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Abstract

The integration of genomics into the One Health framework presents a transformative opportunity to address antimi-
crobial resistance (AMR), a critical global health challenge impacting human, animal, and environmental well-being.
This review explores the intersection of genomics, AMR, and public health, with a focus on cutting-edge tools such as
whole-genome sequencing (WGS), metagenomics, and CRISPR-based diagnostics. These technologies enhance our
ability to identify resistance mechanisms, track pathogen transmission, and develop targeted interventions. However,
significant barriers, including limited bioinformatics capacity, economic constraints, and fragmented governance, hinder
the widespread adoption of these tools, particularly in low- and middle-income countries (LMICs). Emerging advance-
ments, such as big data analytics, machine learning, and personalized antimicrobial therapies, offer new pathways to
overcome these challenges. This review underscores the urgency of international collaboration and capacity-building
initiatives to ensure equitable access to genomic technologies and strengthen AMR mitigation efforts. By harnessing
the potential of genomics, the One Health framework can drive innovative solutions to safeguard global health and
combat AMR effectively.

Article Highlights

e Application of genomic technologies improve AMR detection, tracking, and intervention within the One Health
framework.

e Bioinformatics gaps, costs, and poor governance limit widespread adoption of genomic technologies, especially in
LMICs.

e Advances in Al, big data, and global collaboration offer solutions to strengthen AMR control effort
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1 Introduction
1.1 Background

The escalating threat of antimicrobial resistance (AMR) poses a significant challenge to global health, necessitating
urgent and coordinated efforts to mitigate its impact. AMR affects human, animal, and environmental health through
interconnected pathways that require integrated strategies for effective management. The One Health framework,
which emphasizes the interdependence of these domains, provides a robust and holistic approach to addressing AMR.
This transdisciplinary strategy promotes collaboration across sectors to address health issues that arise at the nexus
of human, animal, and environmental systems, recognizing the ecological roots of AMR and zoonotic diseases [1].

The concept of One Health emerged from earlier ideas, such as"One Medicine,"introduced by Calvin Schwabe in
the 1960 s, which highlighted the intrinsic link between human and veterinary medicine [2]. Over the decades, this
framework has evolved to include environmental health, reflecting the growing recognition of the complex dynam-
ics underlying global health threats. Today, One Health serves as a cornerstone for addressing challenges such as
emerging infectious diseases, food security, and AMR.

AMR, a critical focus within the One Health framework, is fueled by factors such as the overuse of antimicrobials in
healthcare and agriculture, the release of pharmaceutical residues into the environment, and the horizontal transfer
of resistance genes between microbial populations. These drivers have facilitated the rapid spread of resistance
across species and ecosystems, underscoring the necessity of integrated surveillance and intervention strategies [3].

The One Health initiative has gained international traction, particularly through collaborative efforts by the World
Health Organization (WHO), the Food and Agriculture Organization (FAQ), and the World Organization for Animal
Health (OIE). This tripartite partnership has spearheaded policies and programs aimed at mitigating AMR, including
coordinated surveillance of antimicrobial use and resistance patterns across human, animal, and environmental
domains [3]. The increasing frequency of zoonotic disease outbreaks, such as the H1 N1 influenza pandemic and
the West African Ebola outbreak, highlights the critical importance of adopting a One Health approach to enhance
preparedness and response capabilities [4, 5]).

1.2 Importance of incorporating genomics into one health

The advent of genomic technologies has revolutionized our ability to study infectious diseases and AMR. Within
the One Health framework, genomics offers powerful tools to trace the evolution of pathogens, identify transmis-
sion pathways, and detect genetic determinants of resistance across diverse ecosystems [6]. Technologies such as
whole-genome sequencing (WGS), metagenomics, and CRISPR-based diagnostics provide high-resolution data that
enhances our understanding of pathogen diversity, evolution, and resistance mechanisms [7].

The COVID-19 pandemic demonstrated the transformative potential of genomic surveillance. By enabling real-
time tracking of viral mutations, genomic sequencing facilitated the identification of new variants of concern and
informed public health interventions globally [8, 9]. Similarly, genomic tools have been instrumental in mapping
the spread of resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), across healthcare and
agricultural settings [10, 11].

Integrating genomics into One Health enhances our capacity to address AMR in human, animal, and environ-
mental health. For instance, genomic epidemiology combines traditional epidemiological methods with genomic
data to provide detailed insights into the origins and spread of resistant pathogens [12]. Surveillance programs that
incorporate WGS and metagenomics can identify hotspots of resistance development, particularly in regions where
antimicrobial misuse is prevalent [13, 14].

1.3 Objectives and scope

This review aims to explore the role of genomics in mitigating AMR through the One Health framework, with a focus
on the following objectives:
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1 To analyze the application of genomic tools in understanding AMR mechanisms and improving pathogen surveil-
lance.

2 To identify the challenges hindering the integration of genomics into AMR management, particularly in low- and
middle-income countries (LMICs).

3 To examine emerging innovations, such as machine learning, big data analytics, and microbiome-based interven-
tions, in advancing AMR control.

By addressing these objectives, this review seeks to highlight the transformative potential of genomics in combating
AMR while emphasizing the need for international collaboration and capacity-building initiatives. The integration of
genomic technologies into the One Health framework represents a critical step toward achieving sustainable solutions
for AMR management and safeguarding global health.

2 Understanding antimicrobial resistance (AMR)

2.1 Mechanisms of AMR development

Antimicrobial resistance (AMR) develops when microorganisms such as bacteria, viruses, fungi, or parasites evolve in
ways that render medications ineffective via the possession of antimicrobial resistant genes (ARGs) through varying
routes, (see Fig. 1). This complex process is driven by both natural and anthropogenic factors. As tabulated in Table 1,
two primary genetic mechanisms contribute to AMR: mutation and horizontal gene transfer (HGT).

2.1.1 Mutations

Spontaneous mutations in the microbial genome can lead to alterations in drug targets or metabolic pathways,
providing resistance against certain antimicrobials. For instance, mutations in the gyrA gene of Escherichia coli confer
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Fig. 1 Routes of Spread of ARGs in the environment
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Table 1 Genetic mechanisms Mechanism Description Example References
of AMR
Mutation Spontaneous genetic changes that Mutations in gyrA leadingto  [15]
affect antimicrobial target sites fluoroquinolone resistance
Horizontal Gene Transfer Acquisition of resistance genes Spread of blaNDM-1 gene [16]
(HGT) via plasmids, transposons, or leading to carbapenem
bacteriophages resistance

resistance to fluoroquinolones by altering the drug’s target, DNA gyrase [17-19]. These mutations can occur naturally
but are often accelerated by selective pressures exerted through overuse or misuse of antimicrobials in both clinical
and agricultural settings [20, 21].

2.1.2 Horizontal gene transfer (HGT)

HGT enables bacteria to acquire resistance genes from other bacteria via mobile genetic elements such as plas-
mids, transposons, or bacteriophages [22, 23]. This mechanism allows the rapid spread of resistance across bacterial
populations, even between different species. A notable example is the spread of the blaNDM-1 gene, which confers
resistance to carbapenems and has spread globally among various bacterial species, posing a significant challenge
in clinical settings (Mohan et al., 2015; [24, 25].

2.2 Global Burden of AMR across human, animal, and environmental health

The global burden of AMR has reached alarming levels, threatening to undermine decades of progress in medi-
cal treatment. AMR is responsible for an estimated 1.27 million deaths annually, with many more deaths linked to
complications arising from resistant infections (Kim et al., 2023; [26]). The situation is especially dire in low- and
middle-income countries (LMICs), where access to effective antimicrobials and robust healthcare systems is limited,
exacerbating the spread and impact of resistant infections [27-29]. Regions such as sub-Saharan Africa and Southeast
Asia bear a disproportionate burden of AMR-related deaths due to factors including poor regulation of antibiotic use,
insufficient access to healthcare, and widespread use of antibiotics in agriculture [30, 31]. In these regions, infections
caused by multidrug-resistant (MDR) organisms, such as MDR Mycobacterium tuberculosis, have become significant
public health concerns [32]. The economic cost of AMR is also substantial. By 2050, AMR is projected to result in a
cumulative economic loss of up to $100 trillion globally, primarily due to increased healthcare costs, reduced pro-
ductivity, and the loss of effective treatments for life-threatening infections [33].

2.3 AMR as a multisectoral issue: human, animal, and environmental health

AMR is a classic example of a One Health issue, as it affects human, animal, and environmental health in intercon-
nected ways (See Table 2). Antibiotic use in livestock and aquaculture contributes significantly to the emergence
of resistance, as antimicrobials are often used not only to treat infections but also to promote growth and prevent
disease in crowded farming conditions [33, 34]. This practice exerts selective pressure on bacteria, encouraging
the development of resistance genes that can be transmitted to humans through direct contact with animals, con-
taminated food, or environmental pathways [35], Landers et al., 2022; [14]. For example, the overuse of colistin in
livestock in some countries has led to the emergence of mcr-1, a gene that confers resistance to colistin, a last-resort
antibiotic used to treat infections caused by multidrug-resistant Gram-negative bacteria (Liu et al., 2018; [36]). The
mcr-1 gene has since been detected in human clinical isolates, highlighting the transmission of resistance from
animals to humans. The environmental dimension of AMR is increasingly recognized as critical (Martino et al., 2024).
Waste from farms, hospitals, and pharmaceutical factories often contains high concentrations of antibiotics, which
enter water sources and create environments conducive to the spread of resistant bacteria (Mahmud et al., 2023).
Wastewater treatment plants, particularly in LMICs, are frequently unable to fully remove antibiotics and resistant
bacteria, thereby contributing to the environmental reservoir of resistance [37].

@ Discover



| https://doi.org/10.1007/542452-025-07053-7

(2025) 7:1187

Discover Applied Sciences

Review

[ot]  s|endsoy pue swiej Jeau SWSSAS J91eM Ul BLIS}DR] JUR)SISAI JO U0} ]I0S puUe J191EM3ISEM U] SONPISDI D[301qIIUY y3jeay [ejuswuoliAug
uonuanaid

[6€1 2ouabIaWa dUab |-sow 03} Bulpes| YD01SDAI| Ul UIISI|0D JO 3N aseasip pue uoiowo.d yimoib 1oy s130igiaue Jo asn yijeay jewiuy

[8€] SUOI1D3)Ul [eJIA 104 SD1I0IqIIUR BulqudsaidIan) SUIDIPAW Ul SJ130IGIIUR JO ASNIIAQ y1jeay uewny

[EREIETEN| so|dwex] 4NV 01 uoiINquIu0)D 10123§

HIAY Jo Jusuodwod yyjeay auo ayl g 3|qel

@ Discover



Review

| https://doi.org/10.1007/542452-025-07053-7

(2025) 7:1187

Discover Applied Sciences

eisy sBUI3I9S SWODUI-MO]| Ul [9U
[Pb]  3SB3YINOS Ul SdUER[ISAINS YAIY Jlwouab jo uonejusws|dwi paywi]  -uosiad paulel) Jo sbe1Ioys pue adue||ISAINS d1wouab Jo 1500 ybiH SuOIje}IWI| 3DJN0SI puUe 150D
sauab
[ev] SPOYIaW 34N} Nd eIA dUSB [-1DW dY3 }0333p 03 dInjie] ddue)sisal buibiawad ssiw Aew spoyaw paseq-ainynd jeuonipel]  spoyiaw didAjouayd uo aduelay
sbu1as 100d-931n0sal
[ev] eJLIY UeJeyes-gns ul sjeyidsoy |enu ul sa1i|Ioe) SOAA JO djoe ul salbojouyda} bupusnbas d1wousb 0y ssadde ajenbapeu| 2Jn1dnJisesjul paywi]
[8€]  SDIWT Ul Ajjedadsa ‘suoibaa yuasayip ul buipiodas YAy JUSISISUODU|  SBLIUNOD USIMID] SPOYISW UO(3D31ap pue Huipiodal Jusisisuodu| uol1ezIpIepue)s Jo 3oe
S3>U9)9Y a|dwexg uondusag abuajeyd

2dUe[|I9AINS YNV Ul sabudjieyd € 3|qel

@ Discover



Discover Applied Sciences (2025) 7:1187 | https://doi.org/10.1007/542452-025-07053-7
Review

2.4 Challenges in AMR surveillance and detection

Accurate surveillance of AMR is vital to understanding its spread and informing public health interventions. However,
several challenges hinder effective AMR surveillance globally. As shown in the Table 3, one of the primary obstacles
is the lack of standardized methods for detecting and reporting resistance patterns, particularly in LMICs [27], Has-
sall et al., 2024). While high-income countries have established networks and protocols for AMR surveillance, such
systems are often fragmented or absent in resource-limited settings [41].

