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Abstract

Antimicrobial resistance (AMR) — the ability of microorganisms to 
adapt and survive under diverse chemical selection pressures — is 
influenced by complex interactions between humans, companion 
and food-producing animals, wildlife, insects and the environment. 
To understand and manage the threat posed to health (human, animal, 
plant and environmental) and security (food and water security and 
biosecurity), a multifaceted ‘One Health’ approach to AMR surveillance 
is required. Genomic technologies have enabled monitoring of the 
mobilization, persistence and abundance of AMR genes and mutations 
within and between microbial populations. Their adoption has also 
allowed source-tracing of AMR pathogens and modelling of AMR 
evolution and transmission. Here, we highlight recent advances in 
genomic AMR surveillance and the relative strengths of different 
technologies for AMR surveillance and research. We showcase recent 
insights derived from One Health genomic surveillance and consider 
the challenges to broader adoption both in developed and in lower- and 
middle-income countries.
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involves culture-based isolation of the microorganism and testing for 
antibiotic activity in vitro, whole-genome sequencing (WGS) of micro-
organisms offers higher resolution, more precise characterization of 
MDR and greater scope for analysing mechanisms, tracing and fore-
casting trends in AMR14. Phenotypic susceptibility to an antibiotic does 
not reveal the many different types of genetic elements (for example, 
mutations, plasmids, insertion sequences, integrons, transposons, 
virulence and metabolic determinants) that can contribute to AMR 
dissemination and evolution, and neither does it reveal co-resistances 
such as those to heavy metals or disinfectants. Because genomics can 
service targeted and untargeted detection and monitoring require-
ments, it can be applied to both isolated microorganisms and samples 
of whole microbial communities taken from a range of environments. 
Sequencing of genomes from individual microbial strains that have 
been isolated from samples and then cultured is known as microbial 
genomics. Sequencing entire microbial communities involves the 
sequencing of all genetic material recovered directly from a sample 
without culturing and is known as metagenomics. Initially, the sequenc-
ing technology typically used for AMR genomic surveillance produced 
short-read sequences ~150 bp in length, which have the disadvantage of 
not being able to resolve repeated regions within an isolate genome or 
differentiate very similar parts of individual genomes within a metagen-
ome, including ARGs. As the price of sequencing continues to drop and 
new sequencing technologies become established, long-read sequenc-
ing is becoming more feasible, which can overcome many, but not all, 
of the limitations of short-read sequencing. Examples are emerging of  
systematic genomic surveillance for monitoring AMR, such as rou-
tine genomics-enabled surveillance for carbapenemase-producing 
organisms in Australia15.

Genomic detection of AMR through ARGs
Monitoring the mobilization, persistence and abundance of ARGs and 
mutations within and between microbial populations is a central activ-
ity for AMR research and enhanced surveillance. Strong correlation has 
been shown between the presence of an ARG within a microbial genome 
and phenotypic susceptibility to antimicrobials16,17. Although concord-
ance between AMR phenotype and genotype does vary between species 
and antimicrobial agent combinations18, identifying an ARG within a 
genomic sequence remains a useful predictor of resistance and has now 
reached the level of accuracy where genomic data are used routinely 
for AMR surveillance of pathogens such as Salmonella spp. in large 
public health agencies19. Critically, accurate determination of ARG 
carriage by in silico genotyping, and therefore phenotypic inferences 
derived from these data, depends on the quality of the ARG database 
being used. Many ARG databases and software tools for cataloguing 
and identifying ARGs in bacterial genomes have been developed20,21. 
However, available ARG databases and software vary in their content, 
quality and level of expertise required for interpretation and degree 
of validation. This has created discrepancies and may, potentially, in 
cases of naïve use, lead to misinformation in the literature20,21. This sec-
tion will describe the landscape of ARG databases and software tools, 
current best practices in AMR genotyping and phenotypic inference, 
and key considerations in navigating the wealth of choice faced by AMR 
researchers. As genomic and phenotypic databases grow, machine 
learning and other statistical genomics techniques will have a greater 
role in identifying novel mechanisms of resistance22, feeding back into 
enhanced surveillance activities.

The first choice to be made by AMR researchers is whether to 
use assembled or raw genome sequence data for matching with an 

Introduction
Antimicrobial resistance (AMR) can occur when microorganisms 
acquire genetic information, either by mutation, recombination or 
horizontal gene transfer (HGT) of antibiotic resistance genes (ARGs) 
from the bacterial gene pool (Fig. 1). These genetic acquisitions enable 
bacteria to survive antimicrobial selection pressures, including antimi-
crobial residues, metals, biocides, and industrial and pharmaceutical 
chemicals, and renders pharmacological agents used to constrain or kill 
pathogens partially or completely ineffective. In some cases, antimicro-
bial selection pressures can select and promote multiple drug resistance 
(MDR), defined as resistance to three or more classes of antibiotics, in  
a single genetic exchange1–4. Sometimes, resistance genes can reside 
in bacteria that do not cause disease (such as commensal bacteria) 
and be passed to pathogenic bacterial hosts; thus, healthy humans and 
animals and environmental populations of bacteria can be carriers of 
ARGs. Although AMR develops naturally in bacteria, MDR has increased 
markedly since the advent and widespread use of antibiotics for the 
treatment of human, animal and plant diseases. Resistance, often MDR, 
is increasing in hospital and community-acquired bacterial infections 
and in intensive animal production systems globally5–8 (Box 1).

