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ABSTRACT

Antimicrobial resistance (AMR) has emerged as a significant One Health challenge as resistant bacteria
and resistance genes spread continually within and between human, animal, food and environmental
systems. It is a combination of genomic adaptation, selective pressure, mobile genetic elements and
horizontal gene transfer that propel the emergence, persistence and dissemination of resistant populations.
The review focused on the most important molecular and ecological factors that are driving AMR,
including resistance mechanisms, the resistome and mobilome, plasmids, integrons, transposons,
bacteriophages and conjugation, transformation and transduction. It also took into account the
contribution of livestock, companion animals, food production, wastewater, agricultural soils, manure,
surface waters and other environmental reservoirs to maintaining and promoting resistance determinants.
Advances in whole-genome sequencing, metagenomics, genomic epidemiology, and bioinformatic
resistance-gene detection have improved the capacity to trace resistant lineages and characterize
antimicrobial resistomes across sectors. New control tactics include antimicrobial stewardship, infection
prevention, antimicrobial peptides, bacteriophage, probiotics, anti-virulence strategies, plasmid-targeting
strategies, clustered regularly interspaced short palindromic repeats (CRISPR)-based antimicrobials and
improved wastewater treatment. Therefore, coordinated One Health surveillance, judicious use of
antimicrobials, environmental stewardship, and precision genomic interventions are crucial for

minimizing the spread and long-term prevalence of AMR worldwide.

Keyword: antimicrobial resistance; One Health; horizontal gene transfer; resistome; genomic

surveillance; environmental reservoirs
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Introduction

Antimicrobial resistance (AMR) is one of the biggest threats to contemporary medicine as it diminishes
the efficacy of antibiotics in tackling common and lifethreatening bacterial infections. Resistant infections
are linked to prolonged illness, increased complexity of treatment, increased cost of health care and an
increased risk of death. The problem is huge, if we consider it in the global context. Bacterial AMR
directly caused 1.27 million deaths in 2019, and is responsible for nearly 4.95 million deaths globally,
meaning resistance already makes a significant contribution to the global burden of disease
(Antimicrobial Resistance Collaborators, 2022). However, more recent analyses suggest that AMR
continues to be a significant public health threat in the near future, especially if prevention, surveillance
and access to effective treatment is unequal between regions (GBD 2021 Antimicrobial Resistance

Collaborators, 2024).

Resistance is a clinical issue and it's not sufficient to consider AMR as such because resistant
microorganisms and resistance genes flow freely, constantly, between humans, animals, food systems and
the environment. The use of antimicrobial agents in health care, animal husbandry, livestock and
aquaculture systems can result in selective pressure that can be advantageous to the resistant populations.
These organisms and their genetic characteristics can then be transferred from compartment to
compartment via direct contact, food production chains, wastewater, soil, surface water, wildlife and other
environmental routes. This interdependence highlights the need to consider antibiotic resistance as a One
Health issue, as one that needs to be addressed in the context of human, animal and environmental health

as interdependent rather than distinct systems (Robinson et al., 2016).

Therefore the One Health perspective is relevant in understanding origin, spread and potential
interventions to limit the spread of resistance. Responsible use of antibiotics in clinical practice is
essential for effective control, along with coordinated measures involving veterinary medicine,
agricultural production, food production, sanitation and environmental management and public policy
(Collignon & McEwen, 2019). This is especially significant, as resistance genes can be present in the

microbial community and not in pathogenic bacteria.

One of the most important findings in the molecular mechanisms of AMR has been the simultaneous
occurrence of both chromosomal changes and acquisition of resistance determinants. The resistome,
which is the collection of resistance genes in microbial communities, is found in diverse environments
such as clinical, agricultural, and natural habitats, and serves as a reservoir for emerging or spreading
resistance genes (Kim & Cha, 2021). This process is further enhanced by horizontal gene transfer, which
involves the transfer of bacterial resistance genes via plasmids, transposons, integrons, bacteriophages
and other mobile genetic elements between bacterial cells. Furthermore, contamination of the
environment with antimicrobials, biocides, metals, and resistant organisms can create selectable

conditions that can help to preserve and spread these genes.
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Therefore, a more comprehensive strategy that integrates molecular biology, genomic surveillance,
microbial ecology, stewardship, infection prevention, environment control and coordinated policy is
needed for AMR control. While individual behaviour is a key factor in addressing a problem defined by
health systems, food production, sanitation, access to antimicrobials, regulation and social practices in
various sectors (Hernando-Amado et al., 2020). This review explored AMR at the One Health interface
through the lens of genomic drivers, HGT, environmental reservoirs and transmission pathways. It also
assessed progress in genomic surveillance and novel strategies aimed at reducing the emergence,
maintenance and dissemination of antimicrobial resistance in the interlinked human, animal and

environmental systems.
2. Methodology
2.1 Review Design

The review aimed to be a structured narrative synthesis to explore the issue of antimicrobial resistance in
related human, animal, food, and environmental settings. The framework was organized around the major
themes defined by the article scope, including genomic drivers, horizontal gene transfer, environmental
reservoirs, surveillance tools, and emerging control strategies. The literature examined contained a wide
variety of study designs, study populations, ecosystems, and analytical methods, and evidence was
analyzed comparatively rather than in a quantitative fashion. Mechanistic understanding, cross-sector

connections, recent advances, and research needs were highlighted.
2.2 Literature Search Strategy

Literature search was conducted on PubMed/MEDLINE, Scopus, Web of Science and Google Scholar
databases. The publications searched were mainly published from 2015 to 2015. The terms ‘antimicrobial
resistance’, ‘One Health’, ‘resistome’, ‘genomics’, ‘horizontal gene transfer’, ‘mobile genetic elements’,
‘environmental reservoirs’, ‘zoonotic transmission’, ‘whole genome sequencing’, ‘metagenomics’ and
‘AMR control” were used. Search terms were optimized for search across databases. Reference lists of
articles of high relevance were also retrieved to find more relevant articles that matched the

predetermined thematic scope.