Another major challenge is the reliance on phenotypic methods for detecting resistance, which are labor-intensive,
slow, and may not detect all resistance mechanisms. Traditional methods of AMR detection, such as culture-based
sensitivity testing, often miss emerging resistance genes that are not well characterized or cannot be expressed
phenotypically in certain conditions [45-47]. Genomic methods, such as whole-genome sequencing (WGS), provide
a more comprehensive approach to detecting resistance, but they are costly and require significant infrastructure
and expertise [48, 49]

The development and global spread of antimicrobial resistance are driven by genetic mechanisms such as mutations
and horizontal gene transfer. The One Health framework provides a valuable perspective on the interconnectedness of
AMR across human, animal, and environmental health. However, substantial challenges remain in surveillance and detec-
tion, particularly in LMICs where infrastructure and resources for advanced genomic techniques are limited. Addressing
these gaps is essential to curbing the global burden of AMR and preventing the emergence of untreatable infections.

While surveillance gaps in low- and middle-income countries (LMICs) are well-documented, it is equally important to
acknowledge that antimicrobial resistance (AMR) surveillance remains fragmented even within high-income countries
(HICs) [27, 50]. Despite having more established healthcare infrastructures and technological resources, many HICs
continue to operate sector-specific surveillance systems with limited integration between human, veterinary, and envi-
ronmental health domains [51-53].

For instance, AMR data from clinical settings are often not systematically linked with resistance trends in livestock
farming or wastewater monitoring, leading to missed opportunities for early detection of emerging resistance patterns
[54-56]. In many HICs, regulatory and institutional barriers further hinder cross-sectoral data sharing, with public health
agencies, agricultural regulators, and environmental authorities working in parallel rather than collaboratively [57, 58].
Additionally, differences in surveillance methodologies and reporting standards between sectors create inconsistencies
that complicate comparative analyses and coordinated interventions [59].

This siloed approach not only limits our understanding of AMR transmission dynamics across One Health compart-
ments but also undermines the effectiveness of comprehensive mitigation strategies [60]. Strengthening interdisciplinary
collaboration, standardizing data-sharing frameworks, and adopting unified surveillance platforms will be essential in
maximizing the impact of a One Health approach in both HICs and LMICs alike.

3 Therole of genomics in AMR mitigation

Genomic technologies have revolutionized antimicrobial resistance (AMR) research and mitigation strategies by providing
detailed insights into resistance mechanisms, tracking the spread of resistant pathogens, and enabling targeted interven-
tions. Several key genomic techniques (as shown in Table 4), such as whole-genome sequencing (WGS), metagenomics,
and CRISPR-based methods, have emerged as pivotal in addressing the growing threat of AMR. By integrating genomics
into AMR surveillance and detection, researchers can improve our understanding of the genetic determinants of resist-
ance and enhance the efficacy of public health responses.

3.1 Applications of genomics in AMR detection, surveillance, public health response and evolutionary
studies

Genomics facilitates the precise identification of resistance genes, the tracking of resistant pathogens, and the prediction
of emerging resistance threats, public health response and evolutionary studies (See Table 4). Surveillance programs
that employ whole-genome sequencing (WGS) and metagenomics allow real-time monitoring of resistance patterns
across human, animal, and environmental domains. For instance, WGS has been used to identify resistance genes in
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healthcare-associated pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA), and track their dissemina-
tion across geographic regions [6].

Metagenomics further enhances surveillance by analyzing the genetic material of entire microbial communities with-
out requiring culture-based methods. This approach is particularly valuable for identifying resistance genes in complex
environments such as wastewater and agricultural soils, where unculturable bacteria harboring resistance genes can
act as reservoirs for transmission [65].

Genomic tools also improve public health interventions by enabling early detection of outbreaks and targeted control
measures. For example, genomic surveillance of Escherichia coli isolates in food production chains has helped identify the
emergence of resistance genes linked to agricultural antibiotic misuse [66]. Integrating these technologies into routine
surveillance systems strengthens global efforts to mitigate AMR.

3.2 Key tools in genomics for AMR mitigation
3.2.1 Whole-genome sequencing (WGS)

Whole-Genome Sequencing (WGS) is a transformative tool in antimicrobial resistance (AMR) surveillance, offering com-
prehensive insights into the genetic makeup of pathogens. It enables the identification of both known and novel resist-
ance genes (It has been instrumental in mapping the spread of carbapenem-resistant Enterobacteriaceae (CRE)), facili-
tates outbreak investigations, and informs infection control strategies [67, 68]) (See Fig. 2). By identifying both known
and novel resistance genes, WGS allows for the rapid detection of emerging resistance threats, depicted in Fig. 2, which
is essential for effective public health interventions [69-71]. WGS has been instrumental in identifying the spread of
multidrug-resistant Klebsiella pneumoniae and Escherichia coli in clinical settings, allowing healthcare systems to monitor
transmission and control outbreaks [72, 73].

Additionally, WGS is used in outbreak investigations to determine whether resistance genes are spreading horizontally
via plasmids or vertically through bacterial lineages [74]. However, its implementation presents various challenges that
need to be addressed to optimize its utility across different settings.

Whole Genome Sequencing (WGS) offers several notable advantages over traditional phenotypic methods, with one
of its primary strengths being its high resolution and accuracy. Unlike conventional techniques, WGS enables the precise
identification of antimicrobial resistance (AMR) genes, including those found on mobile genetic elements like plasmids
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Fig.2 Genomic intervention in tackling AMR
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[69]. This level of detail significantly enhances the ability to detect and monitor resistance patterns. Furthermore, WGS
supports phylogenetic analysis, making it an invaluable tool for tracking the evolution and transmission of resistant
strains. This capability is particularly useful in healthcare environments and across geographical boundaries, offering
insights into how resistance spreads over time [70]. Another strength of WGS lies in its versatility. The technology can be
applied across a broad spectrum of pathogens—bacteria, fungi, and viruses—making it suitable for comprehensive One
Health surveillance strategies [71]. Moreover, WGS can detect resistance-conferring mutations in housekeeping genes,
many of which go undetected by conventional PCR-based assays. This comprehensive surveillance potential makes WGS
a powerful resource for public health and epidemiological studies focused on antimicrobial resistance.

Despite its strengths, WGS is not without limitations. One of the most significant barriers to widespread adoption is the
high cost associated with sequencing, infrastructure, and the need for skilled personnel. This is especially problematic in
low- and middle-income countries (LMICs), where financial and technical resources are often limited [73]. Additionally,
the massive volume of data generated by WGS requires sophisticated bioinformatics tools and expertise, which are not
always available in resource-constrained settings [72]. Another challenge is the turnaround time. Although faster than
many traditional methods, WGS is still slower than PCR-based diagnostics, which can be critical in acute clinical scenarios
where timely decision-making is essential. Moreover, the lack of standardized sequencing protocols and analysis pipelines
across institutions and countries impedes consistent data interpretation and comparability [74]. These issues highlight
the need for systemic improvements to make WGS more accessible and practical in diverse settings.

The feasibility of implementing WGS varies significantly across different contexts. In high-income countries (HICs),
the integration of WGS into public health surveillance is increasingly common due to the presence of robust infrastruc-
ture and established data-sharing frameworks. These settings benefit from economies of scale and the ability to rapidly
process and analyze genomic data. Conversely, in LMICs, the adoption of WGS remains limited due to persistent cost
barriers, a shortage of technical expertise, and inconsistent bioinformatics support. Nonetheless, international collabora-
tions and cost-sharing initiatives are beginning to bridge these gaps, offering a pathway to more equitable access [71].In
veterinary and environmental health contexts, WGS has proven valuable for monitoring resistance genes in animal and
environmental reservoirs. However, the complexity of sample processing from non-clinical sources presents additional
technical challenges that must be addressed to fully leverage its potential in these areas.

Several strategies have been proposed to overcome the limitations of WGS. One promising approach involves reducing
costs through international collaboration. Global initiatives such as the WHO’s Global AMR Surveillance System (GLASS)
and the African Pathogen Genomics Initiative aim to subsidize sequencing efforts in LMICs. Additionally, the use of open-
source bioinformatics platforms like Galaxy and Nextstrain offers cost-effective alternatives for data analysis. Building
capacity and training the workforce are also critical steps. Enhancing bioinformatics education through online courses
and in-country training programs can help close the skills gap. Establishing regional sequencing hubs can further stream-
line operations and optimize resource use. Another promising avenue is the integration of WGS with rapid diagnostic
methods such as PCR and CRISPR-based assays. This hybrid approach can provide both quick results and comprehensive
resistance profiling. Finally, efforts toward standardization and improved data sharing are vital. Harmonizing sequencing
protocols and interpretation criteria will facilitate better comparability across institutions and borders. Platforms such
as the European Nucleotide Archive (ENA) and the National Center for Biotechnology Information (NCBI) support open-
access genomic data sharing, which is crucial for collaborative research and global surveillance efforts.

3.2.2 Metagenomics

Metagenomics is a powerful genomic tool that enables the sequencing of genetic material from entire microbial com-
munities without the need for culturing individual organisms. This approach is particularly valuable in antimicrobial resist-
ance (AMR) surveillance, as it allows for the identification of resistance genes within complex environments such as the
human gut, wastewater, and agricultural soils [65]. Metagenomics has provided critical insights into the environmental
reservoirs of AMR, revealing that water bodies, hospital effluents, and livestock farming areas harbor a diverse array of
resistance genes, some of which have the potential to be transferred to human and animal pathogens [75]. However,
despite its potential, the practical application of metagenomics in AMR mitigation varies across different settings and
presents distinct challenges that need to be addressed.