AMR is a critical public and global health challenge that is recog-
nized by the scientific community, water and agricultural industries, 
and regulators as a health, food security and environmental pollution 
issue (Fig. 2). To address this challenge, population-level surveillance 
programmes have been established worldwide that aim to collect data 
on the prevalence of resistant organisms and antimicrobial prescribing 
practices. These surveillance programmes typically collect phenotypic, 
genotypic and, increasingly, genomic data from healthcare activities 
in both the community and hospitals across wide geographical areas 
and time periods9. Isolated studies have drawn inferences regarding 
AMR transmission dynamics from bacterial genomic data collected 
from humans and wildlife10,11 and from humans and food production 
animals12. Although effective phenotypic AMR surveillance remains 
important and phenotypic resistance testing can guide antibiotic treat-
ment choice in clinical and veterinary settings, genetic and genomic 
approaches have become increasingly important in AMR surveillance 
and are essential to understand how infectious agents, and the mobile 
genetic elements (MGEs) that carry ARGs, move in clinical, veterinary, 
agricultural and environmental spheres. Although far from complete, 
knowledge of microbial resistomes is rapidly expanding, as bioinfor-
matic methods are used to identify latent ARGs in human, animal and 
environmental microbiomes and curate them in searchable reference 
databases13. Bolstered by the successful application of genomics dur-
ing the COVID-19 pandemic, there has been accelerated development 
and adoption of genomic technologies for AMR surveillance, including 
rapid advancements in the fields of long-read metagenomics, phylo-
dynamics and artificial intelligence-based surveillance systems. These 
recent developments can enhance the integrated surveillance of AMR 
across multiple sectors (that is, human, animal and environmental 
sectors) for One Health AMR surveillance (Fig. 2).

Here, we review the role of genomics in AMR surveillance and how 
to better use these technologies to mitigate the spread of AMR and 
improve planetary health outcomes. We shine a spotlight on Escheri-
chia coli and its significance to and utility for implementing One Health 
AMR surveillance.

Genomics toolbox for studying AMR
Increasingly, systems for monitoring AMR seek to incorporate genomic 
surveillance. Compared with phenotypic surveillance of AMR, which 
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ARG database (Fig. 3). For bacterial isolates, using de novo assembled 
genomes is preferred over raw sequence reads because doing so ensures 
the full genomic context is interrogated, including MGEs and chromo-
somes. For metagenomes, the choice to use assembled or raw sequence 

data depends on the expected quality of the metagenome-assembled 
genomes (MAGs) obtained. For extremely complex data sets (for 
example, high diversity associated with soil samples), it may not be 
possible to perform assembly due to computational constraints or 
to achieve a satisfactory assembly due to short-read limitations. This 
means that mapping-based approaches using raw sequencing reads are 
required instead. This approach can be fast but comes at the potential 
cost of confounding similar ARGs and not being able to link them to 
specific replicons. Continuous improvements in the quantity, qual-
ity and length of long-read sequencing methods will provide greater 
confidence in MAGs23. Techniques such as Hi-C may also improve the 
contiguity of MAGs24 and provide direct molecular evidence of plas-
mid–chromosome linkage even with short-read data (Fig. 3), but at an 
increased financial and time cost, which currently would prohibit its 
use in routine surveillance.

Having chosen whether to use assembled or raw sequence genome 
data, the next choice is which tool and ARG database to use. There 
are three main databases, all of which now support identification of 
both ARGs and AMR mutations: ResFinder/PointFinder25,26, CARD27 
and NCBI (National Center for Biotechnology Information)28. Both 
ResFinder and NCBI offer additional hidden Markov models such as 
ResFams. Although there have been efforts to combine these primary 
sources29, this may not be necessary because in recent years there has 
been increasing coordination and sharing amongst the three main 
players, with initiatives such as hAMRonization from the PHA4GE 
Consortium providing a path to consistency and completeness. Where 
the databases differ is in the level and type of metadata. NCBI has 
strict audit trails back to publications with phenotypic and genotypic 
evidence and provides scoring cut-off thresholds to minimize false 
positives. CARD incorporates the Antimicrobial Resistance Ontology 
(ARO), a structured vocabulary for annotating its entries, which may 
aid machine learning approaches for interrogating the relationships 
within AMR surveillance projects.