2.3 Eligibility and Study Selection

Studies that were original research articles, systematic reviews, meta-analyses, or authoritative reports
that covered the antimicrobial resistance mechanisms, genomic epidemiology, transmission,
environmental reservoirs, surveillance, or One Health interventions were included. Studies were included
if the aims and conclusions of the study clearly related to one or more parts of the review. Publications
were excluded that did not have clear methods, were not relevant to the review questions, contained
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duplicate reporting, did not have full text access, or did not have a clear connection to the review
questions. Preference was given to recent, methodologically sound, open-access evidence from

recognized journals and international organizations with clear scientific or policy relevance.
2.4 Data Organization and Narrative Synthesis

Information from the selected sources was extracted and arranged according to recurring themes rather
than analyzed statistically. The results were categorized into genomic and molecular resistance, horizontal
gene transfer, human—animal-environment interfaces, human genomic surveillance, control measures, and
future research priorities. These findings were compared across studies to see if there were commonalities,
differences, and unknowns. Particular attention was given to links between resistance genes, mobile
elements, ecological reservoirs, and cross-sector transmission. The synthesis was employed to illuminate

gaps in knowledge, practical issues and emerging avenues in integrated One Health AMR control.
3. Genomic and Molecular Drivers of Antimicrobial Resistance

The emergence of antimicrobial resistance is a result of a combination of intrinsic cellular properties and
acquired genetic changes that enable bacteria to resist antimicrobial exposure. Enzymatic drug
inactivation, changes in the antimicrobial target, decreased membrane permeability, active efflux and
metabolic pathway alteration that circumvent inhibited cellular functions are major mechanisms
(Reygaert, 2018). There is a possibility that resistance determinants are broadly distributed beyond
healthcare-related environments, as these mechanisms are present in clinical pathogens, environmental
microorganisms, and antibiotic-producing bacteria all of which are not part of the healthcare system
(Peterson & Kaur, 2018). The expression and accumulation of these can lead to resistance against
multiple classes of antimicrobial agents, and to the development of multidrug-resistant bacterial

populations (Sultan et al., 2018).

Additionally, genomic evolution drives resistance as a result of spontaneous mutations that are selected
for in the presence of an antimicrobial agent. Mutations that give the bacteria a survival edge have the
potential to persist in the bacterial population, but at first, resistance can come at a cost, such as growth or
reproduction or fitness (Melnyk et al., 2015). Individual resistance mutations may also have interactions
with other genes, which can affect the development and stability of resistance phenotypes (epistasis)
(Wong, 2017). Such lineages could therefore be adapted if they gain an advantage for their increased

exposure to antimicrobials, and certain genetic backgrounds may maintain resistance as a result.

At the community level, resistance is also understood as resistome - the totality of the resistance genes
found within a microbial ecosystem. The human gut microbiome is an important reservoir where various
resistance determinants can be present and may be made available to pathogenic organisms (Singh et al.,
2019). Antibiotic treatment may impact this reservoir in various ways, such as by changing microbial
composition and diversifying the resistome (Li et al., 2019). Further, there is evidence coming from
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relatively undisturbed ecosystems that the genes for resistance are not only produced in the present age by
the use of modern antibiotics, but have also existed for long periods in evolution (Agudo & Reche, 2024).
Today, their dissemination is greatly shaped by the mobilome, such as by mobile genetic elements

associated with resistance genes that can be transferred between bacterial hosts (Slizovskiy et al., 2020).
4. Horizontal Gene Transfer as a Major Driver of AMR Dissemination

Horizontal gene transfer is a key mechanism enabling dissemination of antimicrobial resistance genes
across species and ecosystems. Three mechanisms are used to acquire genetic material, namely
conjugation, transformation and transduction, which allow bacteria to acquire genes without the vertical
transmission method from parent bacteria (von Wintersdorff et al., 2016). Of these processes, the most
significant is conjugation where plasmids may include multiple resistance genes and can be directly
transferred between compatible bacterial hosts. They might be a fitness cost in the beginning, but
compensatory mutations can decrease this fitness cost and reduce the loss of resistance plasmids from

populations (Hall et al., 2021).

Mobile genetic elements add to the flexibility of resistance gene exchange. Integrons are able to capture
and express gene cassettes, which are genes belonging to different classes of antimicrobial, and can also
be integrated with plasmids and transposons which allow for greater dissemination (Akrami et al., 2019).
In addition to gene movement via HGT, a possibility is provided by ‘transduction' (Colavecchio et al.,
2017), which may facilitate the spread of resistance determinants among bacteria, including food-borne

strains of the Enterobacteriaceae family.

The occurrence of horizontal transfer can vary greatly depending on environmental and biological factors.
However, biofilms form dense, structured microbial communities where cells are in close contact,
enhancing chances for plasmid exchange and other resistance elements to be passed on (Michaelis &
Grohmann, 2023). Selection is not driven by antibiotics alone. When genes for resistance to different
stresses are physically or functionally linked, the resistance traits can be sustained in the event of
exposure to biocides and heavy metals (Wales & Davies, 2015). The high prevalence of co-selection of
genes for antibiotic resistance, metal resistance and biocide resistance also supports the hypothesis that
co-selection plays a key role in the maintenance of MDR in environments other than the clinic (Pal et al.,
2015). Thus, exposed environmental bacteria may continue to be antibiotic resistant even when there are
low or no concentrations of antibiotics (Gillieatt & Coleman, 2024). The interactions demonstrate that
AMR can spread and be sustained by both gene transfer and mobile elements, as well as environmental
selection. Table 1 summarizes the major molecular mechanisms, genetic elements and selective processes

involved in the emergence and dissemination of AMR.