Metagenomics offers a number of advantages over traditional culture-based and targeted sequencing methods,
particularly in the field of antimicrobial resistance (AMR) surveillance. Unlike whole-genome sequencing (WGS), which
focuses on individual isolates, metagenomics captures the entire pool of microbial DNA in a sample. This allows for a
more comprehensive assessment of microbial diversity and the prevalence of resistance genes. One of the most notable
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benefits is the ability to identify unculturable organisms, a significant limitation in conventional laboratory methods. This
is especially useful in environmental studies where many bacterial species cannot be cultured, enabling the discovery of
novel and cryptic resistance genes. Additionally, metagenomics proves highly valuable in One Health contexts, allowing
researchers to simultaneously assess AMR genes across human, animal, and environmental ecosystems. Despite these
strengths, metagenomics presents several challenges that limit its widespread application. The method demands sig-
nificant computational resources and advanced bioinformatics expertise, which can be a major barrier for institutions
with limited technical infrastructure. Another limitation is its inability to reliably distinguish between functional and
non-functional resistance genes, making it difficult to determine the clinical relevance of some findings. Furthermore,
metagenomics typically relies on high-throughput sequencing, which incurs substantial costs and may not be feasible
for routine surveillance in low-resource settings. These constraints highlight the need for strategic investments and
technical support to make metagenomics more accessible and actionable in AMR research.

The feasibility of implementing metagenomics for AMR surveillance varies considerably depending on the socioeco-
nomic context. In high-income countries (HICs), the necessary infrastructure—such as high-throughput sequencing
platforms and skilled bioinformatics personnel—is generally available. As a result, metagenomics is increasingly being
adopted for both clinical and environmental surveillance of resistance genes. These settings can also support com-
prehensive data analysis and integration with existing public health frameworks. In contrast, low- and middle-income
countries (LMICs) face significant challenges in adopting metagenomics. Cost constraints, limited access to sequencing
technology, and a shortage of trained bioinformatics professionals hinder its implementation. Nonetheless, there is
growing potential for progress through regional collaborations and international partnerships. The use of cloud-based
analytical tools and shared data platforms can also help LMICs overcome infrastructure limitations, making metagenomic
surveillance more attainable and effective.

To realize the full potential of metagenomics in AMR surveillance, several key challenges must be addressed with prac-
tical, targeted solutions. One major barrier is the high cost of sequencing. A viable solution is the adoption of targeted
metagenomics approaches—such as shotgun sequencing focused on specific resistance gene families—which can
reduce costs while still delivering critical insights. Another pressing issue is the lack of standardization in data analysis.
Developing globally accepted bioinformatics pipelines and reference databases will enhance consistency and com-
parability of results across different studies and regions. A third challenge lies in the limited expertise in data analysis,
particularly in LMICs. Investing in bioinformatics training programs and fostering collaborations with institutions that
already possess metagenomics expertise can help bridge this skills gap. Additionally, metagenomics is often conducted
in isolation from clinical and epidemiological data, reducing its impact on public health decision-making. Integrating
metagenomic findings with patient records and epidemiological information can strengthen our understanding of the
links between resistance genes, disease outcomes, and transmission dynamics.

Valuable insights for overcoming metagenomics challenges can be drawn from other areas of genomic research. For
instance, the global response to the COVID-19 pandemic demonstrated the effectiveness of rapid genomic sequenc-
ing and international data sharing. The large-scale sequencing of SARS-CoV-2 and the establishment of open-access
repositories showed that real-time genomic surveillance is feasible with sufficient collaboration and infrastructure.
Applying similar models to metagenomic AMR monitoring could significantly enhance its implementation and impact.
Furthermore, research in the human microbiome has successfully used metagenomics to explore microbial community
composition and function. These studies offer a blueprint for understanding the dynamics of resistance gene spread
within and between microbiomes. By adopting methodologies from microbiome science and combining them with One
Health principles, metagenomics can offer a powerful, holistic approach to AMR surveillance.

Metagenomics presents a transformative opportunity for AMR surveillance, offering culture-independent, high-reso-
lution insights into resistance gene prevalence across diverse environments. However, realizing its full potential requires
overcoming significant challenges related to cost, bioinformatics capability, and data integration. By addressing these
barriers and drawing on successful strategies from other genomic disciplines, metagenomics can be firmly established
as a cornerstone of AMR mitigation within the One Health framework. Global cooperation and sustained investment will
be essential in making this vision a reality.

3.2.3 CRISPR-based diagnostics
The CRISPR-Cas9 system, initially developed as a revolutionary genome-editing tool, has been repurposed for rapid and

precise identification of antimicrobial resistance (AMR) genes in microbial populations. This adaptation has led to the
development of several CRISPR-based diagnostic methods, including SHERLOCK (Specific High-sensitivity Enzymatic
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Reporter unLOCKing) and DETECTR (DNA Endonuclease-Targeted CRISPR Trans Reporter), which have demonstrated
high sensitivity and specificity in detecting resistance determinants. These tools represent a significant advancement in
AMR surveillance, particularly in settings where rapid, accurate detection is critical for treatment decisions and infection
control [76].

Traditional molecular diagnostics such as polymerase chain reaction (PCR) and whole-genome sequencing (WGS)
have long served as the benchmarks for antimicrobial resistance (AMR) detection. However, CRISPR-based diagnostics
are emerging as a powerful alternative, offering several key advantages. Unlike PCR, which relies on thermal cycling
and sophisticated laboratory setups, CRISPR diagnostics function under isothermal conditions. This makes them more
suitable for field applications and settings with limited infrastructure (See Table 5). Additionally, CRISPR technologies
provide single-molecule detection sensitivity, outperforming the detection limits of standard PCR methods [76]. While
WGS remains a valuable tool for comprehensive genomic analysis, it is time-intensive and costly. In contrast, CRISPR-
based diagnostics offer a rapid, cost-effective solution for point-of-care testing, especially when speed and accessibility
are critical.

Despite the promise of CRISPR-based diagnostics, their feasibility and scalability vary across healthcare systems, largely
due to differences in infrastructure and resources. In high-income countries (HICs), CRISPR technologies can be seamlessly
integrated into existing surveillance frameworks, offering decentralized, rapid AMR detection and alleviating pressure
on central laboratories. However, implementation in low- and middle-income countries (LMICs) presents several notable
challenges. One major obstacle is the stability and storage of reagents, as many CRISPR components require cold-chain
logistics, which are difficult to maintain in resource-poor regions. Additionally, while traditional diagnostics like PCR and
culture methods are supported by established regulatory frameworks, CRISPR-based tools are still undergoing valida-
tion, creating hurdles for routine clinical or environmental use. Cost and accessibility are also significant barriers. Though
less expensive than WGS, CRISPR-based diagnostics still entail substantial upfront costs related to reagent procurement
and assay development, limiting their affordability in LMICs. Furthermore, technical expertise is essential for accurate
implementation, from assay preparation to data interpretation. Many healthcare facilities in LMICs may lack the skilled
personnel needed to operate these advanced tools effectively, compounding the implementation challenges.

Several strategies are being explored to promote the broader adoption of CRISPR-based diagnostics, particularly in
resource-limited settings. One promising development is the formulation of lyophilized (freeze-dried) CRISPR reagents,
which eliminate the need for cold-chain storage and significantly improve feasibility in LMIC contexts [77]. Another
innovative approach involves integrating CRISPR diagnostics with mobile health technologies. For instance, smartphone-
based readouts allow for field-level AMR testing without requiring specialized equipment, making the technology more
accessible [78]. Policy and funding support will also be essential to scaling up CRISPR deployment. Public-private part-
nerships and financial backing from global health organizations like the World Health Organization (WHO) and the Bill
& Melinda Gates Foundation can help subsidize implementation costs. Equally important is the development of training
and capacity-building programs to equip healthcare workers and laboratory personnel with the necessary skills to use
CRISPR tools effectively. By combining these efforts, it becomes more feasible to integrate CRISPR-based diagnostics
into routine AMR surveillance across both high-resource and low-resource settings.

CRISPR technology continues to evolve, with new innovations enhancing its capabilities in AMR detection. Emerg-
ing variants such as Cas12 and Cas13 enable RNA-based detection, expanding the range of resistance genes that can
be identified beyond just DNA targets. Additionally, researchers are developing multiplexed CRISPR assays capable of
detecting multiple resistance genes simultaneously, which would significantly improve the efficiency of surveillance
efforts [79]. These advancements signal a promising future for CRISPR diagnostics, making them not only more power-
ful but also more adaptable to different public health needs. Ultimately, by addressing current limitations and leverag-
ing technological progress, CRISPR-based diagnostics are poised to revolutionize AMR detection. They offer a scalable,

Table 5 Comparative Analysis

. ; Feature CRISPR-Based Diagnostics ~ PCR-Based Methods ~ Whole-Genome Sequencing

of CRISPR-Based Diagnostics
and other genomic methods Sensitivity High Moderate High

Specificity High High High

Time to Results Minutes to hours Hours Days

Equipment Needed  Minimal Extensive High-throughput

Cost Low to moderate Moderate High

Feasibility in LMICs High Moderate Low
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cost-effective solution that is both accessible and adaptable, making them a valuable asset for AMR surveillance in both
high-income and resource-constrained environments.

4 The role of genomics in public health
4.1 Genomics in infectious disease surveillance

The application of genomics in public health has significantly enhanced the capacity to monitor, detect, and respond
to infectious diseases (See Table 4 above). Genomic sequencing technologies, particularly whole-genome sequencing
(WGS), have revolutionized disease surveillance by enabling the detailed characterization of pathogens, including their
transmission dynamics, evolution, and resistance mechanisms. This capability is vital for controlling infectious diseases,
especially in the context of emerging and re-emerging pathogens, where rapid identification of new strains or variants
can inform timely public health interventions [80, 81].

Genomic surveillance has been particularly impactful in tracking the spread of zoonotic diseases and antimicrobial-
resistant pathogens. For example, the widespread use of WGS in public health laboratories has facilitated the early detec-
tion of resistant strains such as carbapeneme-resistant Enterobacteriaceae (CRE) and methicillin-resistant Staphylococcus
aureus (MRSA), allowing for more targeted infection control strategies in both healthcare settings and the community
[80, 82]. In the One Health framework, genomics enables the tracing of pathogens and resistant strains across human,
animal, and environmental interfaces, providing a holistic view of disease spread [83, 84].

The ability to link epidemiological data with genomic information, as depicted in Figs. 3, is a key advancement
in modern public health surveillance. This combined approach allows for the identification of transmission clusters
and the source of outbreaks, as well as the assessment of intervention effectiveness. Genomic epidemiology, which

Fig. 3 One Health Intersection
Genomics

Ecosystem Health

- =

@ Discover



Review
Discover Applied Sciences (2025) 7:1187 | https://doi.org/10.1007/542452-025-07053-7

integrates genomic data with traditional epidemiological information, has become a cornerstone of public health
efforts to control infectious diseases and mitigate the spread of AMR [84].

By retrieving simultaneously, the genomic information of environmental samples, plant and animal species, we
can capture their immune response genes and microbiomes together with their antimicrobial resistances, as well as
(zoonotic) pathogens that can influence animal and human health. Retrieving genomic data from the three subsys-
tems (environment, human, animal) and including biodiversity conservation, health management and other actions,
can generate a sustainable change in One Health outcomes.