ARG software provides the method and parameters to control how 
the genome data are matched to the database. It is common for the ARG 
tool and ARG database to be a bundle, but this does preclude the use of 
custom or combined databases. ResFinder uses a tool with the same 
name, CARD uses RGI (Resistance Gene Finder) and NCBI uses AMRFin-
derPlus. These three command line tools require assembled contigs 
as input and are well suited to bacterial isolates and good-quality 
metagenome assemblies. NCBI’s AMRFinderPlus has emerged as the 
most thoroughly maintained tool in this space and has the added 
advantage of falling back to hidden Markov models for the ARG protein 
family to identify more remote ARG orthologues. This could also be 
done separately using ResFAMS30, which consists of hidden Markov 
models derived from clustering and aligning CARD entries, but this is 
no longer maintained. For detecting AMR directly from raw sequence 
reads, the hybrid approach of ARIBA31 can be used with short-read data 
where assembly is poor or difficult, or KMA32 can be used to align reads 
efficiently to the highly redundant ARG database itself.

Although potentially more relevant in the clinical and public health 
laboratory setting, recent progress has been made in the validation 
of genome-based AMR phenotype inferences to meet International 
Organization for Standardization (ISO) certification standards19. These 
types of approaches allow highly reproducible prediction of clinically 
relevant AMR phenotypes from genomic data, and in this case demon-
strate utility for Salmonella spp. using the AMRFinderPlus tool and the 
NCBI database. At this point, these approaches can only identify those 
resistance determinants that are in the databases, meaning there may 
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Fig. 1 | Development of antimicrobial resistance. In bacteria, antimicrobial 
selection pressures such as biocides, pesticides, air pollution, chemicals, 
metals and antibiotics influence three key mechanisms — transformation, 
transduction and conjugation — by which bacteria acquire and transfer genetic 
material, including antimicrobial resistance genes (ARGs). These processes 
contribute to the evolution and dissemination of antimicrobial resistance (AMR) 
in bacterial populations. Additionally, pre-existing resistance genes from diverse 
bacterial flora, aided by the action of insertion sequences, gene cassettes and 
transposons, can be transferred onto larger mobile genetic elements (MGEs), 
such as plasmids, enhancing their mobilization between bacterial cells.
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be limitations with unusual species or resistance mechanisms, and 
biases towards clinically relevant species.

Phylodynamics for AMR surveillance
AMR presents a constantly evolving threat. To understand and mitigate 
the impact of AMR it is thus insufficient to target only ARGs for genomic 
surveillance. The complexity of the AMR threat results, in part, from the 
inextricable linkage between the evolution, proliferation and transmis-
sion of ARGs, MGEs and their microbial hosts. A promising approach 
for gaining insights into this linkage is phylodynamics, which combines 
microbial epidemiological data with phylogenomic data to model and 
understand evolutionary histories and microbial ecology. It can be 
performed at different spatiotemporal scales and has the potential to 
enable greater insight than microbial epidemiology or phylogenom-
ics alone. Phylodynamics can reveal, for instance, how highly resolved 
bacterial strains are spatially disseminated, how the prevalence of a 
genomic feature has changed over time and how the evolution of patho-
genicity links to the evolution of AMR loci33,34. Although phylodynamic 
methods are mature for viruses, bacterial phylodynamics is an emerg-
ing field35,36, because larger genomes lead to exponential increases in 
computation. Ultimately, the expectation is that phylodynamics can be 
incorporated into the genomic surveillance toolkit for analysis and data 
visualization (Fig. 3). The potential applications of this approach are 

reviewed by Ingle et al.37, with an early example of its application applied 
to understanding outbreaks of methicillin-resistant Staphylococcus 
aureus (MRSA) in Papua New Guinea34.

Microbial genomics and metagenomics for AMR surveillance
WGS and metagenomics have emerged as valuable tools for monitor-
ing AMR in various environmental contexts. When applied to hospital 
wastewater and sewage, these techniques enable the identification 
of AMR genes, tracking their prevalence and monitoring the dissem-
ination of resistance38. By analysing urban wastewater and sewage 
treatment plants, important information regarding AMR profiles, the 
abundance of resistant bacteria and genes in urban environments, and 
the effectiveness of sewage treatment in curbing AMR transmission can 
be obtained39. In agricultural settings, WGS and metagenomics enable 
the tracing of AMR transmission among animals, the environment and 
humans, thereby supporting efforts to promote responsible antibiotic 
use and prevent the spread of resistance20. Furthermore, the analysis 
of environmental samples from aquatic and terrestrial ecosystems 
using WGS and metagenomics provides valuable insights into the 
presence, diversity and sources of AMR dissemination, enhancing 
our understanding of resistance dynamics in the environment40.

Both microbial genomics and metagenomics are powerful tools 
for AMR surveillance, but each has its own advantages and limitations. 

