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Abstract: The emergence of antimicrobial resistance (AMR) in pathogens transmitted through food poses a 

significant threat to global public health, complicating infection treatment and increasing mortality rates. This 

review explores the role of resistome mapping as a crucial tool for understanding the transmission dynamics 

of antimicrobial resistance genes (ARGs) in foodborne pathogens, such as Salmonella, Escherichia coli, Listeria 

monocytogenes, and Campylobacter spp., as well as various techniques for resistome mapping, such as 

metagenomic sequencing, PCR-based methods, and whole-genome sequencing (WGS), highlighting the 

significance of horizontal gene transfer (HGT) as a key mechanism for ARG dissemination in foodborne 

pathogens. Additionally, we investigated the influence of agricultural practices and environmental factors on 

AMR development, highlighting the critical need for improved surveillance, antibiotic stewardship, and global 

collaboration to mitigate the spread of resistant ARGs through the food chain. The perceptions gained from 

resistome mapping play an essential role in developing effective approaches to address AMR and to ensure 

food safety. 

Keywords: antibiotic resistance genes (ARGs); horizontal gene transfer (HGT); metagenome 
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1. Introduction 

Foodborne pathogens pose a significant threat to global public health owing to their ability to 

cause widespread outbreaks, induce serious illnesses, and potentially lead to fatalities. This challenge 

is exacerbated by the emergence and persistence of antimicrobial resistance (AMR) within these 

pathogens. AMR significantly compromises the efficacy of conventional treatment approaches, 

resulting in increased morbidity and mortality [1]. According to the World Health Organization 

(WHO), AMR infections are responsible for approximately 700,000 deaths annually. If not addressed, 

this figure could potentially increase to 10 million deaths annually by 2050 [2]. Moreover, the 

continued evolution of AMR strains in response to the selective pressure created by antibiotic usage 

further complicates this challenge. This burden is excessively high in low- and middle-income 

countries because of weak health systems, insufficient biosafety protocols, and the widespread 

misuse of antibiotics in agriculture and clinical contexts, which contribute to the rapid spread of AMR 

strains [3]. While pathogens such as Salmonella and Escherichia coli are well-known contributors to 

AMR [4], other foodborne pathogens, such as Listeria monocytogenes and Campylobacter spp., are highly 

identified as significant contributors [5] to the global “resistome”—the collection of all resistance 
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genes present in both pathogenic and non-pathogenic bacteria [6]. Resistance genes can be 

transmitted at various points in the food supply chain. The complex nature of modern food 

production, processing, and distribution networks has created pathways for AMR bacteria to move 

from agricultural settings to consumers. Factors such as the overuse of antibiotics in animal 

husbandry, insufficient sanitation measures, and poor food safety practices further accelerate the 

spread of AMR pathogens [7]. 

Despite increased awareness, substantial knowledge gaps remain in the complete 

understanding of AMR transmission dynamics within foodborne pathogens. Previous studies have 

emphasized the importance of mobile genetic elements, such as plasmids and transposons, in 

facilitating the horizontal transfer of resistance genes. However, most of this research has focused on 

clinical contexts, leaving crucial gaps in the knowledge of AMR transmission and persistence in 

environmental and agricultural contexts [8,9]. Furthermore, there is an urgent need to enhance our 

knowledge of how specific agricultural practices, including the use of antibiotics in livestock and the 

application of manure as fertilizer, contribute to the enhancement and spread of AMR genes in 

foodborne pathogens. Additionally, while research has made progressive steps in identifying 

antibiotic resistance genes (ARG), a more holistic approach is necessary to identify the activation and 

expression of hidden resistance genes that may become clinically significant under specific 

environmental conditions [10]. Addressing these research gaps will enhance our understanding of 

AMR transmission dynamics and inform targeted strategies to mitigate the public health risks 

associated with foodborne AMR pathogens. 

The purpose of this review is to delve into the complex resistome landscape of foodborne 

pathogens and examine the mechanisms that contribute to the development and spread of 

antimicrobial resistance. By analyzing current research and mapping resistance genes, this review 

aims to provide insights into the implications of resistance in foodborne pathogens, with the goal of 

guiding more effective surveillance, intervention strategies, and antibiotic stewardship practices. 

This work is crucial for addressing the growing public health challenges posed by antibiotic-resistant 

pathogens in the global food supply. This review explores the critical role of resistome mapping in 

foodborne pathogens and the mechanisms that contribute to the development and spread of AMR. 

This study underscores the considerable influence of AMR on public well-being by evaluating recent 

studies and scrutinizing the prevalence of AMR genes. The primary goal is to enhance the 

understanding of AMR transmission within the food chain and provide insights for improving 

surveillance systems, mitigation strategies, and antibiotic stewardship.  

