to assess the resistance of S. aureus strains and is 
crucial in the identification of MRSA infection vancomycin-
resistant E. faecalis, is executed using a technology called 
FLASH (finding low abundance sequences by hybridization) 
that incorporates CRISPR-Cas (Wu et al., 2021). Some of 
the alternatives that can be used instead of antibiotics are 
represented in Fig. 4.

Nano pore sequencing (e.g., MinION), long-read sequenc-
ing (e.g., single-molecule real-time sequencing), along with 
short-read sequencing (e.g., Illumina MiSeq) are some of the 
methods offered by NGS, which is a versatile technology. 
The best approach will rely on the sequencing objectives 
because these techniques have variations in terms of accu-
racy, efficiency, and cost. With NGS, shorter fragments are 
integrated into a whole sequence, the completed genome is 
compared to reference strains, and bioinformatics techniques 
are applied to derive various conclusions, encompassing 
pathogen identification, high-resolution strain typing, and 
the forecast of significant phenotypic traits (Gwinn et al., 
2019). When it pertains to public health, NGS provides 
major advantages for surveillance and epidemic investiga-
tion. These benefits include the ability to pinpoint clusters of 
connected cases more precisely, identify outbreaks earlier, 
and more promptly link illnesses to possible contaminated 
food sources. Compared to conventional techniques, NGS 
can recognize pathogens more quickly and precisely, offer-
ing new insights on the spread of disease, pathogenicity, 
and antibiotic resistance. Pathogen genome sequencing is 
being included into infectious disease surveillance by the 
US public health system of foodborne illnesses such as 
tuberculosis, hepatitis C, Legionella, and other pathogen 
which helps to accelerate the formation of more accurate, 
systematic and efficacious clinical laboratories (Gwinn 
et al., 2019). The next revolution in food safety diagnostics 
is the use of metagenomics-based techniques like shotgun 

and long-read metagenomics, which have the potential to 
directly identify entire microbial communities in a single 
food, ingredient, or environmental sample (Billington et al., 
2022). Monitoring entire microbial communities as opposed 
to single pathogens offers a unique chance to increase our 
knowledge and capacity to manage microbial hazards, lower 
the prevalence of foodborne illness, and boost the economic 
sustainability and profitability of the food industry (Billing-
ton et al., 2022). Many bacteria might not be culturable or 
could be viable but not culturable; hence, a distinct selection 
and purification procedure is needed for each suspected spe-
cies. By immediately detecting and characterizing complete 
microbial populations in a single food, component, or envi-
ronmental sample in a single assay without the requirement 
for culturing, metagenomics techniques can overcome such 
limitations (Billington et al., 2022).

The food sector is impacted by nanotechnology, a fast 
emerging science, in a number of ways, including food pro-
cessing, safety, and packaging (Bashir et al., 2022). Food 
quality can be enhanced, product shelf life can be extended, 
and food products can be tested for infections and poisons 
using nanotechnology. Additionally, it serves to create intel-
ligent packaging and as an antibacterial in food packaging. 
The focus of nanotechnology techniques in food safety is 
on the antimicrobial characteristics of nanoparticles and 
nanosensors for the detection contaminants and foodborne 
pathogens (Mohammad et al., 2022). Compared to tradi-
tional approaches, nanotechnology offers the faster, more 
accurate, and more economical detection of pesticides, tox-
ins, and other contaminants, as well as foodborne pathogens. 
These can be detected up by nanosensors at various phases 
of food production (Grumezescu and Holban, 2018). For 
instance, a study discovered revealed that 88% of E. coli 
could be isolated from a sample in 45 min using nanosized 
magnetic iron oxide particles combined with sugar mol-
ecules (Duncan, 2011). It was discovered that combining 
two or more nanoparticle materials produced a synergistic 
effect that led to a more effective antimicrobial than a sin-
gle nanoparticle when it came to the antimicrobial prop-
erties of nanoparticles (Nile et al., 2020) For example, it 
was found that the combination of sliver nanoparticles with 
carbon nanotubes and titanium dioxide was twice as efficient 
against Bacillus cereus spores and E. coli (Mohammad et al., 
2022). Food packaging use nanosensors to track tempera-
ture, time, and oxygen levels as well as identify contami-
nants, off-flavors, toxins, and spoilage (Mohammad et al., 
2022) In addition to nanoparticles, there are many other uses 
for nanocomposites and nanolaminates in food packaging. 
They have been widely employed in the antimicrobial pack-
aging of food products in recent years. Foodstuffs are pri-
marily protected against mechanical and high temperature 
stunning by nano-composites, which also extends their shelf 
life (Honarvar et al., 2016). For instance, the food sector has 
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paid a lot of attention to zinc oxide nanocomposite because 
of its antioxidant properties, which make it a popular choice 
for active food packaging (Kim et al., 2022). But there's 
a chance that nanoparticles could be hazardous to human 
health, so it's important to set up a suitable regulatory frame-
work to control these risks (Mohammad et al., 2022).

Public awareness and education campaigns 
about antibiotics and antibiotic resistance

In order to encourage responsible behaviour and reduce 
the growing threat of resistant infections, it is imperative 
that the public be made aware of the use of antibiotics and 
antibiotic resistance (AMR). Although most people have 
heard of antibiotics, not everyone is familiar with how they 
should be used. For instance, in a Singaporean survey, the 
majority of participants recognized the term ‘antibiotics,’ 
but only approximately one-third of them correctly identi-
fied that antibiotics work against bacterial diseases rather 
than viral ones, such as the flu or the common cold. In this 
survey, many respondents were aware of the term ‘antibiotic 
resistance’, though few knew the abbreviation ‘AMR’. While 
some understood that resistance involves bacteria becoming 
immune to antibiotics, a considerable number incorrectly 
believed it was due to the human body becoming resistant or 
antibiotics losing their power and effectiveness (Lim et al., 
2021).

The World Health Organization (WHO) established 
"World Antibiotic Awareness Week" celebrated from 18 to 
24 November every year, as part of its global action plan. 
In addition, the WHO published guidelines for a competent 
programme for health workers' training and education, as 
well as identifying gaps in the standard and analysis of ini-
tiatives to improve healthcare workers' AMR education and 
training (Samtiya et al., 2022). Mass media and social media 
frequently share messages on AMR-related issues that may 
reduce the incidence of AMR and antibiotic use, supporting 
awareness campaigns (Harbarth et al., 2015). Launched in 
2018, the “superheroes against superbugs" (SaS) initiative 
aims to promote awareness, public and policy action on the 
issue of antimicrobial resistance (AMR) in order to address 
the growing threat of antibiotic-resistant infections in India 
(Superheroes Against Superbugs (SaS), 2020). Its primary 
goal was to collaborate with school children to creatively 
engage the public in conversations regarding AMR. The goal 
of these initiatives was to alter social norms, human behav-
iour, and the lack of knowledge about antibiotic usage and 
antimicrobial resistance (AMR) (Samtiya et al., 2022). In 
order to combat antibiotic resistance, the Health Education 
England Department, National Health Service of UK (HEE-
NHS) has acknowledged the value of education and aware-
ness and is promoting it at two levels: healthcare students’ 

education and community education, which includes school 
children, general public, and students pursuing careers in 
non-healthcare disciplines (President, 2014).

Case studies

Netherlands and Denmark provide evidence of how laws 
and government involvement can increase animal productiv-
ity while reducing the use of antibiotics. In 1995 Denmark 
started to limit antibiotic growth promotion, and in 2000, the 
practice was outlawed (Parsonage et al., 2017). It wasn't until 
2006 that the EU-wide prohibition was put into effect in the 
Netherlands. (Parsonage et al., 2017). Antimicrobial use in 
poultry decreased by 90% between 1995 and 2008 without 
evident loss in productivity (Parsonage et al., 2017). Dan-
ish pig production soared by 47% between 1992 and 2008 
despite antimicrobial use declining by 51%. Between 2007 
and 2012, the Netherlands had a 56 percent reduction in the 
use of antibiotics without any productivity losses (Parson-
age et al., 2017). The Dutch experience implies that farm-
ers changed their emphasis from using antibiotics to better 
management practices, avoiding ethical debates surrounding 
the use of antibiotics for accelerating growth. In fact, fewer 
Danish farmers are now operating, indicating that since the 
ban, only farms using ethical farming methods have been 
able to stay profitable (Parsonage et al., 2017). It is unques-
tionable that nations with adequate resources have managed 
to decrease the overall usage of antibiotics without compro-
mising animal husbandry. On the flip side, analogous regula-
tions in low-income nations can jeopardize less-than-ideal 
farming practices. There are arguments for the correspond-
ing need to safeguard food production in developing nations, 
even in the face of opposition to a worldwide ban on growth 
promotion and prophylaxis (Parsonage et al., 2017).

Challenges and limitations in addressing 
antibiotic resistance

There are several hurdles to overcome in combating and 
addressing antibiotic resistance as presented in (Fig. 5). 
The intricate framework of the food chain, which allows 
antibiotic-resistant pathogens to pass through the farm to 
store and harm both humans and animals, is a key contribu-
tor to this problem (Samtiya et al., 2022). One of the ruling 
impediment to tackling antibiotic resistance, according to the 
World Health Organization (WHO), is the lack of creativity 
in fostering the development of novel antibacterial medi-
cines. According to the WHO's yearly pipeline report, the 
development of novel antibiotics to satisfy global demand is 
scarce, and the antibacterial clinical and preclinical pipeline 
is stagnant (Miethke et al., 2021; WHO, 2022). The burden 
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of antibiotic resistance on morbidity and death rates has 
gone up due to the constrained availability of effective medi-
cines prompted by inadequate progress in antibiotic research 
and development (D'Andrea et al., 2019). There is no one 
answer that can be found that does not lead to greater ethical 
concerns when it comes to the currently underway problem 
of controlling antimicrobial resistance. Every degree of ethi-
cal interpretation can be applied to the different aspects of 
medical practice and autonomy, prescribing, drug access, 
and economic position vs growing resistance. There needs to 
be more discussion about how to adopt global initiatives in 
order to continue the fight against resistance. Limiting anti-
biotic use to appease one stakeholder will almost likely have 
a later impact on the same stakeholder or a different one. 
Major challenges and limitations in the fight against antibi-
otic resistance are presented in (Fig. 5). There is not a single 
approach that works for every AMR control, but there are 
some approaches that work straight away such as: infection 
control and prevention, greater incentives and investments 
for companies and academic institutions to mine new drugs 
and vaccines, including innovative methods to manage infec-
tions, enhanced global cooperation and accountability shar-
ing, as well as broadened participation from nations and UN 
organizations to spur global intersectoral action on AMR, 
comprehensive public awareness campaigns, education and 
trainings to inform everyone about the possible depletion of 
effective antibiotics (Parsonage et al., 2017).