Box 1

The growing global threat of antimicrobial resistance
The evolution of antimicrobial resistance (AMR) is a complex 
process sustained by many interconnecting factors, including 
the overuse and misuse of antibiotics, metals and disinfectants 
in medicine and agriculture, and widely varying standards of water, 
sanitation and hygiene160. These stressors can generate reactive 
oxygen species, interfere with DNA replication or inhibit cell wall 
synthesis, processes that are known to trigger the SOS system161–163, 
a potent inducer of horizontal gene transfer (HGT)164–166. Various 
mechanisms can contribute to the dissemination of resistant 
bacteria and antibiotic resistance genes (ARGs), including waste 
streams38–41,167,168, migratory, wild and urban-adapted animal 
species10,119–122,169, international travel170,171, food mobility and trade64, 
prevailing winds172,173, ship ballast water discharge174,175, companion 
animals176,177, insects178 and manuring practices179,180.

Faecal contamination plays a part in AMR dissemination through 
a One Health lens. Antibiotic consumption by humans continues 
to increase181 but is outweighed, on a tonnage basis, by antibiotic 
usage in agriculture182,183, where it is expected to rise based on current 
trajectories184,185. For many antibiotics, a considerable fraction of 
the administered dose is poorly absorbed and is, instead, excreted 
into wastewater and downstream environments as pharmaceutical 
waste186. If organic fertilizers such as manure are not appropriately 
managed, antibiotic residues and heavy metals (also selective 
agents for AMR) can be released into agricultural and aquatic 
environments, as can already antibiotic-resistant bacteria, where they 
form reservoirs of agents capable of exerting selective pressure for 
AMR168,187. In 2014, the total faecal mass, mostly generated by animal 

production, was estimated at 3.9 × 1012 kg per year188. Animal industries 
and regulators are increasingly aware of the issue, but recognition 
(and subsequent action) varies greatly across jurisdictions, and the 
ability and willingness to intervene and change practice also differs 
geographically.

Climate change is also predicted to have an impact on AMR, as it 
is expected to broaden the geographic locations to which diseases 
are currently restricted189,190. Moreover, higher temperatures have 
been linked to an increased incidence of pathogenic bacteria 
in humans and AMR infections191 as well as a higher frequency 
of HGT192. Climate change is also linked to increasing incidence of 
extreme weather and associated events, such as floods, droughts 
and cyclones, all of which affect disease prevalence, outbreaks and 
other interlinked stresses, such as food and water insecurity, 
crop failure, malnourishment and migration193. Failures in water, 
sanitation and hygiene caused by such events will significantly 
impact on disease risk and, hence, antimicrobial use and resistance. 
This is true not only for humans but also for animals, and will 
thus increase the already significant challenge of improving 
antimicrobial stewardship in agribusiness and food production. 
The impact of climate change has been modelled for vector-borne, 
foodborne and zoonotic infections190,194 and is also relevant to 
soil-borne and water-borne pathogens195,196. A systematic analysis 
using empirical examples of human pathogenic disease affected by 
climatic hazards sensitive to greenhouse gas emissions found that 
58% (218 out of 375) of known human pathogenic diseases can be 
affected by climate change197.
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The main advantage of sequencing single isolates is that it provides a 
higher level of resolution, enabling the identification of not only ARGs 
and AMR mutations but also their genetic context. Microbial genom-
ics advances our knowledge of complex resistance regions (CRRs) 
and pinpoints the precise mechanisms behind the transfer of AMR 
between bacterial species and their hosts. However, microbial genom-
ics may not capture the diversity of a studied population. Conversely, 

metagenomics offers a major benefit to AMR genomic surveillance 
over sequencing of an isolated individual microorganism: the ability 
to detect and quantify large numbers of ARGs in a single sample41. 
Metagenomic studies have drawn attention to reservoirs of ARGs 
within humans, animals and environments, such as wastewater, and 
suggested routes of transmission of ARGs42,43. Many microbes cannot 
be cultured, and a significant benefit of metagenomics is that it allows 
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for surveillance of a much broader range of microorganisms than 
possible by traditional culture-based microbial genomics. Observing 

this broader range is important because of the high levels of genetic 
exchange that occur between different bacterial species and strains. 
The propensity for exchange creates a need to observe ARGs present 
in non-pathogenic strains as well as pathogens44–47.