2. Global Impact of Foodborne Pathogens  

Foodborne pathogens, including Salmonella, E. coli, Listeria, etc., cause a broad range of illnesses 

such as from mild gastrointestinal discomfort to severe, life-threatening conditions [11]. WHO 

estimates that globally, around 600 million illnesses each year from foodborne diseases, with 

approximately 420,000 fatalities. This case includes 30% of children, constituting 9% of the global 

population [12]. In addition, some foodborne infections can lead to chronic health problems such as 

kidney failure or arthritis, causing a long-term burden on individuals and healthcare systems [13]. 

Economically, the consequences of foodborne illnesses are highly significant. The expenditure on 

medical care for infected people, coupled with productivity loss due to contamination, causes 

substantial financial strain on countries [14]. Usually, agricultural or food industry outbreaks can 

lead to expensive recalls of products, which reduces consumer confidence and potential legal actions. 

Ultimately, this impacts the overall reputation of the industry. Additionally, foodborne disease 

outbreaks can impose international trade restrictions, affecting global markets and local economies 

[15]. 

The social impact of foodborne pathogens extends beyond health and economics, affecting 

public trust and social stability [16]. Susceptible people, especially old age and children, and those 

with weak immune systems, are extremely affected, which intensifies existing inequalities [14]. 

Beyond this, the most complex issue is addressing environmental concerns such as the spread of 

antibiotic resistance. The misuse and overuse of antibiotics in agriculture and food production 
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significantly contributes to this problem, allowing resistant bacteria to disseminate in the 

environment. These resistant pathogens have the potential to contaminate soil, water, and other food 

sources, and subsequently transfer through the food chain to humans, which further intensifies the 

public health crisis [7]. The capacity of these pathogens to transfer their ARGs to other non-

pathogenic bacteria through plasmids and other transposable elements and drive the development 

of drug-resistant pathogens is an additional concern [17].  

3. Mechanisms of Antibiotic Resistance in Foodborne Pathogens  

AMR in foodborne pathogens is acquired via numerous mechanisms (Figure 1) that permit 

bacteria to persist in antibiotic treatments and remain a public health concern. The most conspicuous 

mechanism is horizontal gene transfer (HGT), where bacteria exchange genetic material, including 

ARGs, through processes such as conjugation, transformation, and transduction [18]. In conjugation, 

bacteria transport resistance genes through cell–cell connections, frequently via plasmids that carry 

multiple resistance genes. This mechanism spreads resistance quickly across multiple bacterial 

species, specifically in environments such as farms or food-processing plants [19]. Transformation 

occurs when bacteria take up naked DNA from their environment, probably from dead bacteria that 

have released genetic material containing resistance genes [20]. Transduction involves 

bacteriophages (viruses that infect bacteria) that can carry resistance genes from one bacterium to 

another [21].  

 

Figure 1. Overview of mechanism of antimicrobial resistance in bacteria (Created in 

BioRender.com). 

In addition to HGT, genetic mutations play a key role in AMR development. Bacteria can 

spontaneously obtain mutations by changing the antibiotic target sites, making the drug less effective 

or ineffective. For example, mutations in bacterial ribosomal RNA or DNA gyrase can inhibit the 

binding efficiency of antibiotics, such as macrolides and fluoroquinolones [22]. The development of 

efflux pumps is another mutation-driven mechanism that actively pushes antibiotics out from the 

bacterial cell, decreasing the concentration of the drug inside the cell and preventing it from moving 

to a lethal level. Another mutation-driven mechanism involves altering cell membrane permeability 

and preventing antibiotics from entering the cell [23]. In addition, bacteria can synthesize enzymes 

that can degrade or alter antibiotics. For example, beta-lactamases are enzymes that break down beta-

lactam antibiotics, such as penicillins and cephalosporins, whereas other enzymes, such as 

aminoglycoside-modifying enzymes, chemically modify antibiotics to make them ineffective 

[24].Finally, bacteria can develop and use alternative metabolic pathways to bypass the antibiotic 
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effect. For example, in the presence of sulfonamides (which inhibit folic acid synthesis), bacteria can 

develop new pathways to synthesize folic acid, thereby abolishing the effects of the drug [25]. These 

diverse mechanisms, combined with the selective pressure employed by the extensive use of 

antibiotics in agriculture and food production, create a difficult contest for controlling foodborne 

AMR pathogens. As resistance continues to develop and persist, addressing these AMR mechanisms 

via antibiotic stewardship, surveillance, and research is crucial for safeguarding public health and 

food safety.  