4.2 Applications of genomics in outbreak response

The use of genomics in outbreak response has transformed how public health authorities detect and contain infec-
tious disease outbreaks. WGS allows for the real-time monitoring of pathogen evolution and transmission, enabling
rapid identification of sources of infection and tracking the spread of disease. This capability has proven critical in
multiple recent outbreaks, including the COVID-19 pandemic, where genomics was essential for tracking the emer-
gence and spread of new variants [8, 85].

4.2.1 Case studies of genomic use in disease outbreaks

COVID-19 Pandemic: The COVID-19 pandemic underscored the importance of genomics in public health surveillance
and outbreak response. From the identification of SARS-CoV-2 to the global monitoring of viral variants, genomic
sequencing played a crucial role in informing public health decisions. As shown in Table 6, Genomic data allowed
researchers to track mutations in the virus, leading to the identification of variants of concern such as Alpha, Delta,
and Omicron [86]. This information was used to guide vaccination strategies, assess vaccine effectiveness, and inform
public health measures such as travel restrictions and lockdowns. In countries with robust genomic surveillance
programs, such as the United Kingdom and South Africa, sequencing data provided early warnings of new variants,
allowing for timely public health responses [8, 87].

Tuberculosis (TB): WGS has also been applied in the surveillance and control of tuberculosis (TB), particularly in
monitoring the spread of multidrug-resistant (MDR) and extensively drug-resistant (XDR) TB strains. By analyzing
the genomes of TB bacteria, public health authorities can identify mutations that confer resistance to first- and
second-line antibiotics, enabling more effective treatment regimens [88]. Genomic data has been used to track the
transmission of drug-resistant TB in high-burden areas, informing targeted interventions aimed at reducing the
spread of resistant strains as shown in Table 6 [89]. In some settings, genomic epidemiology has been instrumental
in identifying outbreaks of MDR-TB within communities and healthcare facilities, leading to improved infection
control practices.

Methicillin—Resistant Staphylococcus aureus (MRSA): Genomic tools have also played a significant role in control-
ling the spread of MRSA, a major cause of healthcare-associated infections. WGS has enabled the detailed tracking
of MRSA transmission within and between hospitals, identifying transmission chains and sources of infection that
would otherwise remain undetected using traditional epidemiological methods [90]. By understanding the genomic
diversity of MRSA strains, public health authorities have been able to implement targeted infection control measures,
such as enhanced screening protocols and isolation strategies, to reduce the spread of the pathogen in healthcare
settings ss shown in Table 6 below.

Table 6 Case studies of genomics in public health outbreak response

Outbreak Genomic Application Impact

COVID-19 Tracking variants of concern (e.g., Delta, Omicron) Informed vaccination strategies and public health measures
Tuberculosis WGS to identify resistance mutations and transmission chains  Improved treatment regimens and targeted infection control
(MDR-TB)
MRSA WGS to trace transmission in healthcare settings Reduced healthcare-associated infections through enhanced
control measures
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4.2.2 Case studies of genomic applications in AMR surveillance
Several case studies illustrate the impact of genomic technologies on AMR surveillance and public health.
4.2.3 Tracking Carbapenem-resistant Enterobacteriaceae (CRE)

Carbapenem-resistant Enterobacteriaceae (CRE), including strains of Klebsiella pneumoniae and Escherichia coli, are among
the most critical AMR threats globally [91]. WGS has been used extensively to track the global spread of the blakPC and
blaNDM resistance genes, which confer resistance to carbapenems. In a landmark study, researchers used WGS to identify
the cross-border transmission of CRE between healthcare facilities in Europe and the Middle East, highlighting the need
for international collaboration in AMR surveillance (ECDC, 2011). Tracking Carbapenem-Resistant Enterobacteriaceae
(CRE): WGS has been pivotal in monitoring the spread of the blaKPC gene, which confers resistance to carbapenems.Ina
landmark study, genomic data revealed cross-border transmission of CRE strains, emphasizing the need for international
collaboration in AMR surveillance [92].

Metagenomic Surveillance in Wastewater: Metagenomic studies have shown that untreated wastewater contains diverse
resistance genes, including those conferring resistance to last-resort antibiotics like colistin. These findings have informed
policies to improve wastewater treatment processes, reducing environmental AMR reservoirs [93].

CRISPR-Based Detection of Colistin Resistance: A recent study employed CRISPR-based diagnostics to detect the mcr-1
gene in livestock samples, linking resistance to the overuse of colistin in agriculture. This rapid diagnostic approach has
supported interventions to reduce colistin use and monitor its impact on resistance trends [94].

5 Role of genomics in AMR prediction models

In addition to its role in surveillance and outbreak response, genomics is increasingly being integrated into AMR predic-
tion models, which combine genomic data with epidemiological, clinical, and environmental information to forecast the
emergence and spread of resistant pathogens. These models enable public health authorities to anticipate AMR trends
and implement preemptive measures, such as optimizing antibiotic stewardship programs and adjusting treatment
guidelines based on the predicted prevalence of resistance [95, 96].

Machine learning algorithms, trained on large genomic datasets, have been developed to predict resistance pheno-
types from pathogen genomes. These algorithms can identify patterns in genetic data that are associated with resistance
to specific antibiotics, allowing for the early detection of resistance even before it is observed in clinical settings [95, 971.
By incorporating additional factors such as antibiotic usage patterns and patient demographics, these models provide a
more comprehensive picture of AMR dynamics, enabling more effective public health planning and resource allocation.

For instance, genomic data has been used to predict the spread of carbapenem-resistant Enterobacteriaceae (CRE) in
healthcare settings, allowing hospitals to implement targeted interventions such as enhanced screening and isolation
procedures for high-risk patients [98]. In agricultural settings, AMR prediction models have been used to assess the risk
of resistance transmission from livestock to humans, informing policies on antibiotic use in food production [99], Yunxiao
et al., 2022; [100].

5.1 Ethical considerations in the use of genomics in public health

The application of genomics in public health offers numerous benefits. Also, its application in public health and AMR sur-
veillance presents critical ethical considerations as summarized in Table 4, particularly in low- and middle-income coun-
tries (LMICs) where data governance structures, regulatory frameworks, and equitable access to genomic technologies
remain underdeveloped. These challenges involve data privacy, genomic sovereignty, and equitable benefit-sharing, all
of which have implications for global health equity and AMR mitigation efforts. To strengthen ethical practices in genom-
ics, various global frameworks, regional policies, and case studies highlight both challenges and potential solutions.

5.2 Data privacy and confidentiality in genomic surveillance
One of the foremost ethical concerns in genomic AMR surveillance is the protection of sensitive genetic information

(Table 7). Genomic data—particularly human sequencing data—can reveal personal health risks, ancestry information,
and susceptibility to infections, raising concerns about patient confidentiality, misuse, and unauthorized access [101].
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5.3 Case study: data privacy challenges in South Africa

In South Africa, the Protection of Personal Information Act (POPIA) imposes strict regulations on genomic data-sharing
to protect individuals'genetic privacy. However, these stringent laws limit South Africa’s participation in global AMR
genomic surveillance networks, slowing down international collaboration on emerging AMR threats [105].

Ethical Dilemma—While privacy protection is crucial, overly restrictive policies can hinder global AMR mitigation
efforts by preventing real-time genomic data exchange across borders.

Proposed Solution—International genomic data-sharing frameworks, such as the Global Pathogen Surveillance Net-
work (GPSN), advocate for secure, anonymized data-sharing models, ensuring both privacy and public health benefits
[106].

5.4 Genomic sovereignty: the right to control genetic data

Genomic sovereignty refers to a nation’s right to control the collection, storage, and use of genomic data generated
within its borders. While this principle aims to protect LMICs from exploitation by foreign researchers and commercial
entities, it can also create barriers to AMR collaboration and innovation.

5.5 Case study: genomic sovereignty and biopiracy concerns in Brazil

Brazil has enacted strict genomic sovereignty laws through its Genetic Heritage Management Council (CGEN), which
requires government approval before genetic data collected in Brazil can be exported or shared internationally.
Ethical Dilemma: While Brazil's policies prevent foreign exploitation of genetic resources, they also restrict the ability
of Brazilian researchers to collaborate on AMR genomic studies with international partners [107].
Proposed Solution: Initiatives such as the Nagoya Protocol promote fair and equitable benefit-sharing agreements,
ensuring that LMICs retain ownership of their genomic data while still participating in global AMR research.

5.6 Equitable benefit-sharing in global genomic research

Genomic surveillance is often funded and led by high-income countries (HICs), raising concerns about data exploitation,
research equity, and the fair distribution of benefits (Table 7). LMICs contribute valuable genomic data to global AMR
monitoring but frequently lack access to the resulting diagnostic tools, technologies, and public health interventions.

5.7 Case Study: The Ebola Genomics Debate in West Africa

During the 2014-2016 Ebola outbreak in West Africa, genomic samples from infected patients were rapidly sequenced
by HIC-funded research groups to track viral evolution. However, much of this genomic data was not shared with African
scientists or public health agencies in real-time, delaying local outbreak response efforts [108].

Ethical Dilemma—While global research efforts helped characterize the Ebola virus, local researchers in Guinea, Sierra
Leone, and Liberia had limited access to the sequencing data and were not involved in key decision-making.

Proposed Solution—Ethical frameworks such as the WHO Genomic Data Sharing Guidelines advocate for mandatory
benefit-sharing mechanisms, ensuring that LMICs receive equal access to sequencing data, training, and technological
resources.

5.8 Ethical Frameworks for Genomic Data Governance in LMICs

To address ethical concerns, several international organizations have developed frameworks to promote ethical, equi-
table, and responsible genomic data use.

The Global Antimicrobial Resistance Surveillance System (GLASS)—Launched by WHO in 2015, GLASS promotes
transparent and equitable access to AMR genomic data, particularly for resource-limited countries [51-53]. Provides
technical support and funding to ensure LMICs can contribute to and benefit from global AMR monitoring. The
Nagoya Protocol on Access and Benefit-Sharing (ABS)—Ensures that countries contributing genomic data receive a
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fair share of research benefits. Protects LMICs from biopiracy while still promoting collaborative genomic research
(Convention on Biological Diversity, 2014). The African Union Data Policy Framework—Developed in 2022, this frame-
work guides genomic data-sharing policies in African countries, ensuring both data protection and international
collaboration (Africa CDC, 2022).

5.9 Ethical best practices for AMR genomic surveillance

e Strengthen LMIC Participation in Genomic Research - Policies should require that LMIC researchers and institutions
be involved as equal partners in AMR genomic studies.

e Develop Open-Source Genomic Data Platforms - Platforms like Pathogen.watch and EnteroBase should prioritize
open-access models, ensuring that all countries can use and analyze AMR data.

e Implement Equitable Technology Transfer Programs — Public-private partnerships should invest in genomic infra-
structure and workforce training in resource-limited settings.

e Enforce Transparent Data Governance Agreements - Ethical frameworks should mandate data-sharing reciprocity,
where LMICs contributing genomic data also receive diagnostic and surveillance benefits.