This article addresses the growing global issue of anti-
biotic resistance in foodborne pathogenic bacteria, exam-
ining trends in resistance, contributing factors, underlying 
mechanisms, and the consequences of this resistance. It also 

offers a comprehensive discussion of preventative strate-
gies, emphasizing the importance of implementing meas-
ures such as improved food safety and farming practices, 
prudent use of antibiotics in veterinary medicine, alterna-
tives to antibiotics, and enhanced surveillance to control the 
spread of antibiotic-resistant pathogens in the food chain. 
While significant progress has been made in understanding 
antimicrobial resistance (AMR) in foodborne pathogens, 
there remain several areas that require further exploration 
to effectively combat this global challenge. The application 
of advanced genomic and metagenomics techniques, such 
as whole genome sequencing, can provide deeper insights 
into resistance mechanisms, aid in surveillance, and help 
identify novel therapeutic targets. CRISPR-Cas9 gene edit-
ing, for example, can modify bacterial genomes to study the 
function of resistance genes and potentially disrupt those 
genes to reduce resistance. Additionally, advancements in 
microanalysis for resistance profiling, the development of 
DNA-based biosensors, and the use of machine learning and 
deep learning algorithms to detect DNA sequences associ-
ated with resistance genes are essential. The research and 
development of novel approaches, such as bacteriophages, 
synthetic biology, bacterial vaccines, natural antibiotics 
derived from plants and other organisms, and nanotechnol-
ogy, should be prioritized and made more cost-effective and 
accessible. It is also a pressing priority to develop and mod-
ify regulatory frameworks to address the evolving threat of 
antibiotic resistance. Ensuring the strict implementation of 
these laws and regulations is crucial. Furthermore, we must 
escalate research and collaboration across various sectors 
and at the international level to develop innovative solutions 

Fig. 5   The challenges we are 
facing in combating antibiotic 
resistance. Lack of global and 
international regulations/poli-
cies or the failure to implement 
them properly, financial and 
technical obstructions in imple-
menting preventative measures, 
limited or slender research and 
development for novel alterna-
tives to antibiotics and the 
persistence of resistant genes in 
the environment through vari-
ous evolutionary and ecological 
mechanisms are the major chal-
lenges in the battle against anti-
bacterial resistance. This figure 
was created using BioRender. 
https://​www.​biore​nder.​com/

https://www.biorender.com/
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to mitigate the threats associated with antibiotic resistance in 
foodborne pathogens and safeguard public health.

Funding  Not applicable.

Declarations 

Conflict of interest  None of the authors have a conflict of interest to 
disclose.

Ethical approval  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aarestrup FM. Antimicrobial resistance in bacteria of animal origin. 
Emerging Infectious Diseases. 12:1180–1181 (2006)

Aarestrup FM. The livestock reservoir for antimicrobial resistance: a 
personal view on changing patterns of risks, effects of interven-
tions and the way forward. Philosophical Transactions of the 
Royal Society of London , Series B, Biological Sciences. 370: 
20140085 (2015)

Abers M, Schroeder S, Goelz L, Sulser A, St. Rose T, Puchalski K, 
Langland J. Antimicrobial activity of the volatile substances from 
essential oils. BMC Complementary Medicine and Therapies. 
21: 1–14 (2021)

Adebowale OO, Adeyemo OK, Awoyomi O, Dada R, Adebowale O. 
Antibiotic use and practices in commercial poultry laying hens in 
Ogun State Nigeria. Revue d’Elevage et de Médecine Vétérinaire 
des Pays Tropicaux. 69: 41-45 (2016)

Adewoye L, Sutherland A, Srikumar R, Poole K. The mexR repressor 
of the mexAB-oprM multidrug efflux operon in Pseudomonas 
aeruginosa: Characterization of mutations compromising activ-
ity. Journal of Bacteriology. 184: 4308-4312 (2002)

Adhikari P, Kim WK. Overview of prebiotics and probiotics: Focus 
on performance, gut Health and immunity – A review. Annals 
of Animal Science. 17: 949-966 (2017)

Afzal M, Mazhar SF, Sana S, Naeem M, Rasool MH, Saqalein M, Nisar 
MA, Rasool M, Bilal M, Khan AA. Neurological and cognitive 
significance of probiotics: A holy grail deciding individual per-
sonality. Future Microbiology. 15: 1059-1074 (2020)

Alexander T, Inglis G, Yanke L, Topp E, Read R, Reuter T, McAllister 
T. Farm-to-fork characterization of Escherichia coli associated 
with feedlot cattle with a known history of antimicrobial use. 
International Journal of Food Microbiology. 137: 40-48 (2010)

Alonso-Gato M, Astray G, Mejuto JC, Simal-Gandara J. Essential 
Oils as Antimicrobials in Crop Protection. Antibiotics. 10: 1-12 
(2021)

American Society for Microbiology. Why Don’t We Have a Vaccine 
For…A Tale of 3 Pathogens. 2022. Available from: https://​asm.​
org/​artic​les/​2022/​july/​why-​don-t-​we-​have-a-​vacci​ne-​for-3-​patho​
gens. Accessed April 3, 2024.

Angelin J, Kavitha M. Exopolysaccharides from probiotic bacteria and 
their health potential. International Journal of Biological Macro-
molecules. 162: 853-865 (2020)

Apley MD. Feedlot pharmaceutical documentation: Protocols, pre-
scriptions, and veterinary feed directives. Veterinary Clinics of 
North America: Food Animal Practice. 31: 305-15 (2015)

Authority EFS. Scientific opinion of the panel on biological hazards on 
a request from the European Food Safety Authority on foodborne 
antimicrobial resistance as a biological hazard. EFSA Journal. 
6:1-87 (2008)

American Veterinary Medical Association. Antimicrobial stewardship 
definition and core principles. Available at: https://​www.​avma.​
org/​resou​rces-​tools/​avma-​polic​ies/​antim​icrob​ial-​stewa​rdshi​pdefi​
nition-​and-​core-​princ​iples. Accessed March 24, 2024.

Aziz M, Yelamanchili VS. Yersinia Enterocolitica. pp. 1–13. In: Stat-
Pearls (Internet). StatPearls Publishing. Treasure Island (FL) 
USA (2023)

Bari ML, Hossain MA, Isshiki K, Ukuku D. Behavior of Yersinia 
enterocolitica in foods. Journal of Pathogens. 2011: 1-13 (2011)

Barton Behravesh C, Jones TF, Vugia DJ, Long C, Marcus R, Smith 
K, Thomas S, Zansky S, Fullerton KE, Henao OL, Scallan E, 
Group FW. Deaths Associated With bacterial pathogens transmit-
ted commonly through food: Foodborne diseases active surveil-
lance network (FoodNet), 1996–2005. The Journal of Infectious 
Diseases. 204: 263–267 (2011)

Bashir O, Bhat SA, Basharat A, Qamar M, Qamar SA, Bilal M, Iqbal 
HM. Nano-engineered materials for sensing food pollutants: 
Technological advancements and safety issues. Chemosphere. 
292:133320 (2022)

Bawa AS, Anilakumar KR. Genetically modified foods: safety, risks 
and public concerns-a review. Journal of Food Science and Tech-
nology. 50: 1035-46 (2013)

Besier S, Ludwig A, Brade V, Wichelhaus TA. Compensatory adapta-
tion to the loss of biological fitness associated with acquisition of 
fusidic acid resistance in Staphylococcus aureus. Antimicrobial 
Agents and Chemotherapy. 49: 1426-1431 (2005)

Bhandari J, Thada PK, Hashmi MF, DeVos E. Typhoid Fever. pp. 1–50 
In: StatPearls (Internet). StatPearls Publishing. Treasure Island 
(FL) USA (2024)

Bilal M, Ashraf SS, Barceló D, Iqbal HM. Biocatalytic degradation/
redefining “removal” fate of pharmaceutically active compounds 
and antibiotics in the aquatic environment. Science of the Total 
Environment. 691: 1190-1211 (2019)

Bilal M, Mehmood S, Rasheed T, Iqbal HM. Antibiotics traces in the 
aquatic environment: persistence and adverse environmental 
impact. Current Opinion in Environmental Science & Health. 
13: 68-74 (2020a)

Bilal M, Munir H, Iqbal HM. Potentialities of medicinal plant extracts 
against biofilm-forming bacteria. pp. 187–203. In: Microbial 
Biofilms. Bakrudeen Abdul (ed). CRC Press, Boca Raton, FL, 
USA (2020b)

Bilal M, Rasheed T, Iqbal HM, Hu H, Wang W, Zhang X. Macromo-
lecular agents with antimicrobial potentialities: A drive to com-
bat antimicrobial resistance. International Journal of Biological 
Macromolecules 103: 554-574 (2017)

Billington C, Kingsbury JM, Rivas L. Metagenomics Approaches for 
Improving Food Safety: A Review. Journal of Food Protection. 
85: 448-464 (2022)

Bin Hafeez A, Jiang X, Bergen PJ, Zhu Y. Antimicrobial Peptides: An 
Update on Classifications and Databases. International Journal 
Molecular Sciences. 22: 1-52 (2021)

http://creativecommons.org/licenses/by/4.0/
https://asm.org/articles/2022/july/why-don-t-we-have-a-vaccine-for-3-pathogens
https://asm.org/articles/2022/july/why-don-t-we-have-a-vaccine-for-3-pathogens
https://asm.org/articles/2022/july/why-don-t-we-have-a-vaccine-for-3-pathogens
https://www.avma.org/resources-tools/avma-policies/antimicrobial-stewardshipdefinition-and-core-principles
https://www.avma.org/resources-tools/avma-policies/antimicrobial-stewardshipdefinition-and-core-principles
https://www.avma.org/resources-tools/avma-policies/antimicrobial-stewardshipdefinition-and-core-principles