4. Resistome Mapping: Concepts and Techniques 

4.1. Definition and Importance of Resistome Mapping 

Resistome mapping is the complete process of identifying, cataloging, and assessing an entire 

set of ARGs within a particular microbial community, environment, or organism. The concept of 

“resistome” comprehends the sum of the resistance genes, including those conferring antibiotic 

resistance, whether they are actively expressed or not. This involves not only the currently identified 

genes that are known to provide resistance to antibiotics but also those with the capability to do so, 

including cryptic or silent genes that may become activated under specific conditions[6]. In the 

context of foodborne pathogens, resistome mapping involves comprehensive analysis of the 

complete genetic content to identify ARGs that allow pathogens to resist antibiotics. This analytical 

approach is essential to identify the survival and flourishing of these pathogens in the presence of 

antibiotics.  

 

Figure 2. The workflow of resistome mapping (Created in BioRender.com). 

The significance of resistome mapping of foodborne pathogens cannot be overstated. Foodborne 

diseases are a major global public health concern, causing millions of illnesses and fatalities each year. 

Several pathogens, including Salmonella, E. coli, and Campylobacter, have emerged as resistant to 

numerous antibiotics, significantly complicating the treatment of infections [26]. Resistome mapping 

of these pathogens can advance the understanding of the detailed resistance mechanisms, including 

the genes that confer resistance and their acquisition, transmission, and expression patterns. 

Additionally, resistome mapping offers crucial information for developing more effective 

surveillance strategies to monitor the spread of ARGs across various environments, such as 

agricultural farms, food processing plants, and consumer markets [27]. This assists public health 

representatives in recognizing potential hotspots of resistance and executing targeted interventions 

to mitigate the spread of AMR pathogens. Resistome mapping can also contribute to the development 

of new diagnostic methods that can instantly identify AMR pathogens in food products, thereby 

preventing contaminated food from reaching consumers [28].  
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Resistome mapping plays a crucial role in antibiotic stewardship. By understanding the 

resistome of foodborne pathogens, policymakers and healthcare professionals can make more 

informed choices regarding antibiotic usage in both agriculture and medicine [29]. This is essential 

for reducing the excessive use of antibiotics in livestock, which is a significant driver of resistance 

development. Furthermore, resistome analysis assesses the impact of numerous agricultural practices 

on the emergence and spread of resistance [6]. Scientists can use the data produced from resistome 

studies to model the evolutionary dynamics of resistance, assisting them in predicting future trends 

in resistance development. It provides a detailed understanding of the genetic basis of resistance, 

which supports research aimed at addressing the global challenges of AMR [30]. With the increasing 

threat of AMR, resistome mapping has become crucial for ensuring food safety and public health. 

4.2. Techniques for Resistome Mapping 

Various techniques have been used to identify, quantify, and evaluate the dynamics of ARGs in 

microbes, providing unique insights into the resistance of foodborne pathogens. Each method offers 

unique benefits, ranging from high-resolution genome sequencing to specific gene detection, 

enabling a complete understanding of the dissemination and persistence of resistance genes.  

Metagenomic sequencing is the most comprehensive and extensively used technique for 

mapping resistomes. It involves direct sequencing of the complete genetic material of a microbial 

community from environmental or clinical samples, without culturing individual organisms. High-

throughput sequencing technologies, such as Illumina (which provides short-read sequencing with 

high accuracy) and Oxford Nanopore Technology (which offers long-read sequencing with real-time 

analysis), are widely utilized in this approach. This is particularly valuable because it captures both 

culturable and unculturable microorganisms, offering a complete view of the resistome in complex 

environments, including the human gut, animal microbiomes, agricultural soils, and food production 

settings, where diverse bacterial species coexist [31]. However, this approach has significant 

drawbacks. It may not provide specific information on which bacterial species harbor resistance 

genes without additional analyses, such as metagenome-assembled genomes (MAGs), which can 

reconstruct genomes from metagenomic data [32].  

Metagenomics involves two approaches: shotgun metagenomics and amplicon sequencing. 

Shotgun metagenomics involves sequencing all DNA present in a sample, providing the entire 

resistome and other microbial functions. This method can also help identify mobile genetic elements 

(MGEs), such as plasmids, transposons, and integrons, which play a critical role in the HGT of ARGs. 

In contrast, amplicon sequencing targets specific gene regions, commonly the 16S rRNA gene, to 

identify microbial species and their relative abundance. Although this method is cost-effective and 

faster than shotgun metagenomics, it cannot identify ARGs unless specific primers for resistance 

genes are used [33]. 