The use of genomics in public health and AMR surveillance raises significant ethical challenges, particularly in LMICs
where issues related to data privacy, genomic sovereignty, and benefit-sharing remain contentious. Addressing these
challenges requires globally coordinated frameworks, inclusive research partnerships, and equitable data-sharing poli-
cies. By promoting ethical governance models and ensuring LMICs receive equal benefits from genomic advancements,
the global AMR response can become more just, effective, and sustainable.

6 Advances in genomics for AMR surveillance

Genomics has transformed AMR surveillance, offering new avenues for tracking the spread of resistance across human,
animal, and environmental health (See Table 6). Traditionally, AMR surveillance relied on phenotypic testing, which
involved culturing organisms and testing their response to antibiotics. However, these methods are time-consuming
and may fail to detect low-frequency resistance mechanisms [109, 110]. Genomic approaches, particularly WGS, provide
a more comprehensive solution by identifying the entire resistance gene repertoire of a pathogen, allowing for more
accurate and timely surveillance (David et al., 2021).

One of the major advancements in genomic surveillance is the ability to track the global dissemination of resistance
genes. For example, WGS has been used to map the spread of the blaKPC gene, which confers resistance to carbapen-
ems, across different regions and healthcare settings [92, 111, 112]. By comparing the genetic sequences of resistant
pathogens isolated from different geographical areas, researchers can identify transmission pathways and implement
targeted interventions to control the spread of AMR.

Metagenomics-based surveillance has also advanced our understanding of environmental reservoirs of resistance. A
key finding from metagenomics studies is that human and animal waste, often containing residual antibiotics, creates
environments that select resistant bacteria (David et al., 2016; [113]). For instance, metagenomic studies in wastewater
treatment plants have revealed the presence of AMR genes, including those conferring resistance to last-resort antibiotics
like colistin [93]. This highlights the importance of environmental surveillance in identifying and mitigating AMR at the
source before resistant bacteria enter clinical settings.

6.1 Colistin resistance and the spread of mcr-1

Colistin, a last-resort antibiotic, has become less effective due to the emergence of the mcr-1 gene, which confers resist-
ance to this vital drug. WGS and metagenomics have been used to trace the origin of mcr-1 from livestock to humans,
revealing that the overuse of colistin in agriculture played a key role in spreading this resistance mechanism [94]. Genomic
surveillance has since been expanded to monitor the presence of mcr-1 in food products and environmental samples,
providing early warnings for public health interventions [114].
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6.2 Genomic tracking of multidrug-resistant tuberculosis (WDR-TB)

Genomics has also been crucial in the surveillance and control of multidrug-resistant tuberculosis (MDR-TB). WGS
has been used to identify resistance mutations in the rpoB and katG genes, which confer resistance to rifampicin
and isoniazid, respectively [115]. By analyzing the genomes of MDR-TB isolates, researchers can track the spread
of resistance across regions and predict the effectiveness of different treatment regimens. In some cases, genomic
data has led to identifying resistance hotspots, where targeted public health interventions can be implemented to
prevent further transmission [8].

The integration of genomic techniques such as whole-genome sequencing, metagenomics, and CRISPR-based
diagnostics has revolutionized the field of AMR detection and surveillance. These tools enable the rapid identifica-
tion of resistance genes and provide valuable insights into the transmission dynamics of resistant pathogens (See
Table 8). Genomic data, when integrated into predictive models, also enhances the ability to forecast the emergence
and spread of resistance, guiding public health interventions and antibiotic stewardship programs. As the applica-
tion of genomics continues to expand, it will play an increasingly critical role in mitigating the global AMR crisis [71].

6.3 Online tools for genomic surveillance

The integration of genomic technologies into antimicrobial resistance (AMR) mitigation requires not only advanced
sequencing platforms but also accessible bioinformatics tools that facilitate genomic data analysis, pathogen tracking,
and epidemiological investigations. Online genomic surveillance platforms provide user-friendly, cloud-based solutions
that lower computational barriers, particularly for researchers and public health agencies in low- and middle-income
countries (LMICs) with limited bioinformatics infrastructure. These tools complement large-scale sequencing efforts by
enabling real-time data interpretation, strain characterization, and outbreak detection across human, animal, and envi-
ronmental health sectors. This section highlights three widely used online platforms—PubMLST, EnteroBase, and Patho-
gen.watch—that have significantly contributed to AMR genomic surveillance, particularly in resource-limited settings.

6.4 PubMLST: A global platform for multi-locus sequence typing (MLST)

PubMLST (Public Multi-Locus Sequence Typing Database) is a widely used open-access genomic platform that sup-
ports the standardized classification of bacterial pathogens through multi-locus sequence typing (MLST) [120].
Developed at the University of Oxford, PubMLST is particularly valuable for tracking the evolutionary relationships
and global spread of AMR pathogens across different sectors.

Key Features and Benefits: Standardized Typing Schemes — Enables researchers to classify bacterial strains based on
stable genetic markers, allowing global comparability of AMR isolates. Cloud-Based Accessibility — No requirement for
local bioinformatics expertise or high-performance computing, making it ideal for LMICs with limited infrastructure.
AMR Surveillance Applications — Used extensively for tracking Neisseria meningitidis, Streptococcus pneumoniae, and
Klebsiella pneumoniae, among other AMR-prone pathogens. Integration with Genomic Epidemiology — Helps public
health agencies monitor AMR emergence and assess the effectiveness of intervention strategies.

6.5 Case study: PubMLST in meningococcal AMR surveillance

In South Africa, PUbMLST has been instrumental in genomic surveillance of Neisseria meningitidis. By leveraging this
online platform, researchers identified the introduction of ciprofloxacin-resistant strains, prompting policy changes
in national vaccination and antibiotic use strategies [120].

6.6 EnteroBase: tracking enteric pathogens in one health surveillance

EnteroBase is a specialized genomic surveillance platform designed for tracking enteric bacteria, including Salmo-
nella, Escherichia coli, Shigella, Vibrio, and Yersinia [121]. Developed at the University of Warwick, EnteroBase provides
an integrated system for analyzing whole-genome sequencing (WGS) data, making it a powerful tool for foodborne
AMR outbreak investigations and cross-border pathogen tracking [122].
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Key Features and Benefits: Comprehensive Global Database — Contains thousands of curated bacterial genomes,
enabling real-time comparison of isolates from clinical, veterinary, and environmental sources. Automated MLST &
Phylogenetic Analysis — Facilitates rapid strain typing and evolutionary relationship mapping. High-Resolution AMR
Detection - Identifies resistance genes and plasmids associated with foodborne outbreaks and zoonotic transmission.
Supports One Health AMR Surveillance - Widely used in food safety monitoring, agricultural biosecurity, and hospital
infection control programs.

6.7 Case study: enterobase in global salmonella surveillance

In Brazil, EnteroBase was used to trace the source of a multi-country outbreak of Salmonella Heidelberg, which was
linked to contaminated poultry exports [123]. By comparing genomic sequences from human infections, retail chicken,
and farm environments, researchers identified antibiotic-resistant clones, leading to stricter regulations on antimicrobial
use in food production.

6.8 Pathogen.watch: Al-powered real-time genomic surveillance

Pathogen.watch is an artificial intelligence (Al)-driven online genomic analysis platform, developed by the Centre for
Genomic Pathogen Surveillance (CGPS). Designed to support real-time AMR surveillance, Pathogen.watch integrates
whole-genome sequencing data with geospatial mapping, enabling health authorities to detect AMR hotspots and
emerging resistant strains.

Key Features and Benefit: Real-Time Pathogen Monitoring — Allows users to upload WGS data and receive instant reports
on resistance genes, virulence factors, and outbreak clusters. Geospatial Tracking of AMR Strains — Al-driven mapping of
AMR spread across different countries and regions, improving cross-border outbreak responses. Low-Cost Bioinformatics
Solution — Removes the need for advanced computing infrastructure, making it highly suitable for LMIC public health
programs. Direct Integration with Public Health Systems — Used by national disease control centers to inform infection
control policies and antimicrobial stewardship programs.

6.9 Case study: pathogen.watch in AMR hotspot detection

In Bangladesh, Pathogen.watch was implemented by the International Centre for Diarrhoeal Disease Research, Bang-
ladesh (ICDDR, B) to track carbapenem-resistant Klebsiella pneumoniae in hospital settings [124]. The tool identified
hospital-acquired resistance clusters, leading to targeted infection control measures and improved antibiotic prescribing
guidelines [125].

6.10 The role of online genomic tools in overcoming computational barriers

For many LMICs, the lack of bioinformatics expertise, local sequencing infrastructure, and high-performance computing
resources hinders the widespread use of genomics for AMR surveillance. Online platforms like PubMLST, EnteroBase, and
Pathogen.watch help overcome these barriers by: Providing Free Cloud-Based Solutions — No need for expensive hard-
ware or software licenses, making genomics more accessible to LMIC researchers. Automating Data Analysis — Reducing
reliance on highly specialized bioinformaticians by offering pre-configured genomic pipelines. Enabling Cross-Sectoral
and International Collaboration - Allowing scientists to share and compare AMR genomic data globally, strengthening
the One Health response to AMR. Enhancing Surveillance in Resource-Limited Settings — Supporting low-cost sequencing
projects that can rapidly identify resistant pathogens in hospitals, farms, and the environment.

To strengthen the role of online genomic surveillance in AMR monitoring, several key actions are essential. Enhanc-
ing platforms like Pathogen.watch with Al and machine learning can enable automated outbreak prediction, improving
early detection and response. Expanding global data-sharing networks is also critical—open-access databases should be
inclusive of LMICs to ensure broad participation and benefit-sharing in genomic AMR research. Building local capacity
is another priority. Training programs in LMICs should equip healthcare professionals, veterinarians, and environmental
scientists with the skills to effectively use genomic tools. This includes not just technical training but also guidance on
data interpretation and application. Lastly, governments should formally integrate genomic surveillance platforms such
as PUbMLST, EnteroBase, and Pathogen.watch into national AMR action plans. Institutionalizing these tools ensures
consistent use and aligns genomic surveillance with broader public health strategies.
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Online genomic surveillance tools such as PubMLST, EnteroBase, and Pathogen.watch have revolutionized AMR moni-
toring by providing scalable, cloud-based bioinformatics solutions that overcome computational and infrastructure
limitations, particularly in LMICs. These tools enhance real-time AMR tracking, outbreak detection, and One Health sur-
veillance, making genomic data more actionable for policymakers and public health agencies. By expanding accessibility,
strengthening international data-sharing networks, and integrating Al-driven analytics, these platforms will continue to
play a pivotal role in global AMR mitigation efforts.

7 Challenges in integrating genomics into one health
7.1 Technical challenges: data sharing, standardization, and analysis

One of the most significant challenges in integrating genomics into the One Health framework is the technical complexity
involved in managing, analyzing, and sharing large volumes of genomic data across sectors (See summary in Table 9).
The rapid generation of data from genomic sequencing technologies, such as whole-genome sequencing (WGS) and
metagenomics, necessitates advanced bioinformatics tools and computing infrastructure. However, there are substantial
gaps in the capacity for data analysis and interpretation, particularly in low- and middle-income countries (LMICs), where
bioinformatics expertise and resources are limited [84, 126].