2124	 M. Farrukh et al.

Bin Hafeez A, Pełka K, Worobo R, Szweda P. In silico safety assess-
ment of bacillus isolated from polish bee pollen and bee bread 
as novel probiotic candidates. International Journal of Molecular 
Sciences. 25: 1-28 (2024)

Bintsis T. Foodborne pathogens. AIMS Microbiology. 3: 529-563 
(2017)

Nebeker C, López-Arenas A. Building research integrity and capacity 
(BRIC): An educational initiative to increase research literacy 
among community health workers and promotores. Journal of 
Microbiology & Biology. 17: 41-45 (2016)

Brouwer S, Rivera-Hernandez T, Curren BF, Harbison-Price N, De 
Oliveira DMP, Jespersen MG, Davies MR, Walker MJ. Patho-
genesis, epidemiology and control of Group A Streptococcus 
infection. Nature Reviews Microbiology. 21: 431-447 (2023)

Butaye P, Devriese LA, Haesebrouck F. Antimicrobial growth promot-
ers used in animal feed: Effects of less well known antibiotics 
on gram-positive bacteria. Clinical Microbiology Reviews. 16: 
175-88 (2003)

Buuck S, Smith K, Fowler RC, Cebelinski E, Lappi V, Boxrud D, 
Medus C. Epidemiology of enterotoxigenic Escherichia coli 
infection in Minnesota, 2016-2017. Epidemiology and Infec-
tion. 148: 1-7 (2020)

Cabello FC, Godfrey HP, Tomova A, Ivanova L, Dölz H, Millanao A, 
Buschmann AH. Antimicrobial use in aquaculture re‐examined: 
its relevance to antimicrobial resistance and to animal and human 
health. Environmental microbiology. 15: 1917-1942 (2013)

Centers for Disease Control and Prevention (CDC). NARMS human 
isolates surveillance report. 2014. Available at: https://​www.​
cdc.​gov/​narms/​repor​ts/​annual-​human-​isola​tes-​report-​2014.​html. 
Accessed March 25, 2024.

Centres for Disease Control and Prevention (CDC). U.S. National 
action plan for combating antibioticresistant bacteria. 2020–
2025. Available from: https://​www.​cdc.​gov/​drugr​esist​ance/​usact​
iviti​es/​natio​nal-​action-​plan.​html. Accessed April 3, 2024.

Centres for Disease Control and Prevention. Shigella - Shigellosis. 
2024. Available from: https://​www.​cdc.​gov/​shige​lla/​about/​index.​
html. Accessed June 1, 2024.

Cecchini M, Lee S. Low-value health care with high stakes: Promoting 
the rational use of antimicrobials. 115–151. Tackling Wasteful 
Spending on Health. OECD. OECD Publishing, Paris, France 
(2017)

Chen J, Zhang J, Zhan L, Chen H, Zhang Z, Huang C, Yue M. Preva-
lence and antimicrobial-resistant characterization of Bacillus 
cereus isolated from ready-to-eat rice products in Eastern China. 
Frontiers in Microbiology. 13: 1-9 (2022)

Chenoweth CE, Saint S, Martinez F, Lynch JP 3rd, Fendrick AM. Anti-
microbial resistance in Streptococcus pneumoniae: Implications 
for patients with community-acquired pneumonia. Mayo Clinic 
Proceedings. 75: 1161-1168 (2000).

Cherny SS, Nevo D, Baraz A, Baruch S, Lewin-Epstein O, Stein GY, 
Obolski U. Revealing antibiotic crossresistance patterns in hos-
pitalized patients through Bayesian network modelling. Journal 
of Antimicrobial Chemotherapy. 76: 239-248 (2020)

Corbin A, Pitts B, Parker A, Stewart PS. Antimicrobial penetration and 
efficacy in an in vitro oral biofilm model. Antimicrobial Agents 
and Chemotherapy. 55: 3338-3344 (2011)

Corona F, Martinez JL. Phenotypic Resistance to Antibiotics. Antibiot-
ics 2: 237-55 (2013)

Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common 
cause of persistent infections. Science. 284: 1318-1322 (1999)

D'Andrea MM, Fraziano M, Thaller MC, Rossolini GM. The urgent 
need for novel antimicrobial agents and strategies to fight anti-
biotic resistance. Antibiotics. 8: 1-3 (2019)

Das S, Mohakud NK, Suar M, Sahu BR. Vaccine development for 
enteric bacterial pathogens: Where do we stand? Pathogens and 
Disease. 76: 1-14 (2018)

De Boer E, Zwartkruis-Nahuis J, Wit B, Huijsdens X, De Neeling A, 
Bosch T, Van Oosterom R, Vila A, Heuvelink A. Prevalence 
of methicillin-resistant Staphylococcus aureus in meat. Interna-
tional Journal of Food Microbiology. 134: 52–56 (2009)

Duan C, Cao H, Zhang L-H, Xu Z. Harnessing the CRISPR-cas Sys-
tems to combat antimicrobial resistance. Frontiers in Microbiol-
ogy. 12: 1-9 (2021)

Duarte A, Ferreira S, Silva F, Domingues FC. Synergistic activity of 
coriander oil and conventional antibiotics against Acinetobacter 
baumannii. Phytomedicine. 19: 236-8 (2012)

Duncan TV. Applications of nanotechnology in food packaging and 
food safety: Barrier materials, antimicrobials and sensors. Jour-
nal of Colloid and Interface Science. 363: 1-24 (2011)

Dutta D, Kaushik A, Kumar D, Bag S. Foodborne Pathogenic Vibrios: 
Antimicrobial Resistance. Frontiers in Microbiology 12: 1-10 
(2021)

European Union. New EU rules on veterinary medicinal products and 
medicated feed regulations. 2022. Available at: https://​food.​ec.​
europa.​eu/​system/​files/​2021-​02/​ah_​vet-​med_​feed_​facts​heet-​
2018_​en.​pdf. Accessed March 29, 2024.

Economou V, Gousia P. Agriculture and food animals as a source of 
antimicrobial-resistant bacteria. Infection and Drug Resistance. 
8: 49-61 (2015)

Edet UO, Bassey IU, Joseph AP. Heavy metal co-resistance with anti-
biotics amongst bacteria isolates from an open dumpsite soil. 
Heliyon. 9: 1-10 (2023)

Ehuwa O, Jaiswal AK, Jaiswal S. Salmonella, food safety and food 
handling practices. Foods. 10: 1-16 (2021)

Eichenberger EM, Thaden JT. Epidemiology and mechanisms of resist-
ance of extensively drug resistant gram-negative bacteria. Anti-
biotics. 8: 1-21 (2019)

Ekakoro JE, Caldwell M, Strand EB, Okafor CC. Perceptions of Ten-
nessee cattle producers regarding the veterinary feed directive. 
PLoS One. 14: 1-19 (2019)

Elhadidy M, Ali MM, El-Shibiny A, Miller WG, Elkhatib WF, Bot-
teldoorn N, Dierick K. Antimicrobial resistance patterns and 
molecular resistance markers of Campylobacter jejuni isolates 
from human diarrheal cases. PLOS ONE 15: 1-16 (2020)

Etcheverría AI, Padola NL. Shiga toxin-producing Escherichia coli: 
Factors involved in virulence and cattle colonization. Virulence. 
4: 366-72 (2013)

Fadli M, Saad A, Sayadi S, Chevalier J, Mezrioui NE, Pagès JM, Has-
sani L. Antibacterial activity of Thymus maroccanus and Thymus 
broussonetii essential oils against nosocomial infection-Bacteria 
and their synergistic potential with antibiotics. Phytomedicine. 
19: 464-71 (2012)

Falkenhorst G, Bagdonaite J, Lisby M, Madsen SB, Lambertsen L, 
Olsen KE, Mølbak K. Outbreak of group A streptococcal throat 
infection: don't forget to ask about food. Epidemiology and Infec-
tion. 136:1165-71 (2008)

Fang H, Huang K, Yu J, Ding C, Wang Z, Zhao C, Yuan H, Wang Z, 
Wang S, Hu J. Metagenomic analysis of bacterial communities 
and antibiotic resistance genes in the Eriocheir sinensis freshwa-
ter aquaculture environment. Chemosphere. 224: 202-211 (2019)

Food and Drug Administration (FDA). Guide to minimize microbial 
food safety hazards for fresh fruits and vegetables. Available 
at: https://​www.​fda.​gov/​downl​oads/​Food/​Guida​nceRe​gulat​ion/​
UCM16​9112.​pdf. Accessed April 1, 2024.