Table 1. Core molecular and genetic drivers of antimicrobial resistance
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Driver/mechanism
Enzymatic drug
Inactivation

Target modification

Reduced

permeability

Active efflux

Metabolic bypass

Chromosomal

mutation

Plasmids

Integrons and

transposons

Bacteriophages

Environmental co-

selection

82

Biological basis

Bacterial enzymes modify or
degrade antimicrobial

compounds

Mutation or acquired genes
alter  antimicrobial-binding

sites

Changes in  membrane
proteins or porins restrict

antimicrobial entry

Membrane transport systems

remove antimicrobial
compounds
Alternative biochemical

pathways replace inhibited

functions

Spontaneous genetic changes

followed by antimicrobial
selection
Extrachromosomal DNA

capable of transfer between

bacterial cells

Mobile systems capture,

rearrange, or relocate

resistance determinants

Viral transfer of bacterial

DNA through transduction

and

linked

Antibiotics, metals,

biocides favor

resistance traits

Role in AMR

Prevents the drug from
reaching or retaining

activity against its target

Reduces drug—target
interaction
Lowers intracellular

drug concentration

Reduces effective

intracellular exposure

Allows growth despite

antimicrobial action

Produces stable resistant
variants and adapted

lineages

Carry and disseminate
multiple resistance

genes

Assemble and mobilize
resistance gene

combinations

May transfer resistance

determinants  between
bacteria
Maintains resistance

even when antibiotic

pressure is limited

Major relevance

Common mechanism

of acquired resistance

Supports resistance to
multiple antimicrobial

classes

Particularly important

in Gram-negative
bacteria
Can contribute to

multidrug resistance

Supports survival
under selective
pressure

Central to
evolutionary
development of
resistance

Major  vehicles of
conjugative gene
transfer

Facilitate =~ multidrug
resistance and

genomic flexibility

Provides an additional
route of horizontal

gene transfer

Important in polluted
environmental

reservoirs

https://ijrdobs.com/index.php/bs



Volume 12 Issue 03 August 2026 IJRDO - Journal of Biological Science

Biofilm-associated Dense microbial Enhances plasmid Relevant to clinical,
transfer communities increase cell transfer and persistence industrial, and

contact and genetic exchange of resistant populations  environmental settings

Note: AMR, antimicrobial resistance. The table synthesizes the mechanisms and processes discussed in

Sections 3 and 4.
5. AMR Across the One Health Interface

The spread of antimicrobial resistance is multi-sectoral, between humans, animals, food and the
environment, and is not easy to control with one single sectoral strategy. Resistant bacteria are present in
humans in both health and community settings and the intestinal microbiota may be a reservoir of
resistant genes which can be transferred to opportunistic or pathogenic bacteria (van Schaik, 2015).
Additional factors related to human antimicrobial use, sanitation and waste disposal can have an impact

on the release and movement of resistant organisms to the environment.

Another vital part of this network are food-producing animals as antibiotic usage in livestock can lead to
the selection of resistant bacteria that could be transmitted by direct contact, manure or food products
(Rhouma et al., 2022). The use of antimicrobials in food-animal production continues to be significant
globally, indicating the need for judicious use in the sector (Mulchandani et al., 2023). Limiting use of
antibiotics in food production animals has been shown to limit the development of antibiotic resistance in
food animals, and may also lower prevalence of antibiotic-resistant bacteria in the human populations
studied that are in direct contact with food producing animals. (Tang et al., 2017) Another mechanism for
transmission of resistant organisms between people and companion animals is through close and frequent
contact between the two species (Marco-Fuertes et al., 2022). In addition, resistant bacteria can be
transferred to humans via meats and produce and other food products in the food chain (Founou et al.,

2016).

The environment links these reservoirs with the ability to maintain and spread antimicrobial resistance
genes. Resistant bacteria and resistance determinants can be transferred to soil through livestock manure
and may interact with the natural microbial communities in agricultural soils (Checcucci et al., 2020).
Wastewater treatment systems are the source of resistant organisms, antimicrobial residues, and a wide
variety of genetic material, all from domestic, clinical and industrial origins (Uluseker et al., 2021). Thus,
resistance may also persist or be established in receiving environments such as rivers, sediments, soils,
etc., if receiving environments are suitable for reinforcing resistance (Singer et al., 2016). Other factors,
like antimicrobial residues, metals, nutrients and microbial density, have the potential to modify resistance
development and spread in such environments (Bengtsson-Palme et al., 2018). Together, these pathways
show that human use, animal production, environmental contamination, and cross-sector transmission are

closely linked drivers of AMR, requiring coordinated One Health surveillance and control (Booton et al.,

83 https://ijrdobs.com/index.php/bs



Volume 12 Issue 03 August 2026 IJRDO - Journal of Biological Science

2021). The interconnected reservoirs and major transmission pathways involved in the One Health

circulation of AMR are illustrated in Figure 1.
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Figure 1. One Health Circulation of Antimicrobial Resistance
Note: AMR, antimicrobial resistance; ARGs, antimicrobial resistance genes.
6. Genomic Surveillance and Emerging Tools for Tracking AMR

Genomic surveillance has improved the capacity to identify, describe and monitor antimicrobial resistance,
both in the clinic and the environment. WGS will be able to detect resistance determinants, differentiate
between related bacterial strains and aid in tracing transmission events and outbreaks. Therefore, its
inclusion in national and international surveillance has been recommended as a crucial step towards more
accurate AMR trends and tracking of AMR lineages (NIHR Global Health Research Unit on Genomic
Surveillance of AMR, 2020). The emergence of a public health genomics sequenceable data ecosystem
has also created opportunities for routine public health genomic epidemiology and comparative data from

across the border on infectious diseases (Revez et al., 2017).