7.1.1 Case study: Europe’s COMPARE initiative vs. AMR surveillance in India

In Europe, the COMPARE Initiative represents a major success in standardizing AMR genomic data-sharing across countries
[130]. Launched in 2015 and funded by the European Union (EU) Horizon 2020 program, COMPARE integrates human,
veterinary, and environmental genomic data to create a harmonized bioinformatics platform for outbreak detection and
AMR surveillance. Through this initiative, the European Centre for Disease Prevention and Control (ECDC) [131] and the
European Food Safety Authority (EFSA) have established common data-sharing protocols, making it easier for countries
to integrate genomic AMR data into decision-making. This approach has allowed the EU to trace resistant strains across
food chains, enhancing early warning systems for emerging AMR threats [8].

In contrast, in India, AMR genomic surveillance remains largely fragmented across sectors. The Indian Council of
Medical Research (ICMR) and the National Centre for Disease Control (NCDC) oversee human AMR surveillance, while
the Indian Veterinary Research Institute (IVRI) is responsible for monitoring resistance in livestock. However, there is no
unified genomic database that integrates AMR data across these sectors. Data is often stored in different formats and
analyzed using sector-specific methodologies, making cross-sectoral comparisons difficult [132]. Additionally, legal and
institutional barriers restrict data sharing between agencies, slowing responses to zoonotic AMR outbreaks. This frag-
mentation highlights the urgent need for standardization in genomic AMR data-sharing policies to improve One Health
surveillance systems.

7.2 Economic barriers: cost of genomic technologies

The high cost of implementing genomic technologies poses a significant barrier to their integration into One Health,
particularly in LMICs. Technologies such as WGS, metagenomics, and bioinformatics platforms are expensive to acquire,
operate, and maintain. For instance, the cost of sequencing a bacterial genome using WGS has decreased significantly
in recent years but remains prohibitive for routine use in many settings, particularly where public health budgets are
limited [133].

7.3 Case study: the united kingdom vs. Kenya - economic disparities in AMR genomic surveillance

In the United Kingdom, the National Health Service (NHS) and the UK Health Security Agency (UKHSA) have integrated
WGS into routine AMR surveillance, with government funding supporting sequencing infrastructure and bioinformatics
capacity. Programs like the Pathogen Genomics Service (PGS) provide real-time genomic insights to guide antimicrobial
stewardship efforts, demonstrating the feasibility of national-scale genomic integration in a well-funded healthcare
system [134].
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In contrast, Kenya faces substantial financial constraints in implementing genomic AMR surveillance. The Kenya Medi-
cal Research Institute (KEMRI) and the African Centre for Disease Control (Africa CDC) have initiated genomic sequenc-
ing projects, but reliance on international donors (e.g., Wellcome Trust, Bill & Melinda Gates Foundation) highlights the
financial vulnerability of AMR genomic surveillance programs in LMICs. A lack of sustained national funding and high
operational costs mean genomic AMR surveillance is not yet a routine practice but rather limited to research-based pro-
jects [105]. These examples emphasize the need for innovative financing models, such as public—private partnerships
and international funding mechanisms, to ensure the sustainable expansion of genomic surveillance in LMICs.

7.4 Policy and governance barriers

Integrating genomics into One Health also presents significant policy and governance challenges. One Health inherently
requires collaboration across sectors—human health, animal health, and environmental health—that have traditionally
operated independently, each with its requlatory frameworks, priorities, and stakeholders. Aligning these sectors under
a unified governance structure for genomic surveillance and AMR management is difficult due to the differing interests
and regulatory environments that govern each sector [84, 135].

7.4.1 Case study: the United States vs. Brazil - policy coordination in one health genomics

In the United States, GenomeTrakr, managed by the US Food and Drug Administration (FDA), represents a successful
example of federal-level policy coordination for genomic AMR surveillance. This initiative links public health agencies,
veterinary departments, and environmental monitoring programs, ensuring seamless data integration across One Health
sectors. Federal regulations enforce standardized genomic reporting, and collaborations with academic institutions have
strengthened national AMR response strategies [135].

In contrast, in Brazil, the lack of a centralized One Health AMR governance framework hinders genomic data integra-
tion. Human AMR surveillance is managed by the Ministry of Health, while animal and environmental health fall under
different ministries, creating policy fragmentation. This disjointed regulatory landscape may have led to inconsistent
surveillance practices and difficulties in developing a unified AMR action plan [136]. The US example highlights the
importance of strong governance frameworks and centralized policy coordination, whereas Brazil’s experience under-
scores the need for cross-sectoral policy alignment to improve One Health AMR surveillance.

7.5 Ethical and data governance challenges

The sharing of genomic data between countries is often restricted due to concerns over data sovereignty, privacy, and
intellectual property. Countries may be hesitant to share genomic data related to AMR pathogens due to concerns that
the data could be misused or result in negative economic consequences, such as trade restrictions related to antimicro-
bial use in agriculture [107].

7.5.1 Case study: South Africa’s data sovereignty vs. Europe’s open science model

In South Africa, the government restricts the sharing of genomic data on infectious disease pathogens, including AMR
strains, due to data sovereignty concerns. The Protection of Personal Information Act (POPIA) places strict regulations
on genomic data sharing, limiting international research collaborations. While this policy protects national interests, it
reduces participation in global AMR genomic databases, hindering early detection of cross-border resistance threats
[105].

Conversely, in Europe, the European Nucleotide Archive (ENA) and Pathogen Genomics Initiative embrace open data-
sharing principles, facilitating rapid AMR surveillance and cross-border collaboration. Countries within the EU benefit
from harmonized data-sharing agreements, ensuring timely access to genomic data while maintaining ethical research
standards [137-139]. This contrast demonstrates the delicate balance between national data sovereignty and global
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scientific collaboration, highlighting the need for equitable data-sharing agreements that respect national interests
while supporting global AMR mitigation efforts.

8 Bridging the gap: exploring potential solution
8.1 Enhancing capacity building and infrastructure development

One of the most significant barriers to integrating genomics into One Health AMR surveillance is the lack of bioinfor-
matics expertise, sequencing infrastructure, and data management systems, particularly in low- and middle-income
countries (LMICs). To address this, we now recommend:

Efforts to enhance genomic capacity in LMICs are advancing through initiatives like the WHO’s GHSA and the Africa
Pathogen Genomics Initiative. These programs focus on training local professionals in sequencing, bioinformatics,
and data analysis, aiming to build sustainable expertise for effective pathogen surveillance and response [43, 44, 53]).
Collaborations with high-income countries and private companies such as lllumina and Oxford Nanopore Technolo-
gies are helping LMICs access vital genomic tools and infrastructure. These partnerships support the deployment
of sequencing platforms, data-sharing systems, and technical training, enabling countries to operate and maintain
genomic technologies independently. That Africa CDC spearhead the development of regional genomic hubs that
consolidate resources and expertise across multiple countries. These hubs facilitate shared facilities, centralized data
analysis, and joint training initiatives, enhancing the efficiency and scope of genomic surveillance across the region.
Together, these initiatives are building the foundation for self-reliant genomic surveillance in LMICs. Improved local
capacity and infrastructure will reduce dependency on external labs and support real-time tracking of antimicrobial
resistance (AMR) and other public health threats, promoting coordinated responses across One Health sectors.

8.2 Standardizing data sharing and interoperability through global initiatives

To overcome inconsistencies in genomic data reporting across human, animal, and environmental health sectors,
we recommend the following:

Global Antimicrobial Resistance Surveillance System (GLASS): The WHO's GLASS initiative provides standardized
protocols for AMR data collection, reporting, and comparison across countries and sectors [137-139]. By ensuring
consistency in metadata reporting, GLASS enhances the interoperability of genomic databases. One Health AMR
Surveillance Frameworks: Multi-sectoral initiatives like the Quadripartite Collaboration (WHO, FAO, WOAH, UNEP)
are developing unified AMR surveillance platforms to integrate human, veterinary, and environmental data [140].
Development of Common Data Repositories: The Pathogen Genomics Initiative and Genomic Epidemiology Network
facilitate global data-sharing platforms, ensuring AMR genomic data can be accessed, compared, and integrated
across regions. These harmonized surveillance methodologies will enable researchers and policymakers to identify
global AMR trends, predict emerging resistance hotspots, and develop coordinated mitigation strategies.

8.3 Innovative financing mechanisms for genomic AMR surveillance

The high cost of sequencing technologies, bioinformatics software, and data storage remains a major challenge,
especially in LMICs. To address this, we have made the following suggestions:

International Funding Support: Organizations such as the Bill & Melinda Gates Foundation, the Global Fund,
and the World Bank are providing targeted funding to improve genomic surveillance infrastructure in LMICs. Pub-
lic—Private Partnerships (PPPs): Collaboration between governments, biotech companies, and research institutions
can help subsidize the cost of sequencing technologies and make them more accessible [141, 142]. Cost-Effective
Sequencing Models: Advances in portable sequencing technologies (e.g., Oxford Nanopore MinlON) allow for low-
cost, field-deployable sequencing, making genomic AMR surveillance feasible in remote areas. Ensuring financial
sustainability for One Health genomic surveillance will help integrate sequencing technologies into routine AMR
monitoring, even in resource-limited settings.
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8.4 Strengthening governance and cross-sectoral policy coordination

Governance fragmentation remains a major obstacle, as human health, animal health, and environmental regulators
often operate independently. To improve governance, we have suggested:

National and Regional One Health Committees: Countries such as the UK, Canada, and the Netherlands have estab-
lished cross-sectoral AMR governance committees that bring together human, veterinary, and environmental health
policymakers to create unified surveillance strategies. Legislation and Policy Harmonization: Efforts by the European
Union (EU) to create legally binding regulations on antibiotic use and resistance reporting across human and veterinary
sectors serve as a model for other regions [143]. Data Governance and Ethical Frameworks: International agreements are
being developed to promote equitable access to genomic data while addressing privacy concerns, particularly regard-
ing data sovereignty in LMICs [105]. Establishing unified governance frameworks will ensure AMR policies align across
sectors, enabling more effective surveillance, intervention, and antibiotic stewardship.

8.5 Ethical and equitable data sharing practices

Ethical concerns surrounding genomic data access, ownership, and benefit-sharing can hinder global AMR collabora-
tions. To address this, we now highlight:

FAIR Data Principles (Findable, Accessible, Interoperable, Reusable): These principles are being adopted in global
genomic databases to facilitate ethical and responsible data sharing [144]. Benefit-Sharing Frameworks: Ethical policies
are being developed to ensure LMICs and vulnerable populations benefit from genomic data they contribute, through
capacity-building and equitable research collaborations [107]. Open-Access vs. Controlled-Access Databases: We discuss
the trade-offs between fully open genomic databases (e.g., NCBI GenBank) and restricted-access platforms that protect
sensitive patient and country-level data. Addressing data-sharing ethics will enhance international collaborations while
safeguarding the rights of all stakeholders in the global AMR response.

9 Future directions in one health genomics

The field of genomics is rapidly evolving, and its integration into the One Health framework holds significant potential in
combating antimicrobial resistance (AMR) and strengthening global health security (See Table 8). While several innovative
approaches are emerging, their implementation—particularly in low- and middle-income countries (LMICs)—requires
clear prioritization and feasible strategies. This section presents key next steps and actionable recommendations for
advancing One Health genomics, focusing on: big data and machine learning for AMR surveillance, scaling genomic
technologies in LMICs, strengthening international collaboration and governance.