However, the direct detection of ARGs, virulence determinants or 
MGEs from metagenome sequence reads is less straightforward than 
using sequence data from isolates, due to noise in the more complex 
metagenome data set. Key among these challenges is low abundance 
amidst large quantities of unhelpful sequence data. Consider, for 
example, the context of short-read metagenomics and screening 
wastewater samples for ARGs. Standard approaches such as untar-
geted shotgun metagenomics, which sequences to a screening depth 
constrained by staying within reasonable costs, are likely to miss or 
produce low coverage and confidence around the presence, absence 
or abundance of rare genes (such as those in emerging resistant patho-
genic pandemic strains). The low abundance also has implications 
for application of machine learning methods to the data. Machine 
learning methods typically require many training samples to develop 
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amplification and gives long-range context. Molecular techniques such as Hi-C 
allow the chromosomal range and plasmid source to also be captured. Quality 
control and filtering: sequencing reads can be filtered in multiple ways. Trimming 
or removal based on quality scores or length is common. In silico enrichment or 
depletion can be performed by comparison with known target sequence 
databases. Removal of human or host reads is a common step in bioinformatics 
pipelines. Assembly: cultured isolates can be reconstructed using de novo 
assembly. Short sequence reads will result in a draft genome made on many 
contigs; depending on downstream applications, genomes may be required 
to meet more or less stringent quality control criteria pertaining to genome 
contiguity. Long-read sequencing and Hi-C generally result in a finished, closed 
genome sequence. Metagenome assembly is more challenging, and results 
vary depending on the diversity of the microbial community being processed. 
After metagenome assembly, binning of contigs into metagenomics-assembled 
genomes (MAGs) representing candidate isolate genomes is often performed. 
Analysis: analyses can be performed directly on the filtered reads (or k-mers 
within), or on the genome assemblies and MAGs. Appropriate analyses depend 
on the questions being asked, but common tasks are looking at taxonomic 
content, examining relationships of genomes to previously collected genomes 
for surveillance, discovery of new lineages and genotypes, and monitoring of 
antimicrobial resistance genes and mechanisms. Visualization: the presentation 
and reporting of data from a One Health surveillance programme will vary with 
the audience and potential actions. It is at this point that metadata outside the 
genomic domain will be integrated and presented in various forms, such as 
overview dashboards, annotated phylogeographics, statistical summaries and 
alerts. Discovery: there is an important feedback cycle in a genomic surveillance 
programme. As genomic data are collected over time, they are added back 
into global sequence databases, allowing improvements in enrichment panel 
designs, better in silico databases for filtering and enhanced understanding of 
diversity within our sampling domain. *Sequencing instrument can selectively 
sequence or reject on the basis of database similarity. mNGS, metagenomic 
next-generation sequencing; OTU, operational taxonomic unit.
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accurate predictions. To address the issue of unwanted nucleic acid 
amplification, several depletion (reducing the unwanted nucleic acid) 
or enrichment (increasing the target nucleic acid) steps are possible, 
including hybridization arrays, CRISPR, poly(A) tail selection for 
enrichment or riboZero (Fig. 3).

The lack of AMR genetic contextual data faced by short-read 
metagenomics is being addressed by long-read metagenomics. Cou-
pled with improvements in high molecular weight DNA extraction 
techniques, MAG binning algorithms and long read-specific metagen-
omic assemblers48–51, the recent advent of long-read metagenomics has 
enabled the retrieval of completed plasmid sequences directly from 
complex metagenomic samples48,49,52. This was previously a severe 
limitation of short-read MAG binning approaches because of problems 
in assembling plasmid sequences from short-read data and the inability 
to provide the genetic context for ARGs. Although significant advances 
have been made in the approach to metagenomic sampling for pathogen 
and AMR surveillance, there remains much scope for optimization, 
which will further enable metagenomics to become a major component 
of AMR surveillance globally.

Combining genomic technologies to generate actionable 
insights
The digital nature of genomic data makes them highly interoperable, 
reproducible and amenable to machine learning and geographic infor-
mation systems, and they can be combined with other data streams to 
enhance tracking, tracing and tackling of AMR and emerging patho-
gens. Integration with artificial intelligence and machine learning sys-
tems can enable powerful decision support. Artificial intelligence and 
machine learning models have recently been developed for a breadth 
of applications within this space, including identification of AMR 
outbreaks53, prediction of resistance and virulence phenotypes22,54, 
the host range55 and the source attribution of strains and their genetic 
material56–58. Source attribution models and geographic information 
systems, through effective combination and use of WGS data and 
high-quality metadata, are likely to play important parts in the decon-
volution of complex bacterial transmission networks and assist in the 
targeting of intervention strategies to mitigate the impact of high-risk 
bacterial populations. As these and other machine learning technolo-
gies start to roll out across health jurisdictions at an ever-increasing 
pace, they are likely to become critical infrastructure in the fight against 
infectious disease and AMR.

Notwithstanding the power of genomic technologies, it is evi-
dent that multi-method approaches are required to provide action-
able insights to prioritize and manage AMR mitigation strategies and 
evaluate the effectiveness of interventions. For example, multi-method 
surveillance (that is, metagenomics combined with WGS and quantita-
tive PCR) is essential to quantify AMR removal efficiencies by domestic 
wastewater infrastructure and inform epidemiological and human 
health risk assessment models42. Benchmarking and threshold data 
(that is, data to support security protocols) are needed to inform evo-
lutionary, epidemiological and other risk modelling efforts and to 
provide environmental regulators and managers with environmental 
quality standards and compliance guidelines to support informed 
management40,43,59.

One Health AMR surveillance
In 2019, global annual deaths involving AMR were estimated at 
4.95 million, with low and middle-income countries (LMICs) bearing 
the highest burden44,60,61. There is an urgent need to reduce the drivers 

(that is, selection pressures) of AMR and improve sanitation and stew-
ardship practices at a global level, while ensuring that all countries have 
adequate access to these essential drugs. Diverse mitigation strate-
gies are needed and will require greater collaboration and engagement 
across diverse disciplines including skills within and external to medical, 
veterinary and pharmaceutical professions, as well as a willingness from 
all nations to tackle AMR and enhance the longevity of current and future 
antibiotics62–67 (Box 2). Curtailing AMR is considered essential to meet 
the UN Sustainable Development Goals, which aim to address poverty, 
hunger and inequality and prioritize healthy lives, by 2030 (ref. 68).