Whole-metagenome sequencing is especially useful when individual bacterial isolates can be cultured and
whole genome sequencing is useful for detecting resistance genes from complex microbial communities
without prior culture of organisms (Oniciuc et al., 2018). Metagenomic surveillance can therefore be
beneficial in other (non-clinical) systems where the diversity of microorganisms is not fully represented
by conventional culture, such as wastewater, soil and animal production systems (Pillay et al., 2022).
These methods can help to gain a more general understanding of environmental resistomes and possible

reservoirs of resistance genes.

84 https://ijrdobs.com/index.php/bs



Volume 12 Issue 03 August 2026 IJRDO - Journal of Biological Science

Reliable bioinformatic tools and reference resources are key to the value of sequencing data. MEGARes
was created to facilitate the high throughput identification and classification of antimicrobial resistance
genes based on sequence data (Lakin et al., 2017). AMRFinderPlus also allows for standardized
identification of resistance determinants and provides the ability to connect genomic data with stress-
response and virulence traits (Feldgarden et al., 2021). Recently, computational approaches have also
been used for the identification of resistance genes from metagenomic sequences, including DeepARG,
which can predict resistance genes for sequences with low similarity to the known genes (Arango-Argoty
et al., 2018). Although significant progress has been made, existing surveillance efforts for effective One
Health monitoring are hampered by the lack of harmonised sampling approaches, common standards for
metadata, interoperability of databases and improved integration of human, veterinary, food and
environmental genomic surveillance datasets. An integrated pathway linking One Health sampling,

genomic analysis, resistance detection, and public health response is presented in Figure 2.
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Figure 2. Integrated Genomic Surveillance Framework for AMR
Note: AMR, antimicrobial resistance.
7. Emerging Strategies for AMR Control

To address antimicrobial resistance, steps should be taken to minimize unnecessary antimicrobial use and
the spread of antimicrobial resistance organism in healthcare, agriculture and the environment. Rational
prescribing, timely diagnosis, surveillance-guided treatment and infection-prevention practices are key to
this effort, as they can help minimize unnecessary antibiotic use, and rate of acquisition of resistant strains
(Majumder et al., 2020). These same concepts are also applicable to animal production, in which the use
of antimicrobials must be associated to an apparent clinical necessity, veterinary supervision, and

enhanced biosecurity.

There are a number of options under investigation other than conventional antibiotics to minimize

reliance on broad-spectrum antibiotics. They can selectively infect bacteria, and may be used in
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conjunction with existing treatments, especially in the case of multidrug-resistant bacteria (MDRs)
(Barber et al., 2021). Another alternative is the antimicrobial peptides which work quickly on bacterial
membranes and some even remain active on resistant bacteria (Mwangi et al., 2019). Probiotics and
microbiome targeting strategies can help with colonization resistance, bolster host defenses, and decrease
the chances for pathogenic bacteria to infect the host (Raheem et al., 2021). Anti-virulence approaches are
another avenue, as they target pathogenic functions instead of bacterial survival, and could potentially

decrease selection for resistance (Calvert et al., 2018).

Genomic and molecular interventions have also expanded the range of possible control strategies.
CRISPR systems can be engineered to specifically target resistance genes or a resistant bacterial
population with high precision (Palacios Araya et al., 2021). Measures to block the maintenance and
transfer of resistance plasmids in the environment or to remove resistance plasmids might also further
restrict the ability for horizontal gene transfer and limit the long-term survival of transferred resistance

determinants (Buckner et al., 2018).

Environmental control is also crucial in a One Health approach. Environmental dissemination pathways
can be interrupted by wastewater treatment technologies that can minimize the presence of resistant
bacteria, resistance genes and antimicrobial residues. (Starling et al., 2021) Sectors need to work together,
as the following factors are essential to effective AMR control: stewardship, infection prevention, targeted
therapeutics, genomic tools, environmental treatment, agricultural management and coordinated
surveillance. The principal emerging approaches for controlling AMR and their potential roles within a

One Health framework are compared in Table 2.

Table 2. Emerging strategies for antimicrobial resistance control across the One Health interface

Strategy Primary Main  potential Key limitation One Health
target/action value relevance
Antimicrobial Optimizes Reduces Requires sustained Human and
stewardship antimicrobial unnecessary surveillance, veterinary
selection, dose, antimicrobial diagnostics, and healthcare
duration, and exposure and compliance
indication selective pressure
Infection Interrupts Reduces infections Effectiveness Hospitals, farms,
prevention and pathogen and subsequent depends on food systems
biosecurity transmission antimicrobial consistent
demand implementation
Bacteriophage Selectively infects High target Narrow host range Human,
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therapy

Antimicrobial

peptides

Probiotics and
microbiome

approaches

Anti-virulence

therapy

CRISPR-based

antimicrobials

Anti-
plasmid/plasmid-

curing approaches

Advanced
wastewater

treatment

Integrated genomic

surveillance
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bacterial
pathogens
Disrupt  bacterial
membranes or
other cellular
processes
Promote beneficial
microbial
communities and
colonization
resistance

Blocks pathogenic
functions  rather
than bacterial

survival

Selectively targets
resistance genes or
specific  bacterial

populations

Prevent  plasmid
maintenance,
replication, or

transfer

Removes or
damages resistant
bacteria, ARGs,

and antimicrobial

residues

Detects resistance
determinants and
tracks

specificity and
activity against
some resistant
bacteria

Potential  activity

against multidrug-

resistant organisms

May reduce
pathogen
establishment and
support host
defenses

May impose less
direct selection for
conventional

resistance

High genetic

specificity

Could reduce
horizontally
transferable

resistance

Limits
environmental

dissemination

Enables early

detection and

targeted

and possible
emergence of

phage resistance

Stability, toxicity,
and delivery remain

challenges

Effects may vary

by strain, host, and

setting
Limited clinical
translation for

many targets

Delivery to target
bacteria remains a

major barrier

Translation beyond

experimental
systems ~ remains
limited
Performance  and

cost vary among

treatment systems

Requires
harmonized data,

infrastructure, and

veterinary,  and

food applications

Therapeutic and
biotechnology

applications

Human and

animal health

Precision
infection

management

Precision AMR

control

Control of mobile
resistance

determinants

Environmental
and municipal

AMR control

Links human,
animal, food, and

environmental
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transmission intervention expertise sectors