Enhancing accessibility and capacity-building efforts.

9.1 Integration of big data and machine learning with genomics

The increasing availability of large-scale genomic datasets has enabled the integration of big data analytics and machine
learning (ML) into One Health genomics. These technologies are transforming how AMR trends are predicted, how
genomic data is analyzed, and how public health interventions are designed.

Big data & Big Data in Genomics:

Big data enables researchers to conduct large-scale analyses that provide insights into the genetic determinants of
AMR, the transmission of resistant pathogens across different species, and the environmental factors contributing to the
spread of resistance [145]. For example, global genomic surveillance networks are using big data approaches to monitor
the spread of AMR genes across borders, enabling public health authorities to identify emerging threats in real-time [8].

Genomic data from whole-genome sequencing (WGS), metagenomics, and epidemiological studies has grown expo-
nentially, requiring advanced computational tools for storage, management, and integration [146, 147]. Key Next Steps
should include: establish open-access big data platforms to ensure LMICs have equitable access to genomic databases
and analytics tools, expand cloud-based genomic surveillance networks, reducing reliance on local computing power.

Machine Learning in Genomic Data Analysis:
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Machine learning (ML) algorithms, particularly those used in predictive analytics and pattern recognition, are revo-
lutionizing the analysis of genomic data. These algorithms can process large-scale sequencing datasets, detect hidden
patterns, and make accurate predictions about antimicrobial resistance (AMR) mechanisms that might not be evident
through traditional analytical methods. In the context of AMR surveillance, ML models can: Predict Resistance Phenotypes
- ML-based models analyze whole-genome sequencing (WGS) data to predict phenotypic resistance even before labora-
tory confirmation, enabling early intervention strategies [97, 148]. I[dentify Emerging Resistance Genes - By analyzing
vast genomic datasets from clinical, veterinary, and environmental sources, ML models can identify novel AMR genes
and predict their potential for widespread resistance [149-151]. Optimize Antibiotic Treatment Strategies — Predictive
ML models can forecast the evolution of resistance based on bacterial genetic profiles and previous antibiotic exposure
histories, helping clinicians choose the most effective antimicrobial therapy [152].

To illustrate the transformative impact of ML in AMR surveillance, we highlight key case studies demonstrating its
application in outbreak source attribution, resistance prediction, and One Health monitoring.

9.2 Case study 1: ML for source attribution of campylobacter infections in the United States

A study by Pascoe et al. [153] demonstrated the power of ML in AMR outbreak source attribution. The research used
machine learning models to trace the origins of Campylobacter infections in the United States, a major cause of food-
borne illness and antibiotic resistance transmission.

Key Findings include:

The ML model analyzed genomic data from Campylobacter isolates across human, animal, and environmental reser-
voirs. It accurately predicted the likely source of infections (e.g., poultry, cattle, or contaminated water), helping public
health officials trace AMR outbreaks more efficiently. The tool provided data-driven insights to inform targeted mitigation
strategies, such as reducing antibiotic use in poultry farming to prevent resistant strains from entering the food chain.

Impact on AMR Surveillance:

Enhanced AMR tracking — ML-based source attribution enables faster outbreak containment and reduces reliance on
traditional epidemiological methods. Supports One Health integration - By linking human, animal, and environmental
surveillance, ML strengthens cross-sectoral AMR mitigation efforts.

9.3 Case study 2: ML-driven resistance prediction in mycobacterium tuberculosis

ML models have been successfully applied to predict drug resistance in Mycobacterium tuberculosis (Mtb), the causative
agent of tuberculosis (TB). A study by Chen et al. [154] trained ML algorithms on genomic sequences from over 10,000
Mtb isolates to predict resistance to first-line TB drugs.

Key Findings includes:

The ML models identified previously unrecognized genetic markers associated with multi-drug resistance (MDR).
The predictions achieved >90% accuracy, outperforming traditional culture-based resistance testing. The study dem-
onstrated real-world applications of Al-powered diagnostics, which can be implemented in LMICs where TB remains a
major public health challenge.

Impact on AMR Surveillance:

Accelerates resistance detection — ML models can replace slow, resource-intensive laboratory tests. Improves treat-
ment outcomes - Clinicians can personalize TB therapy based on ML-predicted resistance profiles.

9.4 Case study 3: ML and Al for real-time AMR surveillance in hospital settings

ML is also being utilized to monitor hospital-acquired infections (HAls) and optimize antibiotic stewardship. A study
by Tran et al., [155] developed an Al-driven ML model to predict AMR outbreaks in intensive care units (ICUs) based on
genomic and clinical metadata.

Key Findings are:

The ML algorithm analyzed real-time patient data (e.g., microbial isolates, antibiotic prescriptions, and patient out-
comes). It also accurately predicted which patients were at risk of developing AMR infections before clinical symptoms
appeared. The tool recommended targeted antibiotic regimens, reducing the use of broad-spectrum antibiotics and
slowing resistance development.

Impact on AMR Surveillance:
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Proactive infection control - Hospitals can preemptively isolate at-risk patients, preventing AMR spread. Antibiotic
stewardship — Optimized treatment decisions help reduce unnecessary antibiotic exposure, minimizing selection pres-
sure for resistance.

The integration of machine learning into AMR surveillance is redefining how we track, predict, and mitigate resistance
at a global scale. By leveraging Al-driven analytics, ML models can: Improve outbreak source attribution [153] - Campylo-
bacter in the US). Predict resistance phenotypes [154] — M. tuberculosis). Enhance hospital-based infection control [155].

However, challenges remain, particularly in LMICs, where computational limitations, data-sharing barriers, and lack
of bioinformatics expertise restrict ML adoption. To fully realize the potential of Al in AMR mitigation, global health
organizations must invest in Al-driven public health initiatives, strengthen international genomic data-sharing efforts,
and promote equitable access to ML technologies across all sectors of the One Health framework.

9.5 Strengthening international collaboration and governance

International cooperation is crucial for harmonizing AMR genomic surveillance efforts. Key actionable next steps should
include: expand participation in global AMR networks, such as WHO's GLASS and the Global Pathogen Surveillance
Network (GPSN). Develop standardized data-sharing policies to balance genomic sovereignty with equitable research
collaborations.

Case Study: Brazil's Genomic Sovereignty Laws—Brazil restricts the sharing of genomic data without government
approval, slowing cross-border AMR research.

Solution: Solution would be to implement the Nagoya Protocol’s benefit-sharing agreements to incentivize LMIC
participation in global AMR genomics.

9.6 Enhancing accessibility and capacity-building in LMICs

Establish genomic training centers in LMICs, modeled after Africa CDC's sequencing workforce development program.
Develop open-source bioinformatics tools for low-resource settings.

Feasible Strategies for LMICs: Online training programs for AMR genomics (e.g., WHO'’s AMR Bioinformatics Academy),
partnerships with universities and research institutes to embed genomic literacy in public health education.

10 Personalized medicine and its role in AMR management

Personalized medicine, which tailors’ medical treatments to individual patients based on their genetic makeup, is a
promising area of development in One Health genomics (Summarized in Table 10). While personalized medicine has
traditionally focused on human health, recent advances in genomics and microbiome research suggest that it could play
a critical role in managing AMR and improving outcomes in both human and veterinary medicine [84].

10.1 Personalized antimicrobial therapies
The integration of genomics into personalized medicine could lead to the development of tailored antimicrobial thera-
pies. By analyzing the genomes of both the pathogen and the host, healthcare providers can determine the most effec-

tive treatment strategies, reducing the use of broad-spectrum antibiotics that contribute to resistance. For example,
genomic data can identify specific resistance mechanisms in bacterial pathogens, allowing clinicians to select targeted

Table 10 Personalized medicine in AMR management

Application Description Example Reference
Tailored Antimicrobial Therapies Use of genomic data to guide  Targeted antibiotic treatments based [156]
personalized antibiotic selec-  on pathogen resistance mecha-
tion nisms
Microbiome-Based Interventions Restoring healthy microbiota to Fecal microbiota transplantation to [157]
reduce the need for antibiot- treat recurrent Clostridioides difficile
ics infections

@ Discover



Discover Applied Sciences (2025) 7:1187 | https://doi.org/10.1007/542452-025-07053-7
Review

antibiotics that are less likely to drive further resistance [158, 159]. In veterinary medicine, personalized antimicrobial
treatments could improve the management of infections in livestock and companion animals, reducing the need for
prophylactic antibiotic use and minimizing the risk of resistance transmission from animals to humans. This approach
aligns with the goals of One Health by addressing the interconnectedness of human, animal, and environmental health
in the context of AMR [100].

10.2 Microbiome-based interventions

Another emerging area of personalized medicine is the use of microbiome-based interventions to manage AMR. The
human microbiome, particularly the gut microbiota, plays a crucial role in shaping the immune response and influenc-
ing the development of resistance [160]. By analyzing the composition of a patient’s microbiome, clinicians can develop
strategies to restore healthy microbial communities, reducing the need for antibiotics and lowering the risk of resistance
development [161].

11 The future of AMR genomics in developing countries

One of the most critical challenges in the global fight against AMR is the disparity in access to genomic technologies
between high-income countries (HICs) and low- and middle-income countries (LMICs). As genomics becomes an increas-
ingly integral part of AMR surveillance and control, there is a growing need to ensure that LMICs are equipped with the
necessary infrastructure, expertise, and resources to participate in and benefit from these advances [8, 84].

11.1 Capacity Building and Infrastructure Development.

Expanding genomic capabilities in LMICs is essential for global AMR surveillance and One Health implementation. Interna-
tional collaborations, such as those led by the World Health Organization (WHO) and the Global Health Security Agenda,
aim to strengthen the genomic infrastructure in LMICs through capacity-building initiatives, technology transfer, and
financial support as summarized in Table 11 [51-53]. Investments in sequencing facilities, bioinformatics training, and
data management systems are critical for ensuring that LMICs can conduct routine genomic surveillance and contribute
to global datasets. Furthermore, LMICs often face unique AMR challenges, such as the overuse of antibiotics in agriculture
and limited access to healthcare, making it essential to adapt genomic tools to the specific needs of these countries
[162], [71].

11.2 Regional and Global Collaboration

Collaboration between HICs and LMICs is key to ensuring that genomic advances are accessible to all countries. Pub-
lic—private partnerships, as well as funding from international organizations, can support the implementation of genomic
technologies in resource-limited settings [165, 166]. For example, programs like the African Centres for Disease Control
and Prevention’s (Africa CDC) Pathogen Genomics Initiative aim to build genomic capacity across Africa, enabling coun-
tries to respond to AMR and infectious disease outbreaks using cutting-edge technologies [167] Moreover, regional col-
laboration within LMICs can enhance the sharing of genomic data, allowing for more effective monitoring of AMR trends
across borders. The establishment of regional genomic hubs, where countries can pool resources and expertise, could
help overcome some of the financial and technical barriers to implementing genomic technologies in LMICs [168, 169].