Tackling AMR in LMICs is especially challenging, as human and 
animal proximity, coupled with less stringent antibiotic-prescribing 
practices and insufficient sanitation and biosecurity infrastructure, 
provide favourable conditions for the selection and spread of resistant 
bacteria60,69. Many LMICs have action plans to tackle AMR, but studies 
have highlighted poor governance and accountability, inadequate 
funding and corruption as major impediments to implementing AMR 
mitigation strategies70,71. Access to clean water, improved sanitation 
and hygiene in healthcare facilities and in the community at large, par-
ticularly in LMICs, are a priority72 but will be limited in impact without 
implementation of internationally coordinated efforts among public 
health agencies, veterinary agencies, environmental agencies and 
other relevant stakeholders to collect and analyse data on AMR and its 
drivers across different sectors, that is, One Health AMR surveillance. 
The utility of such an approach, albeit on a small scale, is highlighted 
in a recent WGS study of E. coli in livestock-keeping households in 
Nairobi, Kenya. The study showed that it is possible to draw insight 
into strain-sharing events and identify key transmission pathways 
across households and hosts73. LMICs frequently encounter limitations 
regarding financial resources, a scarcity of trained professionals, and 
inadequate sequencing and bioinformatics capabilities, all of which 
are crucial for analysing genomic data. Moreover, the absence of nec-
essary frameworks and guidelines to address ethical considerations 
adds further complexity to the implementation of genomics-based 
surveillance in LMICs. To address these challenges, there is an imme-
diate necessity to standardize and modularize methodologies for 
tracking AMR to ensure their accessibility and applicability in LMICs. 
Additionally, the establishment of robust systems for sample archiv-
ing and data sharing plays a pivotal role in enhancing AMR surveillance 
and facilitating effective interventions. Large-scale amendments in 
waste management infrastructure (municipal, medical, veterinary 
and agriculture), the promotion of circular economic strategies and 
other sustainable agricultural practices74 at all scales will likely play 
a key role in mitigating AMR75.

Genomics needs to be at the heart of surveillance as it is required 
to unravel the complexities of AMR by identifying emerging resistant 
microorganisms and the MGEs that purvey AMR, hot spots for HGT and 
host-associated MGEs, to inform stewardship practices, to define baseline 
resistance data that inform the impact of implemented mitigation strate-
gies and for tracking pathogen transmission in hospital and veterinary 
clinical environments and across hosts and environments14,39 (Box 2).

Study design and metadata for One Health AMR surveillance
Depending on the specific research or management objective, the 
study design for One Health AMR surveillance may require a combi-
nation of molecular and culture-based methods and/or integration 
and analysis of multiple data streams40. The integration of multiple 
data streams for analysis and insight generation is a major chal-
lenge for multi-sectoral surveillance of AMR and demands that data 

http://www.nature.com/nrg


Nature Reviews Genetics | Volume 25 | February 2024 | 142–157 149

Review article

Box 2

Practical recommendations to implement genomics-enabled 
surveillance and mitigation strategies
Establishing a national One Health antimicrobial 
resistance (AMR) surveillance programme incorporating 
genomics

 • Develop an integrated national AMR surveillance programme 
encompassing human health, animal health, agriculture, food 
and environmental management sectors.

 • Establish standardized protocols and guidelines for 
consistent data collection, analysis and reporting linked to 
genomic data.

 • Foster collaboration and data sharing among stakeholders, 
including healthcare facilities, veterinary services, agricultural 
industries, environmental agencies and research institutions.

 • Use advanced genomic data analytics tools and techniques 
to identify patterns, trends and emerging resistance profiles to 
inform policy decisions, identify risks and evaluate mitigation 
strategies.

Increase AMR awareness and education and foster 
collaboration

 • Raise awareness of the links between antimicrobial use  
and AMR.

 • Promote interdisciplinary genomics research and surveillance 
programmes that consider human, animal, plant, food and 
environmental health interconnectedness.

 • Implement public awareness campaigns to educate people  
about the risks of AMR and the importance of responsible 
antibiotic use.

 • Increase public awareness about the links between climate 
change, water, sanitation, hygiene and disease risks.

 • Provide waste and residue management education and  
training.

 • Promote knowledge exchange and sharing of best practices.
 • Deliver targeted education and training programmes for 
healthcare professionals, veterinarians, farmers and other 
stakeholders on AMR surveillance and mitigation strategies.

 • Facilitate collaboration across industries and sectors.

Enhancing laboratory capacity in lower and middle-income 
countries (LMICs)

 • Invest in strengthening laboratory capacity for AMR 
surveillance, ensuring adequate resources, equipment and 
skilled personnel, including appropriate implementation 
of genomics tools.