Food and Agriculture Organization (FAO). Fisheries and aquaculture. 
Available from: https://​www.​fao.​org/​antim​icrob​ial-​resis​tance/​
key-​secto​rs/​fishe​ry-​and-​aquac​ulture/​en/. Accessed March 26, 
2024

Food and Agriculture Organization (FAO). Understanding antimi-
crobial resistance in aquaculture. 2020. Available from: https://​
www.​fao.​org/​docum​ents/​card/​en/c/​cb260​1en. Accessed March 
25, 2024.

https://www.cdc.gov/narms/reports/annual-human-isolates-report-2014.html
https://www.cdc.gov/narms/reports/annual-human-isolates-report-2014.html
https://www.cdc.gov/drugresistance/usactivities/national-action-plan.html
https://www.cdc.gov/drugresistance/usactivities/national-action-plan.html
https://www.cdc.gov/shigella/about/index.html
https://www.cdc.gov/shigella/about/index.html
https://food.ec.europa.eu/system/files/2021-02/ah_vet-med_feed_factsheet-2018_en.pdf
https://food.ec.europa.eu/system/files/2021-02/ah_vet-med_feed_factsheet-2018_en.pdf
https://food.ec.europa.eu/system/files/2021-02/ah_vet-med_feed_factsheet-2018_en.pdf
https://www.fda.gov/downloads/Food/GuidanceRegulation/UCM169112.pdf
https://www.fda.gov/downloads/Food/GuidanceRegulation/UCM169112.pdf
https://www.fao.org/antimicrobial-resistance/key-sectors/fishery-and-aquaculture/en/
https://www.fao.org/antimicrobial-resistance/key-sectors/fishery-and-aquaculture/en/
https://www.fao.org/documents/card/en/c/cb2601en
https://www.fao.org/documents/card/en/c/cb2601en


2125Antibiotic resistance and preventive strategies in foodborne pathogenic bacteria…

Food and Agriculture Organization(FAO); World health Organization 
(WHO). Foodborne antimicrobial resistance – Compendium of 
codex standards. 2023. Available from: https://​www.​fao.​org/​
docum​ents/​card/​en/c/​cb855​4en. Accessed April 2, 2024

Fauzia KA, Aftab H, Miftahussurur M, Waskito LA, Tuan VP, Alfaray 
RI, Matsumoto T, Yurugi M, Subsomwong P, Kabamba ET, 
Akada J, Yamaoka Y. Genetic determinants of Biofilm formation 
of Helicobacter pylori using whole-genome sequencing. BMC 
Microbiology. 23: 1-10 (2023)

Ford L, Healy JM, Cui Z, Ahart L, Medalla F, Ray LC, Reynolds J, 
Laughlin ME, Vugia DJ, Hanna S, Bennett C, Chen J, Rose EB, 
Bruce BB, Payne DC, Francois Watkins LK. Epidemiology 
and antimicrobial resistance of Campylobacter infections in the 
United States, 2005–2018. Open Forum Infectious Diseases. 10 
1-9 (2023)

Frenzen PD, Drake A, Angulo FJ. Economic cost of illness due to 
Escherichia coli O157 infections in the United States. Journal 
of Food Protection. 68: 2623-2630 (2005)

Friedman ND, Temkin E, Carmeli Y. The negative impact of antibi-
otic resistance. ClinIcal Microbiology and Infection. 22: 416-22 
(2016)

Giangaspero M, Misawa N, Barca L, Arigoni F, Straticò A, Grandinetti 
G, Macchioni D, Turno P. Healthier Food of Animal Origin and 
Prevention of Campylobacteriosis. Advances in Microbiology. 
13: 193–211 (2023)

Gillespie SH. Evolution of drug resistance in Mycobacterium tubercu-
losis: Clinical and molecular perspective. Antimicrobial Agents 
and Chemotherapy. 46: 267-274 (2002)

Grifths AJF, Wessler, S.R., Lewontin, R.C., Gelbart, W.M., Suzuki, 
D.T., Miller, J.H. Introduction to Genetic Analysis. 8th ed. W. H. 
Freeman and Company, New York. pp. 366–370 (2005)

Grudlewska-Buda K, Bauza-Kaszewska J, Wiktorczyk-Kapischke N, 
Budzyńska A, Gospodarek-Komkowska E, Skowron K. Antibi-
otic resistance in selected emerging bacterial foodborne patho-
gens-An Issue of concern? Antibiotics. 12: 1–29 (2023a)

Grudlewska-Buda K, Bauza-Kaszewska J, Wiktorczyk-Kapischke N, 
Budzyńska A, Gospodarek-Komkowska E, Skowron K. Antibi-
otic resistance in selected emerging bacterial foodborne patho-
gens—An issue of concern? Antibiotics 12: 1-29 (2023b)

Grumezescu AM, Holban AM. Impact of nanoscience in the food 
industry. 1st ed. Academic Press, USA. 1-484 (2018)

Gwinn M, MacCannell D, Armstrong GL. Next-generation sequencing 
of infectious pathogens. The Journal of the American Medical 
Association. 321: 893-894 (2019)

Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: from 
the natural environment to infectious diseases. Nature Reviews 
Microbiology. 2: 95-108 (2004)

Hanefeld J, Khan M, Tomson G, Smith R. Trade is central to achieving 
the sustainable development goals: a case study of antimicrobial 
resistance. British Medical Journal 358: j3505 (2017)

Hansen SK, Rainey PB, Haagensen JA, Molin S. Evolution of species 
interactions in a biofilm community. Nature. 445: 533-536 (2007)

Harbarth S, Balkhy HH, Goossens H, Jarlier V, Kluytmans J, Laxmi-
narayan R, Saam M, Van Belkum A, Pittet D. Antimicrobial 
resistance: one world, one fight! Antimicrobial Resistance and 
Infection Control. 4: 1-15 (2015)

Hasan CM, Dutta D, Nguyen ANT. Revisiting antibiotic resistance: 
Mechanistic foundations to evolutionary outlook. Antibiotics. 
11: 1-23 (2022)

Hashempour-Baltork F, Hosseini H, Shojaee-Aliabadi S, Torbati M, 
Alizadeh AM, Alizadeh M. Drug resistance and the prevention 
strategies in food Borne bacteria: An Updated Review. Advance 
Pharmaceutical Bulletin. 9: 335-347 (2019)

Havelaar AH, Kirk MD, Torgerson PR, Gibb HJ, Hald T, Lake RJ, 
Praet N, Bellinger DC, De Silva NR, Gargouri N. World Health 
Organization global estimates and regional comparisons of the 

burden of foodborne disease in 2010. PLoS medicine 12: 1-23 
(2015)

Hoelzer K, Bielke L, Blake DP, Cox E, Cutting SM, Devriendt B, 
Erlacher-Vindel E, Goossens E, Karaca K, Lemiere S, Metzner 
M, Raicek M, Collell Suriñach M, Wong NM, Gay C, Van 
Immerseel F. Vaccines as alternatives to antibiotics for food 
producing animals. Part 1: challenges and needs. Veterinary 
Research. 49: 1–10 (2018)

Hoffmann S, Ahn J-W. Economic cost of major foodborne illnesses 
increased $2 billion from 2013 to 2018. 2021. Available from 
: https://​www.​ers.​usda.​gov/​amber-​waves/​2021/​april/​econo​mic-​
cost-​ofmaj​or-​foodb​orne-​illne​sses-​incre​ased-2-​billi​on-​from-​2013-​
to-​2018/ Accessed June 2, 2024.

Honarvar Z, Hadian Z, Mashayekh M. Nanocomposites in food pack-
aging applications and their risk assessment for health. Electron 
Physician. 8: 2531-8 (2016)

Inouye S, Takizawa T, Yamaguchi H. Antibacterial activity of essential 
oils and their major constituents against respiratory tract patho-
gens by gaseous contact. Journal of Antimicrobial Chemother-
apy. 47: 565-573 (2001)

Islam KS, Shiraj-Um-Mahmuda S, Hazzaz-Bin-Kabir M. Antibiotic 
usage patterns in selected broiler farms of Bangladesh and their 
public health implications. Journal of Public Health in Develop-
ing Countries. 2: 276-284 (2016)

Jansen KU, Anderson AS. The role of vaccines in fighting antimicro-
bial resistance (AMR). Human Vaccines and Immunotherapeu-
tics. 14: 2142-2149 (2018)

Javed MU, Hayat MT, Mukhtar H, Imre K. CRISPR-Cas9 System: A 
Prospective Pathway toward Combatting Antibiotic Resistance. 
Antibiotics. 12: 1-19 (2023)

Jaysankar De CRP, Jessica Lepper, Renée Goodrich Schneider, and 
Keith R. Schneider. Food safety on the farm: good agricultural 
practices and good handling practices—an overview. 2019. 
Available from: https://​edis.​ifas.​ufl.​edu/​topic_​series_​food_​
safety_​on_​the_​farm. Accessed April 1, 2024.

Jenssen H, Hamill P, Hancock REW. Peptide antimicrobial agents. 
Clinical Microbiology Reviews. 19: 491-511 (2006)

Juhász J, Ligeti B, Gajdács M, Makra N, Ostorházi E, Farkas FB, Stercz 
B, Tóth Á, Domokos J, Pongor S. Colonization dynamics of mul-
tidrug-resistant Klebsiella pneumoniae are dictated by microbio-
tacluster group behavior over individual antibiotic susceptibility: 
a metataxonomic analysis. Antibiotics. 10: 1–21 (2021)

Jun SH, Cha SH, Kim JH, Yoon M, Cho S, Park Y. Silver nanoparti-
cles synthesized using Caesalpinia sappan extract as potential 
novel nanoantibiotics against methicillin-resistant Staphylococ-
cus aureus. Journal of Nanoscience and Nanotechnology. 15: 
5543-52 (2015)

Kabiraz MP, Majumdar PR, Mahmud MMC, Bhowmik S, Ali A. 
Conventional and advanced detection techniques of foodborne 
pathogens: A comprehensive review. Heliyon. 9: 1-24 (2023)

Kadariya J, Smith TC, Thapaliya D. Staphylococcus aureus and staph-
ylococcal food-borne disease: An ongoing challenge in public 
health. Biomed Research International 2014: 1-9 (2014)

Kalantzi I, Rico A, Mylona K, Pergantis SA, Tsapakis M. Fish farming, 
metals and antibiotics in the eastern Mediterranean Sea: Is there 
a threat to sediment wildlife? Science of The Total Environment. 
764:142843 (2021)

Kaplan J, Bowman M, Cordova C, Kar A. Pharming chickens: it’s time 
for the US poultry industry to demonstrate antibiotic stewardship. 
2014. Available from: https://​www.​nrdc.​org/​sites/​defau​lt/​files/​
poult​ry-​indus​try-​antib​iotic-​stewa​rdship-​IB.​pdf. Accessed June 
3, 2024.