12 Expanding the use of genomics in environmental health

Another promising direction for One Health genomics is its expanded use in environmental health surveillance (Table 12).
The environment is a key reservoir for antimicrobial-resistant bacteria and resistance genes, particularly in water systems
and soil impacted by agricultural runoff, wastewater, and industrial pollution [170]. Genomic tools, particularly metagen-
omics, allow for the detection of resistance genes in complex microbial communities in the environment, providing early
warnings of potential public health threats.
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12.1 Environmental metagenomics

Environmental metagenomics is an emerging field that uses sequencing technologies to analyze the genetic composition
of microbial communities in soil, water, and air samples. This approach allows researchers to detect the presence of AMR
genes in the environment, even in the absence of specific pathogens [173]. By monitoring environmental hotspots, such
as agricultural fields treated with antibiotics or wastewater treatment plants, genomic surveillance can identify areas
where resistant bacteria are likely to emerge and spread.

12.2 Environmental AMR surveillance

The integration of environmental data into One Health AMR surveillance is essential for understanding the full scope of
resistance transmission. Surveillance programs that include environmental sampling can track the movement of AMR
genes between humans, animals, and the environment, helping to identify the sources of resistance and guide interven-
tions aimed at reducing environmental contamination [71]. The future of One Health genomics is poised to be shaped
by the integration of big data and machine learning, the development of personalized medicine for AMR management,
and the expansion of genomic capabilities in LMICs. As genomics becomes more accessible and sophisticated, it will
play an increasingly critical role in preventing and controlling AMR, ensuring that the interconnected health of humans,
animals, and the environment is protected. Collaborative efforts, capacity building, and equitable access to genomic
technologies are essential for ensuring that the benefits of One Health genomics are realized globally.

13 Counterarguments to a one health approach to AMR

While emphasizing AMR as a One Health issue, it is important to recognize ongoing debates regarding the feasibility
and effectiveness of integrating surveillance across human, animal, and environmental sectors. Critics argue that AMR
transmission between these compartments may not be as extensive as commonly assumed and that the complexity of
cross-sectoral surveillance may introduce logistical and economic challenges [27, 174]. Studies have shown variability
in AMR spillover, with certain resistance mechanisms appearing more confined to specific sectors rather than exhibiting
widespread crossover [175]. Additionally, fragmented governance structures and disparities in data-sharing frameworks
can hinder the practical implementation of an integrated approach. However, despite these challenges, growing evidence
suggests that a siloed approach to AMR surveillance fails to capture the full scope of resistance evolution and transmis-
sion dynamics [27, 176]. Recent advancements in genomic epidemiology and bioinformatics have improved our ability
to detect and track AMR across sectors, making integrated approaches increasingly viable [177]. Furthermore, One Health
strategies have facilitated more comprehensive risk assessments and intervention strategies, helping to mitigate AMR
at its sources rather than reacting to outbreaks retrospectively [178, 179]. Addressing governance barriers and invest-
ing in standardized surveillance frameworks will be critical in maximizing the benefits of a One Health approach while
minimizing its challenges.

14 Strengthening critical analysis

Existing Challenge: While genomic technologies have revolutionized AMR mitigation, their widespread adoption is hin-

dered by significant challenges that require deeper critical analysis. Previous studies have primarily focused on the

benefits of whole-genome sequencing (WGS) and metagenomics, but gaps in implementation remain unaddressed.
New Insights Added:

e Bioinformatics limitations Many LMICs lack the computational resources necessary to analyze large genomic datasets
effectively. This gap has led to a reliance on high-income country databases, which may not reflect local AMR trends.

e Regulatory and governance barriers Genomic surveillance requires harmonized policies, yet inconsistencies in data-
sharing regulations among public health, veterinary, and environmental sectors hinder collaborative mitigation strate-
gies.
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» Interpretation challenges Unlike phenotypic testing, genomic sequencing detects resistance genes that may not always
translate into clinical resistance, leading to discrepancies in reporting and intervention strategies.

To advance the field, future research must integrate Al-driven analytics to streamline interpretation, prioritize context-
specific genomic surveillance, and develop regulatory frameworks to support cross-sectoral collaboration.

14.1 Providing novel insights into genomic applications

Existing Understanding: Current reviews highlight genomic tools such as CRISPR-based diagnostics and metagenomics
but often overlook their integration with other cutting-edge technologies.
New Synthesis:

® Machine learning in AMR prediction models: The convergence of Al and genomics has the potential to improve AMR
prediction accuracy. For example, Al models trained on genomic datasets can predict resistance trends, allowing
proactive interventions before outbreaks occur.

e Personalized antimicrobial therapy: Genomic sequencing enables targeted antimicrobial prescribing, reducing the
reliance on broad-spectrum antibiotics and slowing resistance development. However, challenges such as high costs
and ethical concerns surrounding patient genomic data must be addressed.

e Microbiome-based interventions: Instead of focusing solely on resistant pathogens, research should expand to micro-
biome restoration techniques, such as fecal microbiota transplantation, to mitigate AMR spread.

14.2 Expanding future directions and policy implications

Existing Approach: Discussions around future genomic applications often focus on technological advancements without
addressing policy and governance challenges.
New Directions

e Global Policy Standardization: The absence of uniform genomic surveillance policies creates fragmented data that
limits global AMR tracking. A One Health approach should advocate for an international regulatory framework gov-
erning genomic data-sharing.

e Equitable Access to Genomic Technologies: While high-income countries lead genomic research, LMICs struggle with
accessibility. Expanding public—private partnerships and increasing investment in local sequencing infrastructure can
bridge this gap.

e Ethical Considerations in Genomic Data Use: As genomic technologies become integral to AMR mitigation, ethical
challenges related to data ownership, privacy, and equitable benefit-sharing must be addressed. Policymakers should
establish clear guidelines on data governance to ensure responsible use.

15 Conclusion

The intersection of genomics, antimicrobial resistance (AMR), and public health within the One Health framework offers
a transformative approach to addressing some of the most pressing global health challenges. The integration of genom-
ics into One Health enhances our understanding of the genetic mechanisms driving AMR and strengthens our ability to
conduct real-time surveillance, outbreak response, and predictive modeling to prevent the spread of resistant pathogens
across human, animal, and environmental health sectors. This review set out to achieve three primary objectives:

To analyze the application of genomic tools in understanding AMR mechanisms and improving pathogen surveil-
lance - Throughout this review, we have demonstrated how technologies such as whole-genome sequencing (WGS),
metagenomics, and CRISPR-based diagnostics have revolutionized the detection and tracking of resistant pathogens.
These advancements enable researchers and public health authorities to pinpoint the origins of resistance genes, moni-
tor their transmission across One Health compartments, and design more targeted interventions.

To identify the challenges hindering the integration of genomics into AMR management, particularly in low-
and middle-income countries (LMICs) — The discussion has highlighted several key barriers, including the technical
complexities of data sharing, the lack of bioinformatics expertise, economic constraints limiting access to genomic
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technologies, and fragmented governance structures that hinder cross-sectoral collaboration. These factors pre-
sent significant obstacles to the seamless adoption of genomics in AMR mitigation, particularly in resource-limited
settings.

To examine emerging innovations, such as machine learning, big data analytics, and microbiome-based interven-
tions, in advancing AMR control - We have explored how integrating artificial intelligence and big data with genomic
surveillance is enhancing the prediction of resistance trends and optimizing antimicrobial stewardship. Additionally,
the rise of personalized medicine and microbiome-based therapies presents new opportunities to reduce depend-
ence on broad-spectrum antibiotics and mitigate resistance evolution.

One of the most promising developments in AMR mitigation is the integration of big data and machine learning
(ML) with genomic tools, which has the potential to transform how we predict, monitor, and respond to AMR threats
in both high-income countries (HICs) and LMICs.

In HICs, where large-scale genomic sequencing programs and electronic health record (EHR) systems are well
established, integrating ML with genomic data can significantly enhance AMR surveillance and intervention strate-
gies. The key benefits include: Early Detection of Emerging Resistance Trends — ML algorithms can rapidly analyze vast
amounts of sequencing data from hospitals, wastewater, and livestock to detect subtle patterns indicative of new
resistance mechanisms before they become widespread. Optimized Antibiotic Stewardship Programs - By leveraging
real-time genomic and epidemiological data, ML-driven decision-support systems can recommend the most effec-
tive antimicrobial treatments, reducing unnecessary antibiotic use. Personalized AMR Risk Prediction - Advanced
predictive models can assess a patient’s risk of developing a resistant infection based on genomic, microbiome, and
medical history data, allowing clinicians to tailor treatment strategies accordingly. Automated Pathogen Surveillance
- Al-powered genomic epidemiology tools can map and track AMR hotspots at a national or regional level, guiding
policymakers in deploying targeted public health interventions.

For LMICs, where genomic surveillance infrastructure is still developing, the integration of big data and ML can
bridge critical gaps in AMR monitoring and response. The advantages include: Cost-Effective Resistance Surveillance
- ML algorithms can analyze genomic data even in settings with limited computational resources, enabling LMICs to
maximize insights from smaller sequencing datasets without requiring high-end computing infrastructure. Portable
Al-Driven Diagnostic Tools - Mobile sequencing devices (e.g., Oxford Nanopore MinlON) coupled with Al-powered
resistance detection algorithms allow real-time AMR diagnostics in remote or resource-limited healthcare settings.
Strengthening Regional AMR Monitoring - Cloud-based data-sharing platforms can connect LMIC public health agen-
cies with global AMR surveillance networks, ensuring that data from LMICs contributes to and benefits from interna-
tional research efforts. Reducing the Burden on Overstretched Healthcare Systems — Automated data analysis reduces
reliance on specialized bioinformatics personnel, addressing a critical workforce gap in many LMICs.

While big data and ML provide unprecedented opportunities for AMR surveillance, addressing disparities in access
to these technologies is essential for ensuring that both HICs and LMICs can effectively leverage genomic advance-
ments. Key strategies to achieve this include: Strengthening International Collaboration — Partnerships between HICs
and LMICs (e.g., WHO's Global Health Security Agenda, Africa CDC’s Pathogen Genomics Initiative) should focus on
technology transfer and capacity-building. Developing Affordable Al-Driven AMR Tools — Public—private collaborations
can facilitate the creation of cost-effective, open-source Al-powered surveillance platforms accessible to LMICs.
Improving Data Accessibility and Standardization — Standardizing genomic and epidemiological data collection across
HICs and LMICs will enhance global AMR monitoring efforts and reduce disparities in data quality.

Despite these advancements, significant challenges remain in fully integrating genomics, big data, and ML into the
One Health framework. Addressing these challenges requires sustained investment in research, infrastructure, and
international collaboration. Looking ahead, efforts must focus on: Scaling up genomic sequencing and bioinformatics
training in LMICs to build local expertise. Ensuring sustainable funding mechanisms to support long-term genomic
AMR surveillance programs. Harmonizing AMR data governance policies to promote ethical and equitable global data
sharing. Developing Al-driven, real-time AMR surveillance systems that can be deployed across human, animal, and
environmental health sectors.

By continuing to expand genomic capabilities and fostering interdisciplinary partnerships, genomics—when
combined with big data and machine learning—can fulfill its potential as a cornerstone of the global strategy
to mitigate AMR. A coordinated One Health approach—supported by scientific innovation, policy alignment, and
capacity-building initiatives—will be essential to safeguarding public health and ensuring a sustainable future for
humans, animals, and the environment.
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