 • Implement quality assurance measures, proficiency testing 
and accreditation programmes to ensure reliable and accurate 
laboratory results.

 • Foster collaborations between national and international 
laboratories.

 • Develop investment cases for appropriate deployment 
of genomics for AMR surveillance in LMICs.

Encouraging research and innovation
 • Invest in research on the environmental impact of faecal 
contamination and antibiotic usage in agriculture related 
to AMR dissemination.

 • Develop innovative solutions for alternative farming practices 
and waste management technologies.

 • Foster research on the interactions between climate change, 
pathogens and AMR.

 • Invest in genomics and surveillance tools for effective AMR 
surveillance and management.

 • Promote standardization of genomics tools for consistent 
and reliable results.

 • Allocate resources for AMR surveillance and mitigation research, 
including studies on resistance mechanisms, transmission 
dynamics and intervention strategies.

 • Encourage innovation in diagnostic tools, technologies and 
surveillance methodologies for improved AMR detection 
and tracking.

 • Facilitate collaboration between researchers, industry and 
policymakers to translate research findings into practical solutions 
and evidence-based policies.

 • Develop surveillance systems to track water-borne and foodborne 
diseases, as well as AMR patterns.

Strengthening regulation and oversight in agriculture
 • Implement regulations that ensure responsible antibiotic use 
in agriculture.

 • Develop guidelines for management of water, waste and organic 
fertilizers to prevent the release of antibiotic residues and 
heavy metals.

 • Enhance collaboration between animal industries, regulators 
and researchers to address antibiotic usage in agriculture.

Improving antibiotic stewardship
 • Implement strategies to reduce unnecessary antibiotic 
prescriptions and promote appropriate use incorporating 
genomic surveillance data.

 • Enhance education and awareness among healthcare 
professionals and the public about AMR and responsible 
antibiotic use.

 • Establish antimicrobial stewardship programmes in healthcare 
facilities to monitor and optimize antibiotic usage.

 • Promote alternative approaches in agribusiness, such as 
agroecology and responsible antibiotic use in animal husbandry.

 • Implement regulations that ensure responsible antibiotic use 
in agriculture. Develop guidelines for proper management of 
organic fertilizers, preventing the release of antibiotic residues 
and heavy metals.

 • Enhance collaboration between animal industries, regulators 
and researchers to address antibiotic use in agriculture.
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management (storage, sharing, governance, security, and national and 
global data aggregation) be prioritized and end users be considered 
in the study design.

Mixed-method approaches typically generate data streams with 
different characteristics and structures that need to be integrated 
to derive informed insights. To ensure interoperability of data infra-
structure and assets, standardized metadata collection and suitable 
quality controls need to underpin data storage and analysis frame-
works. Additionally, those frameworks must be flexible. Stakeholders 
and end users vary in digital readiness and informational needs, and 
monitoring preferences vary and require alignment to support One 
Health insights. To transform data into knowledge, both supervised 
and unsupervised learning approaches are needed, with relevant data 
streams including quantitative PCR and high-throughput targeted and 
untargeted genomics.

Developing thresholds for One Health AMR transmission
A concept that is yet to be defined for a One Health context is the con-
cept of phylogenetic ‘relatedness’. The value to surveillance of bacterial 
phylogenetic approaches has been demonstrated through its use in 
restricted epidemiological environments to detect bacterial species 
outbreaks and transmission events. For example, the transmission of 
drug-resistant Klebsiella spp. in hospitals across Europe found clear 
phylogenetic clustering at the facility level, and identified a putative 
‘SNP cut-off’ (n = 21) for identifying transmission76. Establishing this 
type of SNP threshold can be used to better identify transmission 
events and track outbreaks in the right context. However, mutation 
rates can differ between commensal bacteria and pathogens77,78, and 
certain mutations may be directly related to a change in host species 
but, possibly, be transient79, adding complexity in defining thresh-
olds across sectors80. An important difference between tracking 
transmission in outbreaks within restricted epidemiological settings 
and multi-sectorial AMR surveillance is the likelihood that there will 
be the opportunity for a high enough sampling density to identify 
closely linked genomic–epidemiological clusters and transmission 
events. Such a level of sampling intensity during One Health surveil-
lance is much less likely than in the example of hospital-level outbreak 
surveillance. In contrast to the earlier example of the Klebsiella spp. 
outbreak in European hospitals76, the investigation of Klebsiella spp. in a  
One Health context in northern Italy did not identify phylogenetic evi-
dence of significant transmission between sectors81, suggesting that, in 
this context at least, there was little evidence of species transmission 
between human and non-human sectors. Nonetheless, developing 
phylogenetic ‘thresholds’ for multi-sectoral genomic surveillance will 
assist in implementing genomics-enabled surveillance approaches 

for identifying cross-sectoral species transmission and assessing 
and/or developing interventions. To take wastewater management 
as an example: assessment and choice of appropriate engineering and 
other interventions will require careful sampling and laboratory-scale 
or pilot-scale experiments to determine the requirements to break 
transmission chains. If critical control points, such as wastewater treat-
ment plants, are used as a target for intensive sampling, it is likely that 
sufficient power will be achieved to enable meaningful comparison of 
the effects of different interventions on transmission.