Polymerase chain reaction (PCR)-based techniques, such as quantitative PCR (qPCR) and 

multiplex PCR, are commonly used in resistome research because of their high sensitivity and 

specificity. These methods are used to detect and quantify specific known ARGs in environmental, 

clinical, or food sources. qPCR can provide quantitative data, which are beneficial for monitoring 

changes in ARG prevalence over time or in different environments [34]. In contrast, multiplex PCR 

enables the detection of multiple ARGs in a single reaction, thereby enhancing the efficiency of 

surveillance efforts when multiple resistance genes are of concern. These methods are more cost-

effective and require fewer computational resources than metagenomic approaches. However, the 

major limitation is their reliance on known ARG sequences, which means that they cannot identify 

novel or uncharacterized resistance genes. Furthermore, these techniques do not provide information 

on the genomic context of ARGs, such as whether they are located in mobile genetic elements [35]. 

Although metagenomics and PCR-based methods primarily detect the presence of resistance 

genes, functional metagenomics further analyzes the actual function of these genes. This method 

involves extracting DNA, cloning it into a vector, and introducing it into a model organism, typically 

E. coli. The transformed E. coli is subsequently exposed to antibiotics to determine if it expresses 

resistance, thus establishing genetic information for phenotypic resistance. This is valuable for 
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discovering novel ARGs and understanding their functions in microbes. This method does not 

require prior knowledge of the resistance genes, making it an effective tool for identifying new 

resistance mechanisms. Moreover, it can reveal the genes that contribute to resistance through 

unexplored pathways. This approach has several limitations, including more labor-intensive and 

time-consuming techniques, the need for specialized laboratory setup and proficiency, and the 

possibility that not all genes will be expressed in the selected model organism. Nevertheless, 

functional metagenomics offers valuable insights into the functional aspects of the resistome [36,37]. 

Whole genome sequencing (WGS) is another efficient method for resistome mapping that 

involves sequencing the complete genome of a bacterial strain to detect ARGs and other associated 

elements. WGS provides detailed information on the genomic context of ARGs, permitting 

researchers to track the genetic pathways that lead to resistance and understand the role of mobile 

genetic elements in disseminating ARGs [38]. In comparative genomics, WGS data from various 

bacterial isolates can be analyzed to detect variations in resistance across different strains, species, or 

geographical regions. This method is useful in outbreak investigations because it helps identify the 

specific ARGs responsible for resistance. Such information is critical for public health responses and 

treatment approaches [39]. 

Bioinformatic tools and databases play a critical role in determining the success of resistome 

mapping by facilitating the identification and annotation of ARGs. Table 1 shows the list of all 

available AMR databases or resources and their information. These tools comprise carefully curated 

information on known resistance genes that helps in analyzing and translating high-throughput 

genomic sequencing data obtained through metagenomics and WGS to obtain meaningful insights 

into the distribution and function of ARGs. 

Table 1. Bioinformatic tools and databases available for Resistome Mapping. 

Database/Tool Role in Resistome Analysis Website Reference 

CARD 

(Comprehensive 

Antibiotic Resistance 

Database) 

A curated database containing information on resistance 

genes and their mechanisms, using for the detection and 

annotation of AMR genes. 

CARD [40] 

ResFinder Identifies acquired ARGs from bacterial genome data. ResFinder [41] 

ARG-ANNOT 
Antibiotic Resistance Gene-ANNOTation tool providing 

ARG identification based on curated sequences. 
ARG-ANNOT [42] 

MEGARes 
Database of ARGs used in resistome analysis of 

metagenomic datasets. 
MEGARes [43] 

BacMet 
A database of antibacterial biocide- and metal-resistance 

genes. 
BacMet  [44] 

DeepARG 
A tool that uses deep learning to predict ARGs from 

metagenomic data. 
DeepARG [45] 

Antibiotic Resistance 

Genes Database 

(ARDB) 

A comprehensive resource of ARGs and their associated 

phenotypes. 
ARDB [46] 

Resfams 

A collection of protein families associated with 

antibiotic resistance, for the functional annotation of 

ARGs. 

Resfams [47] 

Antibiotic Resistance 

Ontology (ARO) 

A standardized vocabulary of resistance genes, 

phenotypes, and mechanisms, using for AMR 

classification 

ARO [40] 

MetaPhlAn 
A tool for profiling microbial communities, including 

the identification of ARGs. 
MetaPhlAn [48] 

Humann2 
Tool for functional profiling of microbial communities, 

with ARG identification. 
Humann2 [49] 

AMRFinderPlus 
Identifies AMR genes, virulence factors, and other genes 

from whole genome sequences. 
AMRFinderPlus [50] 

RGI (Resistance Gene 

Identifier) 

A tool integrated with CARD to detect and annotate 

ARGs from genomic and metagenomic sequences. 
RGI [40] 
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PATRIC 
A bacterial bioinformatics platform comparative 

genomics and AMR gene detection. 
PATRIC [51] 

SRST2 (Short Read 

Sequence Typing for 

Bacterial Pathogens) 

A tool for strain typing and detecting ARGs from short-

read sequence data. 
SRST2 [52] 

StarAMR 
A tool for identifying ARGs from assembled genome 

sequences. 
StarAMR [53] 

ABRicate 

A command-line tool that screens bacterial genomes for 

ARGs using multiple databases (e.g., CARD, 

ResFinder). 