Note: AMR, antimicrobial resistance; ARGs, antimicrobial resistance genes; CRISPR, clustered regularly

interspaced short palindromic repeats.
8. Knowledge Gaps and Future Research Priorities

There is still a lack of knowledge about the transmission of antimicrobial resistance between humans,
animals and environment. Poor integration of clinical, veterinary, food and environmental surveillance
data is one of the main limitations. An integrated One Health approach is thus required to enhance the
sharing, cooperation and coordination in monitoring and decision-making across sectors (Food and
Agriculture Organization of the United Nations et al., 2022). Resistomes in the environment and wildlife
are also under studied when compared to those from clinical and livestock sources, and they may help to
maintain and disseminate resistance genes. More efforts are required to determine resistance gene
reservoirs and their persistence in the environment, as well as under which conditions they can be

transmitted between microbial communities (United Nations Environment Programme, 2023).

Continued research is also needed on the standardized genomic surveillance tools, similar metadata, and
harmonized analytical pipelines, enabling interpretation across countries and sectors. Priority research
should involve elucidating the relationships between antimicrobial use, mobile genetic elements,
ecological reservoirs and transmission risk (Food and Agriculture Organization of the United Nations et
al., 2023). Genomic discoveries will require translation to tools for surveillance, prevention, diagnosis and
targeted intervention as well. To fill these gaps and assist in evidence-based AMR control strategies,
greater international coordination, continued infrastructure and research capacity will be crucial (World

Health Organization, 2025).
9. Conclusion

AMR is a complex phenomenon involving genomic, ecological and evolutionary processes that go
beyond the clinical environment. Chromosomal mutations, resistance genes, mobile genetic elements,
selective pressures, and microbial adaptation together influence the emergence and persistence of resistant
populations. The rapid spread of resistance determinants between different bacterial hosts via horizontal
gene transfer and the ability of environmental reservoirs (including wastewater, soil, manure, surface
water and food production systems) to carry and spread these genes between humans and animals is of
particular concern. The resulting network of transmission raises the awareness of a need to consider AMR
as a collective One Health issue not limited to any one sector. The whole genome sequencing,
metagenomics, resistome profiling and genomic epidemiology are important developments that offer
strong tools to detect resistant organisms, trace the transmission pathways and identify emerging threats.
But, their importance relies on the coordinated monitoring, standardized data collection, and effective
integration of clinical, veterinary, agricultural, food, and environmental data. Prevention, responsible use
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of antimicrobials, sanitary and hygienic practices, early detection and targeted biological or molecular

interventions should be emphasized in future control measures. Genomic surveillance and stewardship,

environmental control, and cross-sector collaboration provide the best practical approach for slowing the

emergence, maintenance and transmission of antimicrobial resistance.

References

10.

11.

12.

13.

14.

89

Agudo, R., & Reche, M. P. (2024). Revealing antibiotic resistance's ancient roots: Insights from
pristine ecosystems. Frontiers in Microbiology, 15, 1445155.
https://doi.org/10.3389/fmicb.2024.1445155

Akrami, F., Rajabnia, M., & Pournajaf, A. (2019). Resistance integrons: A mini review. Caspian
Journal of Internal Medicine, 10(4), 370-376. https://doi.org/10.22088/cjim.10.4.370

Antimicrobial Resistance Collaborators. (2022). Global burden of bacterial antimicrobial resistance in
2019: A systematic analysis. The Lancet, 399(10325), 629-655. https://doi.org/10.1016/S0140-
6736(21)02724-0

Arango-Argoty, G., Garner, E., Pruden, A., Heath, L. S., Vikesland, P., & Zhang, L. (2018).
DeepARG: A deep learning approach for predicting antibiotic resistance genes from metagenomic
data. Microbiome, 6, 23. https://doi.org/10.1186/s40168-018-0401-z

Barber, O. W., Miramontes, I. M., Jain, M., Ozer, E. A., & Hartmann, E. M. (2021). The future of
bacteriophage therapy will promote antimicrobial susceptibility. mSystems, 6(4), ¢00218-21.
https://doi.org/10.1128/mSystems.00218-21

Bengtsson-Palme, J., Kristiansson, E., & Larsson, D. G. J. (2018). Environmental factors influencing
the development and spread of antibiotic resistance. FEMS Microbiology Reviews, 42(1), 68—80.
https://doi.org/10.1093/femsre/fux053

Booton, R. D., Meeyai, A., Alhusein, N., Buller, H., Feil, E., Lambert, H., Mongkolsuk, S., Pitchforth,
E., Reyher, K. K., Sakcamduang, W., Satayavivad, J., Singer, A. C., Sringernyuang, L., Thamlikitkul,
V., Vass, L., OH-DART Study Group, Avison, M. B., & Turner, K. M. E. (2021). One Health drivers
of antibacterial resistance: Quantifying the relative impacts of human, animal and environmental use
and transmission. One Health, 12, 100220. https://doi.org/10.1016/j.onehlt.2021.100220

Buckner, M. M. C., Ciusa, M. L., & Piddock, L. J. V. (2018). Strategies to combat antimicrobial
resistance: Anti-plasmid and plasmid curing. FEMS Microbiology Reviews, 42(6), 781-804.
https://doi.org/10.1093/femsre/fuy031