Karp BE, Tate H, Plumblee JR, Dessai U, Whichard JM, Thacker EL, 
Hale KR, Wilson W, Friedman CR, Griffin PM, McDermott PF. 
National antimicrobial resistance monitoring system: Two dec-
ades of advancing public health through integrated surveillance 

https://www.fao.org/documents/card/en/c/cb8554en
https://www.fao.org/documents/card/en/c/cb8554en
https://www.ers.usda.gov/amber-waves/2021/april/economic-cost-ofmajor-foodborne-illnesses-increased-2-billion-from-2013-to-2018/
https://www.ers.usda.gov/amber-waves/2021/april/economic-cost-ofmajor-foodborne-illnesses-increased-2-billion-from-2013-to-2018/
https://www.ers.usda.gov/amber-waves/2021/april/economic-cost-ofmajor-foodborne-illnesses-increased-2-billion-from-2013-to-2018/
https://edis.ifas.ufl.edu/topic_series_food_safety_on_the_farm
https://edis.ifas.ufl.edu/topic_series_food_safety_on_the_farm
https://www.nrdc.org/sites/default/files/poultry-industry-antibiotic-stewardship-IB.pdf
https://www.nrdc.org/sites/default/files/poultry-industry-antibiotic-stewardship-IB.pdf


2126	 M. Farrukh et al.

of antimicrobial resistance. Foodborne Pathogens and Disease. 
14: 545-557 (2017)

Kasimanickam V, Kasimanickam M, Kasimanickam R. Antibiotics use 
in food animal production: Escalation of antimicrobial resistance: 
Where are we now in combating AMR? Medical Sciences. 9: 
1–13. (2021).

Khan AA, Singh H, Bilal M, Ashraf MT. Microbiota, probiotics and 
respiratory infections: The three musketeers can tip off potential 
management of COVID-19. American Journal of Translational 
Research. 13: 1-17 (2021)

Kim I, Viswanathan K, Kasi G, Thanakkasaranee S, Sadeghi K, Seo 
J. ZnO nanostructures in active antibacterial food packaging: 
Preparation methods, antimicrobial mechanisms, safety issues, 
future prospects, and challenges. Food Reviews International. 
38: 537-565 (2022)

Kim J, Ahn J. Emergence and spread of antibiotic-resistant foodborne 
pathogens from farm to table. Food Science and Biotechnology. 
31: 1481-1499 (2022)

Kok M, Maton L, van der Peet M, Hankemeier T, van Hasselt JGC. 
Unraveling antimicrobial resistance using metabolomics. Drug 
Discovery Today. 27: 1774-1783 (2022)

Kolter R, Greenberg EP. The superficial life of microbes. Nature. 441: 
300-302 (2006)

Kraemer SA, Ramachandran A, Perron GG. Antibiotic pollution in 
the environment: From microbial ecology to public policy. 
Microorganisms 7: 1-24 (2019)

Krajewska-Wędzina M, Radulski Ł, Waters WR, Didkowska A, 
Zabost A, Augustynowicz-Kopeć E, Brzezińska S, Weiner M. 
Mycobacterium bovis transmission between cattle and a farmer 
in central Poland. Pathogens. 11: 1-10 (2022)

Kulik K, Lenart-Boroń A, Wyrzykowska K. Impact of antibiotic pol-
lution on the bacterial population within surface water with 
special focus on mountain rivers. Water. 15: 975 (2023)

Kumar NR, Balraj TA, Kempegowda SN, Prashant A. Multidrug-
Resistant Sepsis: A Critical Healthcare Challenge. Antibiotics. 
13: 46 (2024)

Kumariya R, Garsa AK, Rajput YS, Sood SK, Akhtar N, Patel S. Bacte-
riocins: Classification, synthesis, mechanism of action and resist-
ance development in food spoilage causing bacteria. Microbial 
Pathogenesis. 128: 171-177 (2019)

Lampel KA, Formal SB, Maurelli AT. A Brief History of Shigella. 
EcoSal Plus. 8: 1-25 (2018)

Larry M. Bush, Partejo MTV. Clostridial necrotizing enteritis. 2023. 
Available from: https://​www.​merck​manua​ls.​com/​profe​ssion​al/​
infec​tious-​disea​ses/​anaer​obicb​acter​ia/​clost​ridial-​necro​tizing-​
enter​itis. Accessed September 11, 2024.

Laxminarayan R, Duse A, Wattal C, Zaidi AK, Wertheim HF, Sumpra-
dit N, Vlieghe E, Hara GL, Gould IM, Goossens H. Antibiotic 
resistance—the need for global solutions. The Lancet infectious 
diseases. 13: 1057-1098 (2013)

Lei J, Sun L, Huang S, Zhu C, Li P, He J, Mackey V, Coy DH, He Q. 
The antimicrobial peptides and their potential clinical applica-
tions. American Journal of Translational Research. 11: 3919-
3931 (2019)

Levy S. Reduced antibiotic use in livestock: how Denmark tackled 
resistance. Environmental Health Perspectives. 122: A160-5 
(2014)

Li B, Yang Y, Ma L, Ju F, Guo F, Tiedje JM, Zhang T. Metagenomic 
and network analysis reveal wide distribution and co-occurrence 
of environmental antibiotic resistance genes. The ISME journal. 
9:2490-2502 (2015)

Lim JM, Duong MC, Cook AR, Hsu LY, Tam CC. Public knowledge, 
attitudes and practices related to antibiotic use and resistance in 
Singapore: A cross-sectional population survey. British Medical 
Journal Open. 11: e048157 (2021)

Liu H, Wang J, Zeng H, Liu X, Jiang W, Wang Y, Ouyang W, Tang X. 
RPA-Cas12a-FS: A frontline nucleic acid rapid detection sys-
tem for food safety based on CRISPR-Cas12a combined with 
recombinase polymerase amplification. Food Chemistry. 334: 
12760 (2021)

Lomovskaya O, Warren MS, Lee A, Galazzo J, Fronko R, Lee M, Blais 
J, Cho D, Chamberland S, Renau T. Identification and charac-
terization of inhibitors of multidrug resistance efflux pumps in 
Pseudomonas aeruginosa: novel agents for combination therapy. 
Antimicrobial Agents and chemotherapy. 45: 105-116 (2001)

Long KS, Vester B. Resistance to linezolid caused by modifications 
at its binding site on the ribosome. Antimicrobial Agents and 
Chemotherapy. 56: 603-612 (2012)

Lupia C, Castagna F, Bava R, Naturale MD, Zicarelli L, Marrelli M, 
Statti G, Tilocca B, Roncada P, Britti D, Palma E. Use of essen-
tial oils to counteract the phenomena of antimicrobial resistance 
in livestock species. Antibiotics. 13: 163 (2024)

Macready A, Heike S, Klimczuk-Kochańska M, Szumiał S, Vranken 
L, Grunert KG. Consumer trust in the food value chain and its 
impact on consumer confidence: A model for assessing consumer 
trust and evidence from a 5-country study in Europe. Food Pol-
icy. 92: 101880 (2020)

Madilo FK, Islam MN, Letsyo E, Roy N, Klutse CM, Quansah E, 
Darku PA, Amin MB. Foodborne pathogens awareness and food 
safety knowledge of street-vended food consumers: A case of 
university students in Ghana. Heliyon. 9: e17795 (2023)

Mamun MM, Sorinolu AJ, Munir M, Vejerano EP. Nanoantibiotics: 
Functions and properties at the nanoscale to combat antibiotic 
resistance. Frontiers in Chemistry. 9: 687660 (2021)

Manjula R, Chavadi M. Nanoantibiotics: The Next-Generation Anti-
microbials. pp. 375–388. In: Functional Bionanomaterials: From 
Biomolecules to Nanoparticles. Thangadurai D, Sangeetha J, 
Prasad R (eds). Springer International Publishing, Cham (2020)

Mann A, Nehra K, Rana JS, Dahiya T. Antibiotic resistance in agricul-
ture: Perspectives on upcoming strategies to overcome upsurge 
in resistance. Current Research in Microbial Sciences. 2: 100030 
(2021)

Manyi-Loh C, Mamphweli S, Meyer E, Okoh A. Antibiotic use in agri-
culture and its consequential resistance in environmental sources: 
Potential public health implications. Molecules. 23: 795 (2018)

Marder EP, Cui Z, Bruce BB, Richardson L, Boyle MM, Cieslak PR, 
Medus C. Risk Factors for Non-O157 Shiga toxin–producing 
Escherichia coli infections, United States. Emerging Infectious 
Diseases. 29: 1183–1190 (2023)

Martinez J, Baquero F. Mutation frequencies and antibiotic resistance. 
Antimicrobial Agents and Chemotherapy. 44: 1771-1777 (2000)

Masco L, Van Hoorde K, De Brandt E, Swings J, Huys G. Antimi-
crobial susceptibility of Bifidobacterium strains from humans, 
animals and probiotic products. Journal of Antimicrobial Chemo-
therapy. 58:85-94 (2006)

Medalla F, Hoekstra RM, Whichard JM, Barzilay EJ, Chiller TM, 
Joyce K, Rickert R, Krueger A, Stuart A, Griffin PM. Increase 
in resistance to ceftriaxone and nonsusceptibility to ciprofloxacin 
and decrease in multidrug resistance among Salmonella strains, 
United States, 1996-2009. Foodborne Pathogens and Disease. 
10: 302-9 (2013)

Mensah GI, Adjei VY, Vicar EK, Atsu PS, Blavo DL, Johnson SAM, 
Addo KK. Safety of Retailed Poultry: Analysis of Antibiotic 
Resistance in Escherichia coli From Raw Chicken and Poultry 
Fecal Matter From Selected Farms and Retail Outlets in Accra, 
Ghana. Microbial Insights 15:11786361221093278 (2022)

MSD Animal Health. FAO webinar – Launch of veterinary vaccines: 
principles and applications. 2022. Available from: https://​www.​
emerg​ence-​msd-​animal-​health.​com/​event/​fao-​webin​ar-​launch-​
ofvet​erina​ry-​vacci​nes-​princ​iples-​and-​appli​catio​ns/ Accessed 
April 4, 2024

https://www.merckmanuals.com/professional/infectious-diseases/anaerobicbacteria/clostridial-necrotizing-enteritis
https://www.merckmanuals.com/professional/infectious-diseases/anaerobicbacteria/clostridial-necrotizing-enteritis
https://www.merckmanuals.com/professional/infectious-diseases/anaerobicbacteria/clostridial-necrotizing-enteritis
https://www.emergence-msd-animal-health.com/event/fao-webinar-launch-ofveterinary-vaccines-principles-and-applications/
https://www.emergence-msd-animal-health.com/event/fao-webinar-launch-ofveterinary-vaccines-principles-and-applications/
https://www.emergence-msd-animal-health.com/event/fao-webinar-launch-ofveterinary-vaccines-principles-and-applications/