ABRicate [54] 

PlasmidFinder 

Identifies plasmid replicons in whole-genome 

sequencing data. Tools helps to identify the detection of 

plasmids related to ARGs.  

PlasmidFinder [55] 

ARGpore 
Detects ARGs from long-read (nanopore) sequencing 

data. 
ARGpore [56] 

VirulenceFinder 
Identifies virulence genes in bacterial genomes that may 

be associated with antimicrobial resistance. 
VirulenceFinder [57] 

5. Resistome Mapping Studies in Food Borne Pathogens 

5.1. Salmonella 

Resistome mapping of Salmonella isolates is critical for understanding AMR mechanisms. 

Salmonella, particularly S. enterica, is commonly found in poultry, eggs, and raw vegetables, and 

frequently carries ARGs that disseminate through the food chain [58]. Common resistance genes in 

Salmonella include those encoding resistance to β-lactams, tetracyclines, aminoglycosides, and 

sulfonamides. Remarkably, extended-spectrum beta-lactamase (ESBL)-producing Salmonella isolates 

with genes such as blaCTX-M and blaTEM pose significant threats because of their ability to degrade 

several β-lactam antibiotics [59]. Mobile genetic elements such as plasmids and transposons enable 

the dissemination of ARGs within Salmonella populations. In multidrug-resistant (MDR) strains, 

conjugative transfer of plasmids, such as IncFII and IncHI2, has been observed in isolates from both 

food and clinical settings. This highlights the role of HGT in the spread [59]. Geographic variations 

in ARG occurrence in Salmonella have been reported, with some regions exhibiting high levels of 

fluoroquinolone resistance due to qnr genes, whereas others show greater resistance to third-

generation cephalosporins [60]. These differences indicate regional patterns of antibiotic use, 

especially in agriculture where antibiotics are used as both growth enhancers and prophylactics. 

Despite extensive data, inconsistencies exist in the AMR levels in Salmonella among different food 

sources. Although poultry is a well-recognized reservoir, seafood in some regions also shows high 

resistance levels [7]. These differences emphasize the complex nature of AMR in Salmonella, which is 

prompted by environmental factors, farming practices, and local antibiotic use. Incorporating 

resistome data into public health strategies is important to control Salmonella outbreaks by regulating 

antibiotic use in agriculture and enhancing food safety standards. 

5.2. Escherichia coli 

E. coli is another important foodborne pathogen with a complex resistome. Strains such as 

enterohemorrhagic E. coli (EHEC) are known to induce severe gastrointestinal disorders. Resistome 

mapping has revealed numerous AMR genes in E. coli isolated from food sources, particularly meat 

and dairy products. These include resistance genes for third-generation cephalosporins, 

aminoglycosides, and fluoroquinolones [61]. The incidence of ESBL-producing E. coli, particularly in 

poultry and cattle, is a rising concern, with genes such as blaCTX-M, blaSHV, and blaOXA frequently 

found on plasmids that facilitate rapid AMR dissemination [59]. Recent studies have also revealed 

colistin resistance in E. coli, with mcr genes emerging as a major concern because of its role as a last-

line antibiotic for treating MDR infections [62]. HGT also plays a central role in disseminating 

resistance among E. coli populations and other Enterobacteriaceae species [63]. Regional variations in 

E. coli resistance profiles indicate local antibiotic use and stewardship policies [64]. Variations in the 
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prevalence of resistance genes, such as variable levels of mcr genes, indicate that precise resistome 

mapping is essential for an accurate outbreak assessment [65]. 

5.3. Listeria monocytogenes 

Listeria monocytogenes is a foodborne pathogen with a high mortality rate in vulnerable 

populations. While it generally exhibits lower levels of antibiotic resistance than other pathogens, 

resistome mapping has identified key resistance mechanisms, particularly against antibiotics used in 

agriculture, such as tetracyclines and macrolides [11,66]. The tetM and erm genes, which confer 

resistance to tetracyclines and macrolides, respectively, have been detected in isolates from various 

food products, including dairy and ready-to-eat meats [7,11]. A significant observation was the 

identification of MDR strains of L. monocytogenes that carry resistance genes on mobile genetic 

elements such as plasmids and transposons in both clinical and foodborne outbreaks [11]. The 

prevalence of resistance genes differs based on food origin, with dairy products exhibiting higher 

levels owing to widespread antibiotic usage in dairy farming [67]. Inconsistencies in the impact of 

antibiotic use on the L. monocytogenes resistome indicate that factors such as study design and 

geographic location may affect findings [68]. Continuous monitoring and surveillance are important 

to prevent the emergence of MDR strains and ensure effective treatment choices. 