Calvert, M. B., Jumde, V. R., & Titz, A. (2018). Pathoblockers or antivirulence drugs as a new option
for the treatment of bacterial infections. Beilstein Journal of Organic Chemistry, 14, 2607-2617.
https://doi.org/10.3762/bjoc.14.239

Checcucci, A., Trevisi, P., Luise, D., Modesto, M., Blasioli, S., Braschi, 1., & Mattarelli, P. (2020).
Exploring the animal waste resistome: The spread of antimicrobial resistance genes through the use of
livestock manure. Frontiers in Microbiology, 11, 1416. https://doi.org/10.3389/fmicb.2020.01416
Colavecchio, A., Cadieux, B., Lo, A., & Goodridge, L. D. (2017). Bacteriophages contribute to the
spread of antibiotic resistance genes among foodborne pathogens of the Enterobacteriaceae family—
A review. Frontiers in Microbiology, 8, 1108. https://doi.org/10.3389/fmicb.2017.01108

Collignon, P. J., & McEwen, S. A. (2019). One Health—Its importance in helping to better control
antimicrobial  resistance. = Tropical Medicine and Infectious Disease, 4(1), 22.
https://doi.org/10.3390/tropicalmed4010022

Feldgarden, M., Brover, V., Gonzalez-Escalona, N., Frye, J. G., Haendiges, J., Haft, D. H., Hoffmann,
M., Pettengill, J. B., Prasad, A. B., Tillman, G. E., Tyson, G. H., & Klimke, W. (2021).
AMRFinderPlus and the Reference Gene Catalog facilitate examination of the genomic links among
antimicrobial resistance, stress response, and virulence. Scientific Reports, 11, 12728.
https://doi.org/10.1038/s41598-021-91456-0

Food and Agriculture Organization of the United Nations, United Nations Environment Programme,
World Health Organization, & World Organisation for Animal Health. (2022). One Health Joint Plan
of Action (2022-2026): Working together for the health of humans, animals, plants and the
environment. = Food and  Agriculture  Organization of the  United  Nations.

https://ijrdobs.com/index.php/bs


https://doi.org/10.3389/fmicb.2024.1445155
https://doi.org/10.22088/cjim.10.4.370
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1186/s40168-018-0401-z
https://doi.org/10.1128/mSystems.00218-21
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1016/j.onehlt.2021.100220
https://doi.org/10.1093/femsre/fuy031
https://doi.org/10.3762/bjoc.14.239
https://doi.org/10.3389/fmicb.2020.01416
https://doi.org/10.3389/fmicb.2017.01108
https://doi.org/10.3390/tropicalmed4010022
https://doi.org/10.1038/s41598-021-91456-0

Volume 12 Issue 03 August 2026 IJRDO - Journal of Biological Science

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

90

https://doi.org/10.4060/cc2289en

Food and Agriculture Organization of the United Nations, United Nations Environment Programme,
World Health Organization, & World Organisation for Animal Health. (2023). A One Health priority
research agenda for antimicrobial resistance. World Health Organization.

Founou, L. L., Founou, R. C., & Essack, S. Y. (2016). Antibiotic resistance in the food chain: A
developing country-perspective. Frontiers in Microbiology, 7, 1881.
https://doi.org/10.3389/fmicb.2016.01881

GBD 2021 Antimicrobial Resistance Collaborators. (2024). Global burden of bacterial antimicrobial
resistance 1990-2021: A systematic analysis with forecasts to 2050. The Lancet, 404(10459), 1199—
1226. https://doi.org/10.1016/S0140-6736(24)01867-1

Gillieatt, B. F., & Coleman, N. V. (2024). Unravelling the mechanisms of antibiotic and heavy metal
resistance co-selection in environmental bacteria. FEMS Microbiology Reviews, 48(4), fuae017.
https://doi.org/10.1093/femsre/fuae017

Hall, J. P. J., Wright, R. C. T., Harrison, E., Muddiman, K. J., Wood, A. J., Paterson, S., & Brockhurst,
M. A. (2021). Plasmid fitness costs are caused by specific genetic conflicts enabling resolution by
compensatory mutation. PLOS Biology, 19(10), e3001225.
https://doi.org/10.1371/journal.pbio.3001225

Hernando-Amado, S., Coque, T. M., Baquero, F., & Martinez, J. L. (2020). Antibiotic resistance:
Moving from individual health norms to social norms in One Health and Global Health. Frontiers in
Microbiology, 11, 1914. https://doi.org/10.3389/fmicb.2020.01914

Kim, D.-W., & Cha, C.-J. (2021). Antibiotic resistome from the One-Health perspective:
Understanding and controlling antimicrobial resistance transmission. Experimental & Molecular
Medicine, 53(3), 301-309. https://doi.org/10.1038/s12276-021-00569-z

Lakin, S. M., Dean, C., Noyes, N. R., Dettenwanger, A., Ross, A. S., Doster, E., Rovira, P., Abdo, Z.,
Jones, K. L., Ruiz, J., Belk, K. E., Morley, P. S., & Boucher, C. (2017). MEGARes: An antimicrobial
resistance database for high throughput sequencing. Nucleic Acids Research, 45(D1), D574-D580.
https://doi.org/10.1093/nar/gkw1009

Li, J., Rettedal, E. A., van der Helm, E., Ellabaan, M. M. H., Panagiotou, G., & Sommer, M. O. A.
(2019). Antibiotic treatment drives the diversification of the human gut resistome. Genomics,
Proteomics & Bioinformatics, 17(1), 39-51. https://doi.org/10.1016/j.gpb.2018.12.003