2127Antibiotic resistance and preventive strategies in foodborne pathogenic bacteria…

Micoli F, Bagnoli F, Rappuoli R, Serruto D. The role of vaccines in 
combatting antimicrobial resistance. Nature Reviews Microbiol-
ogy. 19: 287-302 (2021)

Miethke M, Pieroni M, Weber T, Brönstrup M, Hammann P, Halby 
L, Arimondo PB, Glaser P, Aigle B, Bode HB, Moreira R, Li 
Y, Luzhetskyy A, Medema MH, et al. Towards the sustainable 
discovery and development of new antibiotics. Nature Reviews 
Chemistry. 5: 726-749 (2021)

Morbidity and Mortatlity Weekly Report, Centers for Disease Control 
and Prevention. Foodborne outbreaks of enterotoxigenic Escheri-
chia coli -- Rhode Island and New Hampshire. 1993. Available 
from: https://​www.​cdc.​gov/​mmwr/​previ​ew/​mmwrh​tml/​00025​
017.​htm. Accessed September 11, 2024

Mohammad ZH, Ahmad F, Ibrahim SA, Zaidi S. Application of nano-
technology in different aspects of the food industry. Discover 
Food. 2: 12 (2022)

More SJ. European perspectives on efforts to reduce antimicrobial 
usage in food animal production. Irish Veterinary Journal. 73: 
2 (2020)

Moyane J, Jideani A, Aiyegoro O. Antibiotics usage in food-producing 
animals in South Africa and impact on human: Antibiotic resist-
ance. African Journal of Microbiology Research. 7: 2990-2997 
(2013)

Mullins LP, Mason E, Winter K, Sadarangani M. Vaccination is an 
integral strategy to combat antimicrobial resistance. PLoS Patho-
gens. 19: e1011379 (2023)

Murray LM, Hayes A, Snape J, Kasprzyk-Hordern B, Gaze WH, Mur-
ray AK. Co-selection for antibiotic resistance by environmental 
contaminants. npj Antimicrobials and Resistance. 2: 9 (2024)

Nagore P, Ghotekar S, Mane K, Ghoti A, Bilal M, Roy A. Structural 
properties and antimicrobial activities of Polyalthia longifolia 
leaf extract-mediated CuO nanoparticles. BioNanoScience. 11: 
579-589 (2021)

Nazir A, Ochani S, Nazir A, Fatima B, Ochani K, Hasibuzzaman MA, 
Ullah K. Rising trends of foodborne illnesses in the U.S: short 
communication. Annals of Medicine and Surgery. 85: 2280–2281 
(2023)

Nehra M, Kumar V, Kumar R, Dilbaghi N, Kumar S. Current scenario 
of pathogen detection techniques in agro-food sector. Biosensors. 
12: 489 (2022)

Nile SH, Baskar V, Selvaraj D, Nile A, Xiao J, Kai G. Nanotechnolo-
gies in food science: Applications, recent trends, and future Per-
spectives. Nano-Micro Letters. 12: 45 (2020)

O'neill J. Antimicrobial resistance: tackling a crisis for the health and 
wealth of nations. 2014. Availabe at: https://​wellc​omeco​llect​ion.​
org/​works/​rdpck​35v. Accessed September 14, 2024.

O'Neill J. Tackling drug-resistant infections globally: final report and 
recommendations. 2016. Availabe at: https://​amr-​review.​org/​
sites/​defau​lt/​files/​160518_​Final%​20pap​er_​with%​20cov​er.​pdf. 
Accessed Spetmber 2, 2024.

Organisation for Economic Co-operation and Development (OECD) 
Stemming the superbug tide. 2018. Available from: https://​www.​
oecd.​org/​en/​publi​catio​ns/​stemm​ing-​the-​super​bugti​de_​97892​
64307​599-​en.​html. Accessed September 14, 2024.

Organisation for Economic Co-operation and Development (OECD) 
Embracing a one health framework to fight antimicrobial resist-
ance. 2023. Available from: https://​www.​oecd.​org/​en/​publi​catio​
ns/​embra​cing-a-​one-​health-​frame​work-​to-​fight​antim​icrob​ial-​
resis​tance_​ce44c​755-​en.​html. Accessed September 20, 2024.

Okamoto F, Murakami K, Maeda E, Oishi A, Etoh Y, Kaida M, Maki-
gusa M, Nakashima K, Jinnouchi Y, Takemoto H, Kakegawa 
H, Yamasaki C, Manabe S, Sasaki M, Ogata K, Ikebe T, Sera 
N. A foodborne outbreak of group A streptococcal infection in 
Fukuoka Prefecture, Japan. Japanese Journal of Infectious Dis-
eases. 67: 321-2 (2014)

Okeke ES, Chukwudozie KI, Nyaruaba R, Ita RE, Oladipo A, Eje-
romedoghene O, Atakpa EO, Agu CV, Okoye CO. Antibiotic 
resistance in aquaculture and aquatic organisms: a review of cur-
rent nanotechnology applications for sustainable management. 
Environmental Science and Pollution Research. 29: 69241-69274 
(2022)

Panwar S, Duggirala KS, Yadav P, Debnath N, Yadav AK, Kumar 
A. Advanced diagnostic methods for identification of bacterial 
foodborne pathogens: Contemporary and upcoming challenges. 
Critical Reviews in Biotechnology. 43: 982-1000 (2023)

Parsonage B, Hagglund PK, Keogh L, Wheelhouse N, Brown RE, 
Dancer SJ. Control of antimicrobial resistance requires an ethi-
cal approach. Frontiers in Microbiology. 8: 2124 (2017)

Patel SJ, Wellington M, Shah RM, Ferreira MJ. Antibiotic stewardship 
in food-producing animals: Challenges, progress, and opportuni-
ties. Clinical Therapeutics. 42: 1649-1658 (2020)

Peng Q, Tang X, Dong W, Sun N, Yuan W. A review of biofilm for-
mation of Staphylococcus aureus and its regulation mechanism. 
Antibiotics. 12: 12 (2023)

Pepi M, Focardi S. Antibiotic-resistant bacteria in aquaculture and cli-
mate change: A challenge for health in the Mediterranean area. 
International Journal of Environmental Research and Public 
Health. 18: 5723 (2021)

Perreten V. Resistance in the food chain and in bacteria from animals: 
Relevance to human infections. 446–464. In: Frontiers in Antimi-
crobial resistance. D.G. White, M.N. Alekshun and P.F. McDer-
mott (eds) ASM press, USA (2014)

Popa GL, Papa MI. Salmonella spp. infection - a continuous threat 
worldwide. Germs. 11: 88–96 (2021)

Preena PG, Swaminathan TR, Kumar VJR, Singh ISB. Antimicrobial 
resistance in aquaculture: a crisis for concern. Biologia. 75: 
1497–1517 (2020)

President EO. National strategy for combating antibiotic-resistant bac-
teria. 2014. Available from: https://​obama​white​house.​archi​ves.​
gov/​sites/​defau​lt/​files/​docs/​carb_​natio​nal_​strat​egy.​pdf. Accessed 
September 28, 2024.

Qian Y, Zhou D, Li M, Zhao Y, Liu H, Yang L, Ying Z, Huang G. 
Application of CRISPR-Cas system in the diagnosis and therapy 
of ESKAPE infections. Frontiers in Cellular and Infection Micro-
biology. 13: 023)

Qureshi KA, Parvez A, Fahmy NA, Abdel Hady BH, Kumar S, Gan-
guly A, Atiya A, Elhassan GO, Alfadly SO, Parkkila S, Aspat-
war A. Brucellosis: epidemiology, pathogenesis, diagnosis and 
treatment-a comprehensive review. Annals of Medicine. 55: 
2295398 (2023)

Rafiq K IM, Siddiky NA, Samad MA, Chowdhury S, Hossain KMM, 
Rume FI, Hossain MK, Mahbub-E-Elahi A, Ali MZ, Rahman 
M, Amin MR, Masuduzzaman M, Ahmed S, Ara Rumi N, Hos-
sain MT. Antimicrobial resistance profile of common foodborne 
pathogens recovered from livestock and poultry in Bangladesh. 
Antibiotics. 11: 1551 (2022)

Rahman MRT, Fliss I, Biron E. Insights in the development and uses of 
alternatives to antibiotic growth Promoters in poultry and swine 
production. Antibiotics. 11: 766 (2022)

Rajaei M, Moosavy M-H, Gharajalar SN, Khatibi SA. Antibiotic resist-
ance in the pathogenic foodborne bacteria isolated from raw 
kebab and hamburger: phenotypic and genotypic study. BMC 
Microbiology. 21: 272 (2021)

Rani SA, Pitts B, Beyenal H, Veluchamy RA, Lewandowski Z, Davi-
son WM, Buckingham-Meyer K, Stewart PS. Spatial patterns 
of DNA replication, protein synthesis, and oxygen concentra-
tion within bacterial biofilms reveal diverse physiological states. 
Journal of bacteriology. 189: 4223-4233 (2007)

Ranveer SA, Dasriya V, Ahmad MF, Dhillon HS, Samtiya M, Shama 
E, Anand T, Dhewa T, Chaudhary V, Chaudhary P, Behare P, 
Ram C, Puniya DV, Khedkar GD, Raposo A, Han H, Puniya 

https://www.cdc.gov/mmwr/preview/mmwrhtml/00025017.htm
https://www.cdc.gov/mmwr/preview/mmwrhtml/00025017.htm
https://wellcomecollection.org/works/rdpck35v
https://wellcomecollection.org/works/rdpck35v
https://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf
https://amr-review.org/sites/default/files/160518_Final%20paper_with%20cover.pdf
https://www.oecd.org/en/publications/stemming-the-superbugtide_9789264307599-en.html
https://www.oecd.org/en/publications/stemming-the-superbugtide_9789264307599-en.html
https://www.oecd.org/en/publications/stemming-the-superbugtide_9789264307599-en.html
https://www.oecd.org/en/publications/embracing-a-one-health-framework-to-fightantimicrobial-resistance_ce44c755-en.html
https://www.oecd.org/en/publications/embracing-a-one-health-framework-to-fightantimicrobial-resistance_ce44c755-en.html
https://www.oecd.org/en/publications/embracing-a-one-health-framework-to-fightantimicrobial-resistance_ce44c755-en.html
https://obamawhitehouse.archives.gov/sites/default/files/docs/carb_national_strategy.pdf
https://obamawhitehouse.archives.gov/sites/default/files/docs/carb_national_strategy.pdf