5.4. Campylobacter spp. 

Resistome mapping of Campylobacter species, particularly Campylobacter jejuni and Campylobacter 

coli, has uncovered significant patterns of AMR relevant to foodborne illnesses. Campylobacter is a 

leading cause of bacterial gastroenteritis, and its resistome includes resistance to ciprofloxacin and 

tetracycline, primarily due to gyrA mutations and the tet(O) gene [69]. The high prevalence of 

fluoroquinolone-resistant Campylobacter strains is concerning, given ciprofloxacin’s critical role in 

treating severe campylobacteriosis [70]. This resistance has been linked to the extensive use of 

fluoroquinolones in veterinary medicine. Additionally, resistome mapping has identified MDR 

strains of Campylobacter carrying genes conferring resistance to macrolides, such as erm gene [71]. 

Regional variations in resistance profiles reflect local antibiotic use. Higher levels of tetracycline-

resistant Campylobacter have been reported in regions with extensive tetracycline use in animal 

husbandry, whereas those with stringent antibiotic stewardship have lower resistance levels [72]. 

Conflicting results in these studies may arise from differences in sampling methods and testing 

protocols, highlighting the need for standardized approaches and comprehensive surveillance to 

accurately assess AMR in Campylobacter spp. 

5.5. Vibrio cholerae 

Vibrio cholerae, the causative agent of cholera, possesses a diverse resistome that changes with 

region and environmental conditions. Resistome mapping has identified resistance mechanisms 

against tetracyclines, sulfonamides, and aminoglycosides, with ARGs such as tetA, sul1, and aadA 

present in both clinical and environmental samples [73]. The spread of tetracycline resistance via tetA 

gene on plasmids or integrons is particularly alarming given tetracycline's past role in cholera 

treatment [74]. Recent studies have also shown resistance to quinolones and macrolides in V. cholerae, 

with resistance associated with peculiar genetic components and environmental conditions such as 

aquatic habitats [75]. Regional variations in the spread of resistance reflect variations in antibiotic use 

and environmental factors. Attempts to control AMR in V. cholerae must incorporate enhanced 

surveillance, environmental monitoring, and alternative treatment [76]. 

5.6. Clostridium perfringens 

Clostridium perfringens, another significant pathogen in foodborne illnesses, is notably less 

studied but is an important resistome. Mapping studies have identified several resistance genes in C. 

perfringens, particularly those associated with foodborne outbreaks. Key resistance genes include 

those conferring resistance to tetracyclines, macrolides, and lincosamides [77]. The ermB gene confers 
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resistance to macrolides and lincosamides and is commonly found on plasmids or integrons. The 

mobility of this gene facilitates its spread among bacterial strains, thereby contributing to the broader 

dissemination of AMR [78]. Additionally, the use of tetracyclines in agriculture and veterinary 

medicine contributes to tetracycline resistance in C. perfringens, which is often mediated by the tetM 

gene. This selective pressure can promote the persistence and dissemination of AMR strains [79]. 

However, differences in resistance levels reported in different studies on C. perfringens may result 

from differences in sampling methods and geographic areas. Some studies have indicated high 

resistance in isolates from certain food sources, while others have reported a lower prevalence [80]. 

These inconsistencies emphasize the need for consistent surveillance and monitoring of AMR in C. 

perfringens infections.  

5.7. Shigella 

AMR in Shigella species, including S. dysenteriae, S. flexneri, S. boydii, and S. sonnei, has been 

widely studied through resistome mapping. As a primary cause of bacterial dysentery, Shigella is 

resistant to several antibiotics including ampicillin, ciprofloxacin, and trimethoprim-

sulfamethoxazole. Resistance mechanisms are mainly associated with plasmids or chromosomal 

elements [81]. The enzyme β-lactamase encoding blaTEM gene confers resistance to ampicillin-like 

antibiotics commonly found throughout different geographical regions, indicating extensive β-

lactam use [82]. Similarly, qnr genes encoding quinolone resistance have been identified, raising 

concerns regarding the efficacy of fluoroquinolones in treating shigellosis [83]. sul1 and sul2 genes 

confer resistance to trimethoprim-sulfamethoxazole located in integrons, which can secure and 

disseminate these genetic elements [84]. Shigella showed a higher prevalence in South Asia and 

Africa, potentially linked to local antibiotic practices and healthcare setup [85]. Standardizing 

surveillance and improving data comparability are crucial for the effective management of AMR in 

Shigella. 