Majumder, M. A. A., Rahman, S., Cohall, D., Bharatha, A., Singh, K., Haque, M., & Gittens-St
Hilaire, M. (2020). Antimicrobial stewardship: Fighting antimicrobial resistance and protecting global
public health. Infection and Drug Resistance, 13, 4713—4738. https://doi.org/10.2147/IDR.S290835
Marco-Fuertes, A., Marin, C., Lorenzo-Rebenaque, L., Vega, S., & Montoro-Dasi, L. (2022).
Antimicrobial resistance in companion animals: A new challenge for the One Health approach in the
European Union. Veterinary Sciences, 9(5), 208. https://doi.org/10.3390/vetsci9050208

Melnyk, A. H., Wong, A., & Kassen, R. (2015). The fitness costs of antibiotic resistance mutations.
Evolutionary Applications, 8(3), 273-283. https://doi.org/10.1111/eva.12196

Michaelis, C., & Grohmann, E. (2023). Horizontal gene transfer of antibiotic resistance genes in
biofilms. Antibiotics, 12(2), 328. https://doi.org/10.3390/antibiotics 12020328

Mulchandani, R., Wang, Y., Gilbert, M., & Van Boeckel, T. P. (2023). Global trends in antimicrobial
use in food-producing animals: 2020 to 2030. PLOS Global Public Health, 3(2), e0001305.
https://doi.org/10.1371/journal.pgph.0001305

Mwangi, J., Hao, X., Lai, R., & Zhang, Z.-Y. (2019). Antimicrobial peptides: New hope in the war
against multidrug resistance. Zoological Research, 40(6), 488-505.
https://doi.org/10.24272/j.issn.2095-8137.2019.062

NIHR Global Health Research Unit on Genomic Surveillance of AMR. (2020). Whole-genome
sequencing as part of national and international surveillance programmes for antimicrobial resistance:
A roadmap. BMJ Global Health, 5(11), €002244. https://doi.org/10.1136/bmjgh-2019-002244
Oniciuc, E. A., Likotrafiti, E., Alvarez-Molina, A., Prieto, M., Santos, J. A., & Alvarez-Ordofiez, A.
(2018). The present and future of whole genome sequencing (WGS) and whole metagenome
sequencing (WMS) for surveillance of antimicrobial resistant microorganisms and antimicrobial
resistance genes across the food chain. Genes, 9(5), 268. https://doi.org/10.3390/genes9050268

Pal, C., Bengtsson-Palme, J., Kristiansson, E., & Larsson, D. G. J. (2015). Co-occurrence of
resistance genes to antibiotics, biocides and metals reveals novel insights into their co-selection

https://ijrdobs.com/index.php/bs


https://doi.org/10.4060/cc2289en
https://doi.org/10.3389/fmicb.2016.01881
https://doi.org/10.1016/S0140-6736(24)01867-1
https://doi.org/10.1093/femsre/fuae017
https://doi.org/10.1371/journal.pbio.3001225
https://doi.org/10.3389/fmicb.2020.01914
https://doi.org/10.1038/s12276-021-00569-z
https://doi.org/10.1093/nar/gkw1009
https://doi.org/10.1016/j.gpb.2018.12.003
https://doi.org/10.2147/IDR.S290835
https://doi.org/10.3390/vetsci9050208
https://doi.org/10.1111/eva.12196
https://doi.org/10.3390/antibiotics12020328
https://doi.org/10.1371/journal.pgph.0001305
https://doi.org/10.24272/j.issn.2095-8137.2019.062
https://doi.org/10.1136/bmjgh-2019-002244
https://doi.org/10.3390/genes9050268

Volume 12 Issue 03 August 2026 IJRDO - Journal of Biological Science

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

91

potential. BMC Genomics, 16, 964. https://doi.org/10.1186/s12864-015-2153-5

Palacios Araya, D., Palmer, K. L., & Duerkop, B. A. (2021). CRISPR-based antimicrobials to obstruct
antibiotic-resistant and  pathogenic  bacteria. =~ PLOS  Pathogens, 17(7), ¢1009672.
https://doi.org/10.1371/journal.ppat. 1009672

Peterson, E., & Kaur, P. (2018). Antibiotic resistance mechanisms in bacteria: Relationships between
resistance determinants of antibiotic producers, environmental bacteria, and clinical pathogens.
Frontiers in Microbiology, 9, 2928. https://doi.org/10.3389/fmicb.2018.02928

Pillay, S., Calderon-Franco, D., Urhan, A., & Abeel, T. (2022). Metagenomic-based surveillance
systems for antibiotic resistance in non-clinical settings. Frontiers in Microbiology, 13, 1066995.
https://doi.org/10.3389/fmicb.2022.1066995

Raheem, A., Liang, L., Zhang, G., & Cui, S. (2021). Modulatory effects of probiotics during
pathogenic infections with emphasis on immune regulation. Frontiers in Immunology, 12, 616713.
https://doi.org/10.3389/fimmu.2021.616713

Revez, J., Espinosa, L., Albiger, B., Leitmeyer, K. C., Struelens, M. J., & ECDC National
Microbiology Focal Points and Experts Group. (2017). Survey on the use of whole-genome
sequencing for infectious diseases surveillance: Rapid expansion of European national capacities,
2015-2016. Frontiers in Public Health, 5, 347. https://doi.org/10.3389/fpubh.2017.00347

Reygaert, W. C. (2018). An overview of the antimicrobial resistance mechanisms of bacteria. AIMS
Microbiology, 4(3), 482—501. https://doi.org/10.3934/microbiol.2018.3.482

Rhouma, M., Soufi, L., Cenatus, S., Archambault, M., & Butaye, P. (2022). Current insights regarding
the role of farm animals in the spread of antimicrobial resistance from a One Health perspective.
Veterinary Sciences, 9(9), 480. https://doi.org/10.3390/vetsci9090480