2128	 M. Farrukh et al.

AK. Positive and negative aspects of bacteriophages and their 
immense role in the food chain. npj Science of Food. 8: 1 (2024)

Redding LE, Brooks C, Georgakakos CB, Habing G, Rosenkrantz 
L, Dahlstrom M, Plummer PJ. Addressing individual values to 
impact prudent antimicrobial prescribing in animal agriculture. 
Frontiers in Veterinary Science. 7: 297 (2020)

Ren S, Yuan X, Liu F, Fang F, Iqbal HM, Zahran SA, Bilal M. Bac-
teriocin from Lacticaseibacillus rhamnosus sp. A5: isolation, 
purification, characterization, and antibacterial evaluation for 
sustainable food processing. Sustainability. 14: 9571 (2022)

Riaz T, Iqbal MW, Mahmood S, Yasmin I, Leghari AA, Rehman A, 
Mushtaq A, Ali K, Azam M, Bilal M. Cottonseed oil: A review 
of extraction techniques, physicochemical, functional, and nutri-
tional properties. Critical Reviews in Food Science and Nutrition. 
63: 1219-1237 (2023)

Rogalla D, Bomar PA. Listeria Monocytogenes. pp 1–14. In: StatPearls 
(Internet). StatPearls Publishing, Treasure Island (FL) (USA) 
(2023)

Rounds JM, Rigdon CE, Muhl LJ, Forstner M, Danzeisen GT, Koz-
iol BS, Taylor C, Shaw BT, Short GL, Smith KE. Non-O157 
shiga toxin-producing Escherichia coli associated with venison. 
Emerging Infectious Diseases. 18: 279-82 (2012)

Ruiz J. Mechanisms of resistance to quinolones: target alterations, 
decreased accumulation and DNA gyrase protection. Journal of 
Antimicrobial Chemotherapy. 51: 1109-1117 (2003)

Superheroes Against Superbugs (SaS). JAC-Antimicrobial Resistance. 
2: (2020)

Sadık D, Fatima Masume U, Anil D. Antibiotic Resistance in Biofilm. 
Ch. 9. In: Bacterial Biofilms. Dincer, S., Sümengen Özdenefe, 
M., & Arkut, A. (Eds.) IntechOpen, Rijeka (2020)

Saeed S, Nawaz S, Nisar A, Mehmood T, Tayyab M, Nawaz M, Firyal 
S, Bilal M, Mohyuddin A, Ullah A. Effective fabrication of zinc-
oxide (ZnO) nanoparticles using Achyranthes aspera leaf extract 
and their potent biological activities against the bacterial poultry 
pathogens. Materials Research Express. 8: 035004 (2021)

Samtiya M, Matthews KR, Dhewa T, Puniya AK. Antimicrobial resist-
ance in the food chain: Trends, mechanisms, pathways, and pos-
sible regulation strategies. Foods. 11: 2966 (2022)

Sapkota A, Sapkota AR, Kucharski M, Burke J, McKenzie S, Walker 
P, Lawrence R. Aquaculture practices and potential human health 
risks: Current knowledge and future priorities. Environment 
international. 34: 1215-1226 (2008)

Sarmah AK, Meyer MT, Boxall AB. A global perspective on the use, 
sales, exposure pathways, occurrence, fate and effects of vet-
erinary antibiotics (VAs) in the environment. Chemosphere. 65: 
725-759 (2006)

Schar D, Zhao C, Wang Y, Larsson DGJ, Gilbert M, Van Boeckel TP. 
Twenty-year trends in antimicrobial resistance from aquaculture 
and fisheries in Asia. Nature Communications. 12: 5384 (2021)

Scott KP, Grimaldi R, Cunningham M, Sarbini SR, Wijeyesekera A, 
Tang MLK, Lee JC, Yau YF, Ansell J, Theis S, Yang K, Menon 
R, Arfsten J, Manurung S, Gourineni V, Gibson GR. Develop-
ments in understanding and applying prebiotics in research and 
practice-an ISAPP conference paper. Journal of Applied Micro-
biology. 128: 934-949 (2020)

SHAFIQ N, YASMIN F, NOREEN S, SHAHZAD A, RASHID M, 
BILAL M. Phytochemical profiling of medicinal plants extracts 
and their antioxidant and anticancer potentialities against human 
liver cancer (hep g2) cell lines. Revista de Chimie. 72: 1 (2021)

Shah S, Shah SA, Faisal S, Khan A, Ullah R, Ali N, Bilal M. Engineer-
ing novel gold nanoparticles using Sageretia thea leaf extract and 
evaluation of their biological activities. Journal of Nanostructure 
in Chemistry. 12: 129-140 (2022)

Shee C, Gibson JL, Darrow MC, Gonzalez C, Rosenberg SM. Impact 
of a stress-inducible switch to mutagenic repair of DNA breaks 

on mutation in Escherichia coli. Proceedings of the National 
Academy of Sciences. 108: 13659-13664 (2011)

Shen Z, Wang Y, Zhang Q, Shen J. Antimicrobial resistance in Campy-
lobacter spp. ASM Journals-Microbiology Spectrum 6: 1-14 
(2018)

Singh R, Ray P, Das A, Sharma M. Penetration of antibiotics through 
Staphylococcus aureus and Staphylococcus epidermidis biofilms. 
Journal of Antimicrobial Chemotherapy. 65: 1955-1958 (2010)

Smith JL. Foodborne illness in the elderly. Journal of Food Protection. 
61: 1229-39 (1998)

Soltani S, Hammami R, Cotter PD, Rebuffat S, Said LB, Gaudreau 
H, Bédard F, Biron E, Drider D, Fliss I. Bacteriocins as a new 
generation of antimicrobials: toxicity aspects and regulations. 
FEMS Microbiology Reviews. 45: 1-24 (2020)

Speksnijder DC, Mevius DJ, Bruschke CJ, Wagenaar JA. Reduction of 
veterinary antimicrobial use in the Netherlands. The Dutch suc-
cess model. Zoonoses Public Health. 62: 79–87 (2015)

Sun D, Jeannot K, Xiao Y, Knapp CW. Editorial: Horizontal gene 
transfer mediated bacterial antibiotic resistance. Frontiers in 
Microbiology. 10: 1933 (2019)

Swenson JM, Thornsberry C, McCroskey LM, Hatheway CL, Dow-
ell VR, Jr. Susceptibility of Clostridium botulinum to thirteen 
antimicrobial agents. Antimicrobial Agents and Chemotherapy. 
18: 13-9 (1980)

Switaj TL, Winter KJ, Christensen SR. Diagnosis and management 
of foodborne illness. American Family Physician. 92: 358-365 
(2015)

Tanhaeian A, Sekhavati MH, Moghaddam M. Antimicrobial activity 
of some plant essential oils and an antimicrobial-peptide against 
some clinically isolated pathogens. Chemical and Biological 
Technologies in Agriculture. 7: 13 (2020)

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. 
Frontiers in Microbiology. 13: 906490 (2022)

Teuber M, Meile L, Schwarz F. Lactic acid bacteria: Genetics, metab-
olism and applications pp. 115–137. Proceedings of the Sixth 
Symposium on lactic acid bacteria: genetics, metabolism and 
applications, 19–23 September 1999, Veldhoven, The Nether-
lands, Springer (1999).

Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG, Jr. Staph-
ylococcus aureus infections: epidemiology, pathophysiology, 
clinical manifestations, and management. Clinical Microbiology 
Reviews. 28: 603-61 (2015)

Umber JK, Moore KA. Assessment of antibiotic stewardship compo-
nents of certification programs in US animal agriculture using 
the antibiotic stewardship assessment tool. Frontiers in Sustain-
able Food Systems. 5: 1-15 (2021)

US Food and Drug Administration. Joint meeting of the veterinary 
medicine advisory committee and division of anti-infective drugs 
advisory committee, fluoroquinolones in food Animal Medicine. 
1994a. Available at: https://​www.​govin​fo.​gov/​conte​nt/​pkg/​FR-​
1997-​05-​22/​html/​97-​13677.​htm. Accessed March 17, 2024.

US Food and Drug Administration. Transcript of the Joint Meeting of 
the Veterinary Medicine Advisory Committee and Anti-Infective 
Drugs Advisory Committee. 1994b. Available at: https://​www.​
govin​fo.​gov/​conte​nt/​pkg/​FR-​1994-​10-​18/​html/​94-​25945.​htm. 
Accessed March 18, 2024

US Food and Drug Administration. Enrofloxacin for poultry; opportu-
nity for hearing. 2001. Available at: https://​www.​feder​alreg​ister.​
gov/​docum​ents/​2000/​10/​31/​00-​27832/​enrof​loxac​in-​for-​poult​
ryopp​ortun​ity-​for-​heari​ng. Accessed March 17, 2024.