5.8. Clostridium botulinum 

Clostridium botulinum, the causative agent of botulism, possesses a diverse set of resistance 

mechanisms for survival in different environments. In addition to generating powerful neurotoxins, 

C. botulinum is resistant to antibiotics, such as clindamycin and vancomycin[86]. The ermB gene 

confers resistance to macrolides and lincosamides, and is commonly located on plasmids or 

integrons, facilitating its spread among bacterial populations [87]. Vancomycin resistance in C. 

botulinum, associated with the vanA and vanB genes, may be obtained from HGT from vancomycin-

resistant enterococci [88]. The presence of resistance genes in both clinical and environmental C. 

botulinum strains highlights the adaptability of the pathogen. Regional differences in antibiotic 

resistance profiles are frequently associated with local antibiotic use and environmental factors. 

Higher resistance levels have been reported in areas with extensive antibiotic use, indicating the 

influence of selective pressure [89]. Addressing these inconsistencies requires uniform testing 

methods and comprehensive surveillance programs for effective management of AMR in C. 

botulinum. 

5.9. Yersinia enterocolitica 

Yersinia enterocolitica, a pathogen causing yersiniosis, shows resistance to antibiotics such as 

tetracycline, chloramphenicol, and trimethoprim-sulfamethoxazole [90]. Key ARGs include tetA, 

which confers tetracycline resistance, and catA, which confers resistance against chloramphenicol[91]. 

Plasmids often carry the tetA gene, enabling its transmission and contributing to the dissemination 

of resistance [91]. Trimethoprim-sulfamethoxazole resistance is linked to the sul1 and sul2 genes, 

which are often present in integrons. These genes contribute to the persistence of resistant strains in 

both clinical and environmental settings [92]. Higher resistance levels were noted in regions with 

intensive antibiotic use, indicating the influence of selective pressure [7]. Conflicting findings 

regarding resistance levels in Y. enterocolitica may result from variations in study methodologies and 
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sampling locations [93]. Standardized surveillance practices and improved data comparability are 

essential to accurately assess and manage AMR in Y. enterocolitica. 

6. Impact of Agricultural Practices on the Resistome  

Resistomes are not only known for their ability to impart resistance to pathogens in the clinical 

setting but also to non-pathogenic organisms that predominate in the surrounding environment [94]. 

Antibiotic resistance in agricultural soils has been studied extensively. However, soil fertilization 

with manure and irrigation with wastewater are typically regarded as the primary sources of ARG 

contamination. The addition of significant volumes of organic matter to the soil found in manure and 

wastewater leads to the growth of AMR bacteria [95]. The potential contribution of AMR and ARG 

to soil through organic manure has drawn considerable interest. According to previous research, soil 

ARGs can be transferred to non-pathogenic and pathogenic bacteria that attach to or parasitize 

agricultural products. These products are frequently improperly cleaned before consumption, which 

poses a serious risk to public health [96]. Manure is the primary vehicle for the introduction of AMR 

and ARGs from animals into the environment. Consequently, manure management affects the 

transfer of AMR from agriculture to human clinical settings through soil, water, and food [97].  

Wastewater from aquaculture and animal agriculture has been identified as another source of 

AMR dissemination. As several antibiotics used in aquaculture, including tetracycline, macrolides, 

and aminoglycosides, are vital for human treatment, prolonged use of these antibiotics in aquaculture 

has resulted in AMR in humans [98]. The impact of mineral fertilizers and pesticides, which are 

extensively used in conventional agriculture, on the development and dissemination of antibiotic 

resistance has received less attention. It has been demonstrated that herbicides, fungicides, and 

insecticides affect E. coli resistance to antibiotics [95]. Research findings indicate that herbicides can 

alter bacterial susceptibility to antibiotics, create resistance, and facilitate conjugative transfer of 

ARGs [99]. A significant portion of ARGs reaches river systems via agricultural nonpoint sources as 

a result of rainfall and runoff. This poses a major danger to water security, which is threatened by 

ARGs; they spread quickly and widely in river systems owing to the action of MGEs [100]. 

8. Challenges in Resistome Mapping 

Although resistome mapping has immense potential for advancing our knowledge of AMR and 

influencing public health policies, it also encounters numerous significant challenges. These 

challenges include the technical and analytical difficulties associated with complex genomic data. 

Addressing these difficulties is crucial for fully exploiting resistome mapping as a tool in the global 

fight against AMR.  