Robinson, T. P., Bu, D. P., Carrique-Mas, J., Févre, E. M., Gilbert, M., Grace, D., Hay, S. L.,
Jiwakanon, J., Kakkar, M., Kariuki, S., Laxminarayan, R., Lubroth, J., Magnusson, U., Thi Ngoc, P.,
Van Boeckel, T. P., & Woolhouse, M. E. J. (2016). Antibiotic resistance is the quintessential One
Health issue. Transactions of the Royal Society of Tropical Medicine and Hygiene, 110(7), 377-380.
https://doi.org/10.1093/trstmh/trw(048

Singer, A. C., Shaw, H., Rhodes, V., & Hart, A. (2016). Review of antimicrobial resistance in the
environment and its relevance to environmental regulators. Frontiers in Microbiology, 7, 1728.
https://doi.org/10.3389/fmicb.2016.01728

Singh, S., Verma, N., & Taneja, N. (2019). The human gut resistome: Current concepts & future
prospects. Indian Journal of Medical Research, 150(4), 345-358.
https://doi.org/10.4103/ijmr.IJJMR_1979 17

Slizovskiy, 1. B., Mukherjee, K., Dean, C. J., Boucher, C., & Noyes, N. R. (2020). Mobilization of
antibiotic resistance: Are current approaches for colocalizing resistomes and mobilomes useful?
Frontiers in Microbiology, 11, 1376. https://doi.org/10.3389/fmicb.2020.01376

Starling, M. C. V. M., de Mendonga Neto, R. P., Pires, G. F. F., Vilela, P. B., & Amorim, C. C. (2021).
Combat of antimicrobial resistance in municipal wastewater treatment plant effluent via solar
advanced oxidation processes: Achievements and perspectives. Science of the Total Environment, 786,
147448. https://doi.org/10.1016/j.scitotenv.2021.147448

Sultan, I., Rahman, S., Jan, A. T., Siddiqui, M. T., Mondal, A. H., & Haq, Q. M. R. (2018). Antibiotics,
resistome and resistance mechanisms: A bacterial perspective. Frontiers in Microbiology, 9, 2066.
https://doi.org/10.3389/fmicb.2018.02066

Tang, K. L., Caffrey, N. P., Nobrega, D. B., Cork, S. C., Ronksley, P. E., Barkema, H. W., Polachek, A.
J., Ganshorn, H., Sharma, N., Kellner, J. D., & Ghali, W. A. (2017). Restricting the use of antibiotics
in food-producing animals and its associations with antibiotic resistance in food-producing animals
and human beings: A systematic review and meta-analysis. The Lancet Planetary Health, 1(8), e316—
e327. https://doi.org/10.1016/S2542-5196(17)30141-9

Uluseker, C., Kaster, K. M., Thorsen, K., Basiry, D., Shobana, S., Jain, M., Kumar, G., Kommedal, R.,
& Pala-Ozkok, 1. (2021). A review on occurrence and spread of antibiotic resistance in wastewaters
and in wastewater treatment plants: Mechanisms and perspectives. Frontiers in Microbiology, 12,
717809. https://doi.org/10.3389/fmicb.2021.717809

United Nations Environment Programme. (2023). Bracing for superbugs: Strengthening
environmental action in the One Health response to antimicrobial resistance. United Nations
Environment Programme.

https://ijrdobs.com/index.php/bs


https://doi.org/10.1186/s12864-015-2153-5
https://doi.org/10.1371/journal.ppat.1009672
https://doi.org/10.3389/fmicb.2018.02928
https://doi.org/10.3389/fmicb.2022.1066995
https://doi.org/10.3389/fimmu.2021.616713
https://doi.org/10.3389/fpubh.2017.00347
https://doi.org/10.3934/microbiol.2018.3.482
https://doi.org/10.3390/vetsci9090480
https://doi.org/10.1093/trstmh/trw048
https://doi.org/10.3389/fmicb.2016.01728
https://doi.org/10.4103/ijmr.IJMR_1979_17
https://doi.org/10.3389/fmicb.2020.01376
https://doi.org/10.1016/j.scitotenv.2021.147448
https://doi.org/10.3389/fmicb.2018.02066
https://doi.org/10.1016/S2542-5196(17)30141-9
https://doi.org/10.3389/fmicb.2021.717809

Volume 12 Issue 03 August 2026 IJRDO - Journal of Biological Science

49.

50.

van Schaik, W. (2015). The human gut resistome. Philosophical Transactions of the Royal Society B:
Biological Sciences, 370(1670), 20140087. https://doi.org/10.1098/rstb.2014.0087

von Wintersdorff, C. J. H., Penders, J., van Niekerk, J. M., Mills, N. D., Majumder, S., van Alphen, L.
B., Savelkoul, P. H. M., & Wolffs, P. F. G. (2016). Dissemination of antimicrobial resistance in
microbial ecosystems through horizontal gene transfer. Frontiers in Microbiology, 7, 173.
https://doi.org/10.3389/fmicb.2016.00173

51. Wales, A. D., & Davies, R. H. (2015). Co-selection of resistance to antibiotics, biocides and heavy
metals, and its relevance to foodborne pathogens. Antibiotics, 4(4), 567-604.
https://doi.org/10.3390/antibiotics4040567

52. Wong, A. (2017). Epistasis and the evolution of antimicrobial resistance. Frontiers in Microbiology, 8,
246. https://doi.org/10.3389/fmicb.2017.00246

53. World Health Organization. (2025). Global research agenda for antimicrobial resistance in human
health. World Health Organization.

This article is licensed under a Creative Commons Attribution 4.0 International (CC BY NC ND) License;
copyright remains with the author(s).

92 https://ijrdobs.com/index.php/bs


https://doi.org/10.1098/rstb.2014.0087
https://doi.org/10.3389/fmicb.2016.00173
https://doi.org/10.3390/antibiotics4040567
https://doi.org/10.3389/fmicb.2017.00246
https://creativecommons.org/licenses/by-nc-nd/4.0/