US Food and Drug Administration. New animal drugs; cephalosporin 
drugs; extralabel animal drug use; order of prohibition. 2012. 
Availabe at: https://​www.​feder​alreg​ister.​gov/​docum​ents/​2012/​
01/​06/​2012-​35/​new-​animal-​drugs​cepha​lospo​rin-​drugs-​extra​

https://www.govinfo.gov/content/pkg/FR-1997-05-22/html/97-13677.htm
https://www.govinfo.gov/content/pkg/FR-1997-05-22/html/97-13677.htm
https://www.govinfo.gov/content/pkg/FR-1994-10-18/html/94-25945.htm
https://www.govinfo.gov/content/pkg/FR-1994-10-18/html/94-25945.htm
https://www.federalregister.gov/documents/2000/10/31/00-27832/enrofloxacin-for-poultryopportunity-for-hearing
https://www.federalregister.gov/documents/2000/10/31/00-27832/enrofloxacin-for-poultryopportunity-for-hearing
https://www.federalregister.gov/documents/2000/10/31/00-27832/enrofloxacin-for-poultryopportunity-for-hearing
https://www.federalregister.gov/documents/2012/01/06/2012-35/new-animal-drugscephalosporin-drugs-extralabel-animal-drug-use-order-of-prohibition
https://www.federalregister.gov/documents/2012/01/06/2012-35/new-animal-drugscephalosporin-drugs-extralabel-animal-drug-use-order-of-prohibition


2129Antibiotic resistance and preventive strategies in foodborne pathogenic bacteria…

label-​animal-​drug-​use-​order-​of-​prohi​bition. Accessed March 
19, 2024.

US Food and Drug Administration. CVM GFI #209 The judicious use 
of medically important antimicrobial drugs in food-producing 
animals. 2012. Available at: https://​www.​fda.​gov/​media/​79140/​
downl​oad. Accessed April 2, 2024.

US Food and Drug Administration. The national antimicrobial resist-
ance Monitoring system integrated report. 2015. Available at: 
https://​www.​fda.​gov/​animal-​veter​inary/​natio​nal-​antim​icrob​
ialre​sista​nce-​monit​oring-​system/​2015-​narms-​integ​rated-​report. 
Accessed March 19, 2024.

US Food and Drug Administration. National antimicrobial resistance 
monitoring system—Enteric bacteria (NARMS) executive report. 
2015. Availabe from: https://​www.​fda.​gov/​anima​lvete​rinary/​
natio​nal-​antim​icrob​ial-​resis​tance-​monit​oring-​system/​narms-​
2011-​execu​tive-​report. Accessed March 20, 2024.

US Department of Agriculture. National poultry improvement plan. 
2019. Available at: https://​www.​aphis.​usda.​gov/​nvap/​refer​ence-​
guide/​poult​ry/​npip. Accessed March 30, 2024.

Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robin-
son TP, Teillant A, Laxminarayan R. Global trends in antimicro-
bial use in food animals. Proceedings of the National Academy 
of Sciences. 112: 5649-5654 (2015)

Vasse M, Bonhoeffer S, Frenoy A. Ecological effects of stress drive 
bacterial evolvability under subinhibitory antibiotic treatments. 
ISME Communications. 2: 80 (2022)

Verraes C, Van Boxstael S, Van Meervenne E, Van Coillie E, Butaye P, 
Catry B, de Schaetzen MA, Van Huffel X, Imberechts H, Dierick 
K, Daube G, Saegerman C, De Block J, Dewulf J, Herman L. 
Antimicrobial resistance in the food chain: a review. Interna-
tional Journal of Environmental Research and Public Health. 10: 
2643-69 (2013)

Wales AD, Davies RH. Co-Selection of resistance to antibiotics, bioc-
ides and heavy metals, and Its relevance to foodborne Pathogens. 
Antibiotics. 4: 567-604 (2015)

Wallinga D, Smit LAM, Davis MF, Casey JA, Nachman KE. A review 
of the effectiveness of current US policies on antimicrobial use 
in meat and poultry production. Current Environmental Health 
Reports. 9: 339-354 (2022)

Wan N, Wang H, Ng CK, Mukherjee M, Ren D, Cao B, Tang YJ. Bac-
terial metabolism during biofilm growth investigated by (13)C 
Tracing. Frontiers in Microbiology. 9: 2657 (2018)

Webber MA, Piddock LJV. The importance of efflux pumps in bacterial 
antibiotic resistance. Journal of Antimicrobial Chemotherapy. 
51: 9-11 (2003)

World Health Organization. Integrated surveillance of antimicrobial 
resistance in foodborne bacteria: application of a one health 
approach: guidance from the WHO advisory group on integrated 
surveillance of antimicrobial resistance (AGISAR) 2017. Avail-
able from: https://​www.​who.​int/​publi​catio​ns/i/​item/​97892​41512​
411. Accessed September 21, 2024.

World Health Oraganization (WHO). Lack of innovation set to under-
mine antibiotic performance and health gains. 2022. Available 
from: https://​www.​who.​int/​news/​item/​22-​06-​2022-​22-​06-​2022-​
lack-​of-​innov​ation-​set-​to-​under​mine-​antib​iotic-​perfo​rmance-​
and-​health-​gains. Accessed April 17, 2024.

World Health Oraganization. Antimicrobial resistance. 2023a. Avail-
able at : https://​www.​who.​int/​newsr​oom/​fact-​sheets/​detail/​antim​
icrob​ial-​resis​tance Accessed April 5, 2024.

World Health Oraganization. Botulism. 2023b. Available from: https://​
www.​who.​int/​news-​room/​facts​heets/​detail/​botul​ism. Accessed 
September 18, 2024.

Woerther PL, Burdet C, Chachaty E, Andremont A. Trends in human 
fecal carriage of extended spectrum β-lactamases in the commu-
nity: towards the globalization of CTX-M. Clinical Microbiology 
Reviews. 26: 744-758 (2013)

Wu Y, Battalapalli D, Hakeem MJ, Selamneni V, Zhang P, Draz MS, 
Ruan Z. Engineered CRISPR-Cas systems for the detection and 
control of antibiotic-resistant infections. Journal of Nanobiotech-
nology. 19: 401 (2021)

Xiao K-Q, Li B, Ma L, Bao P, Zhou X, Zhang T, Zhu Y-G. Metagen-
omic profiles of antibiotic resistance genes in paddy soils from 
South China. FEMS microbiology ecology. 92: 1-6 (2016)

Yang K, Wang A, Fu M, Wang A, Chen K, Jia Q, Huang Z. Inves-
tigation of incidents and trends of Antimicrobial resistance in 
foodborne pathogens in eight countries from historical sample 
data. International Journal of Environmental Research and Public 
Health. 17: 472 (2020)

Yi J, Ahn J. Heterogeneous phenotypic responses of antibiotic-resistant 
Salmonella typhimurium to Food Preservative-Related Stresses. 
Antibiotics. 12: 1702 (2023)

Yılmaz EŞ, Aslantaş Ö, Önen SP, Türkyılmaz S, Kürekci C. Preva-
lence, antimicrobial resistance and virulence traits in enterococci 
from food of animal origin in Turkey. LWT - Food Science and 
Technology. 66: 20-26 (2016)

Zhou J, Yin L, Dong Y, Peng L, Liu G, Man S, Ma L. CRISPR-Cas13a 
based bacterial detection platform: Sensing pathogen Staphylo-
coccus aureus in food samples. Analytica Chimica Acta. 1127: 
225-233 (2020)

Zhu Y-G, Johnson TA, Su J-Q, Qiao M, Guo G-X, Stedtfeld RD, Hash-
sham SA, Tiedje JM. Diverse and abundant antibiotic resistance 
genes in Chinese swine farms. Proceedings of the National Acad-
emy of Sciences. 110: 3435-3440 (2013)

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.federalregister.gov/documents/2012/01/06/2012-35/new-animal-drugscephalosporin-drugs-extralabel-animal-drug-use-order-of-prohibition
https://www.fda.gov/media/79140/download
https://www.fda.gov/media/79140/download
https://www.fda.gov/animal-veterinary/national-antimicrobialresistance-monitoring-system/2015-narms-integrated-report
https://www.fda.gov/animal-veterinary/national-antimicrobialresistance-monitoring-system/2015-narms-integrated-report
https://www.fda.gov/animalveterinary/national-antimicrobial-resistance-monitoring-system/narms-2011-executive-report
https://www.fda.gov/animalveterinary/national-antimicrobial-resistance-monitoring-system/narms-2011-executive-report
https://www.fda.gov/animalveterinary/national-antimicrobial-resistance-monitoring-system/narms-2011-executive-report
https://www.aphis.usda.gov/nvap/reference-guide/poultry/npip
https://www.aphis.usda.gov/nvap/reference-guide/poultry/npip
https://www.who.int/publications/i/item/9789241512411
https://www.who.int/publications/i/item/9789241512411
https://www.who.int/news/item/22-06-2022-22-06-2022-lack-of-innovation-set-to-undermine-antibiotic-performance-and-health-gains
https://www.who.int/news/item/22-06-2022-22-06-2022-lack-of-innovation-set-to-undermine-antibiotic-performance-and-health-gains
https://www.who.int/news/item/22-06-2022-22-06-2022-lack-of-innovation-set-to-undermine-antibiotic-performance-and-health-gains
https://www.who.int/newsroom/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/newsroom/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/factsheets/detail/botulism
https://www.who.int/news-room/factsheets/detail/botulism

	Antibiotic resistance and preventive strategies in foodborne pathogenic bacteria: a comprehensive review
	Abstract
	Graphical abstract

	Introduction
	Trends in antibiotic resistance acquisition over time
	Common foodborne pathogens and their antibiotic resistance profiles
	Factors contributing to acquisition of antibiotic resistance in foodborne pathogens
	Use of antibiotics in agriculture and aquaculture
	Cross-contamination in food processing and handling
	Globalization and international trade
	Acquisition mechanisms of antibiotic resistance
	Genetic acquisition mechanisms
	Phenotypic acquisition mechanisms
	Consequences of antibiotic resistance
	Public health consequences of antibiotic resistance in foodborne bacteria
	Increased treatment failure and severity of infection
	Higher mortality rates and healthcare costs
	Challenges in diagnosis and societal consequences
	Economic implications for the food industry and society as a whole
	Loss of productive livestock and crops
	Antibiotic stewardship in agriculture and food production
	Regulation and control of antibiotic usage in animal feed and growth promotion
	Development and maintenance of a comprehensive surveillance system for antibiotic resistance
	Rapid detection and tracking of resistant pathogens in food products and the environment
	Enhancing hygiene practices and food safety measures
	Regulatory measures and policies
	Current regulatory frameworks
	Various approaches and technologies that can be used as alternatives to antibiotics
	Public awareness and education campaigns about antibiotics and antibiotic resistance
	Case studies
	Challenges and limitations in addressing antibiotic resistance
	References