A major hurdle is that the analysis of large-scale sequencing data requires sophisticated 

bioinformatics tools that can efficiently process complex metagenomic datasets. A major obstacle is 

the difficulty in differentiating ARGs between pathogenic bacteria and commensal or environmental 

bacteria because these bacteria can coexist within a single sample [101,102]. Additionally, the 

presence of ARGs on mobile genetic elements, such as plasmids, adds complexity because they are 

more connected to specific genes in particular bacterial species [103]. To overcome these challenges, 

researchers are developing more advanced bioinformatics pipelines that can accurately identify, 

annotate, and quantify ARGs in complex datasets. However, these tools require continuous 

improvement and validation to ensure that they provide reliable insights into resistomes [104].  

Another key challenge in resistome mapping is the limitation of the currently available AMR 

reference databases. Comprehensive and updated databases are essential for accurate identification 

and annotation of ARGs. Unfortunately, many existing databases are incomplete or lack adequate 

annotations, predominantly for novel or less studied resistance genes [105]. This leads to 

misidentification of ARGs, restricting the full understanding of AMR. Ongoing efforts aim to expand 

these databases by incorporating novel ARGs from various environments, but the development is 

slow and database content frequently fails to keep pace with new gene discoveries [105]. 
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9. Future Directions to Overcome the Challenges 

9.1. Integrative Approaches 

Resistome mapping can be significantly enhanced by integrating with other scientific 

approaches, such as functional assays and epidemiological studies, which can achieve a more 

comprehensive insight into the development, spread, and public health effects of AMR.  

Integrating epidemiological data permits tracing of the transmission routes of AMR bacteria 

across various environments and populations [106]. For example, analyzing resistome mapping of 

bacterial populations in hospitals, farms, and urban areas can aid in recognizing the movement 

patterns of ARGs between these systems. Resistome analysis combined with epidemiological data on 

disease outbreaks can help determine the connections between ARGs and clinical or public health 

threats [107]. This method is valuable for understanding AMR transmission dynamics, such as the 

impact of zoonotic transfer (where resistant bacteria are passed from animals to humans) or their 

spread through international trade and travel. Such integrative studies are essential for developing 

more focused interventions ranging from infection control measures in hospitals to policies on 

antibiotic use in agriculture. Although sequencing-based resistome mapping is important for 

detecting the occurrence of ARGs, it does not provide information on whether these genes actively 

confer resistance in their organisms. This gap can be addressed using functional assays. Through 

experimental validation of specific resistance genes, researchers can understand their effects on 

bacterial fitness, pathogenicity, and potential clinical relevance. For example, some ARGs may only 

provide minimal resistance under laboratory conditions but could evolve as significant clinical issues 

if bacteria develop additional mutations. Functional assays can also reveal which ARGs are the most 

prominent in spreading through HGT. [37,108]. Similarly, integrating functional assays with 

resistome mapping further enhances our ability to predict and manage future AMR threats and helps 

prioritize the ARGs that require immediate attention.  

9.2. Policy and Global Collaboration 

The battle against AMR extends beyond scientific research; it also requires organized efforts in 

policy-making and global collaboration. The data generated through resistome mapping can inform 

regulatory frameworks and encourage international collaboration, both of which are crucial for 

mitigating the spread of AMR on a global scale. Controlling the spread of AMR requires effective 

policies for the regulation of antibiotic use, particularly in agriculture and food production. Resistome 

mapping provides information for the implementation of such policies. For example, data from 

resistome studies can pinpoint hotspot areas for AMR development in agricultural settings, 

prompting the implementation of stringent protocols for antibiotic use in farm animals [109]. 

Moreover, resistome mapping can support efforts to limit the environmental dissemination of ARGs 

by identifying critical points where interventions are required, such as waste management practices 

in food production or hospitals [110]. These insights are necessary for developing regulatory 

frameworks that balance the use of antibiotics in certain industries and prioritize the mitigation of 

AMR.  

AMR is a global health challenge that requires collective action from multiple nations and 

organizations. International collaboration and sharing of resistome data across borders are essential 

for enhancing global AMR surveillance [111]. Countries with advanced sequencing technologies can 

offer technology and expertise or share AMR or ARG trend data to support countries with limited 

resources. Sharing resistome data across countries can help identify emerging resistance threats 

before they spread globally, enabling more proactive measures to prevent outbreaks. Collaborative 

networks such as the WHO’s Global Antimicrobial Resistance Surveillance System (GLASS) are 

critical for coordinating a unified global response to AMR. By fostering international collaboration, 

resistome mapping can be integrated into global AMR surveillance programs to deliver real-time 

information to guide global public health interventions. By addressing technical challenges, 

promoting integrative scientific approaches, and encouraging global collaboration, we can advance 

the field of resistome mapping and better protect public health against the growing threat of AMR. 
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