The ecology of AMR
Much of our understanding of AMR is derived from detailed genomic 
studies of pathogen populations derived from clinical settings.  
In healthcare settings, the ESKAPE-E pathogens — so named for  
the Gram-positive species Enterococcus faecium and S. aureus, and the  
Gram-negative species Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, Enterobacter spp. and E. coli — are 
responsible for most antibiotic-resistant infections82–85. Although  
antibiotic-resistant Gram-positive ESKAPE-E pathogens remain impor-
tant, the number of MRSA infections has stabilized or fallen in recent 
years86,87, in part because they respond to clinical control strategies 
better than Gram-negative ESKAPE-E members83,85. Infections caused by 
MDR Gram-negative ESKAPE-E pathogens continue to escalate globally, 
and are considered a greater AMR threat owing to their ability to occupy 
a broad range of environments, disseminate widely by the faecal–oral 
route and acquire resistance to nearly all antibiotic classes by HGT14,88–91.

ARGs are ancient92, predating the rapid rise in the use of antimicro-
bial drugs in clinical and agricultural settings over the past century14. 
Many ARGs have their origins in environmental bacterial species, with 
evidence showing clinically important ARGs being introduced into key 
pathogens from Leclercia (fosfomycin resistance gene fosA8)93, environ-
mental Shewanella spp. (fluoroquinolone resistance gene qnrA94 and 
carbapenemase blaOXA-48 (ref. 95)), Kluveria (ESBL blaCTX-M)96,97 and plant 
pathogens (carbapenemase blaNDM-1 (ref. 98)), whereas mcr-1 (colistin 
resistance) may have its origins in non-human pathogenic bacteria that 
circulate in intensive animal production99. K. pneumoniae may play an 
important role in this regard as it may act as a conduit for ARGs from 
environmental to clinically important bacteria88. AMR in A. baumannii 
is also likely to have important links to the environment100,101. Although 
the initial mobilization of ARGs is a rare event, it need only happen once 
in a single location, after which antimicrobial selection pressures may 
ensure rapid spread within a locality and, depending on their fitness 
cost, across bacterial species and wider geographic locations3,14.

The application of genomics across the One Health spectrum has 
already yielded important insights into transmission dynamics between 

Fig. 4 | Plasmids as mobile genetic elements that drive antimicrobial 
resistance. A, Class 1 integrons and complex resistance regions (CRRs). 
Illustration of how selection pressures on class 1 integrons can lead to the 
formation of CRRs (panel Aa). An example of a CRR identified in an HI2 plasmid 
(pCE1537-A, accession number MT232840) from an Escherichia coli isolate 
sourced from a silver gull (panel Ab). B, Antimicrobial resistance (AMR) plasmids 
in Enterobacteriaceae. The acquisition of mobile genetic elements (MGEs) 
by commensal E. coli drives the evolution of pathotypes and/or AMR — the 
determinants of AMR are shared with other bacterial species in proximity, for 
example, within biofilms (panel Ba). Chord diagram depicting the plasmid reps 
(identified using PlasmidFinder) found in 7,634 completed plasmid sequences 
from the NCBI (National Center for Biotechnology Information) database 

harbouring antibiotic resistance genes (ARGs) (identified using ResFinder) 
(E. coli = 2,027 plasmids; Enterobacter spp. = 1,520; Klebsiella pneumoniae = 1,254; 
Morganella spp. = 46; Proteus spp. = 235; Providencia spp. = 114; Salmonella 
spp. = 1923; Serratia spp. = 166; Shigella spp. = 349). The bandwidth is 
proportional to the number of plasmids per bacteria group and the number of 
total individual plasmid replicons, and plasmid replicons that were present in <5% 
of any bacterial group were excluded (panel Bb). Chord diagram representing 
shared ARGs in the same plasmid sequences from panel Bb. Band widths are 
proportional to number of plasmid sequences for each bacterium and the total 
individual ARG counts, and ARGs that were present in <5% in any bacterial group 
were excluded (panel Bc).  MRG, metal resistance gene.

http://www.nature.com/nrg


Nature Reviews Genetics | Volume 25 | February 2024 | 142–157 152

Review article

humans, companion and food-producing animals, the environment 
and wildlife in developed countries13,102,103 and in LMICs73,104. The role 
of colonizing opportunistic pathogens is substantial in this regard and 
has important ramifications for addressing AMR105. These, and many 
other observations106, underscore the importance of understanding the 
ecology of AMR from a One Health perspective. Nonetheless, consider-
able knowledge gaps remain in understanding the ecology of AMR in 
commensal and environmental microbial populations.

A One Health indicator organism for 
monitoring AMR
Although no one bacterial species can fully represent AMR patterns in 
other bacterial species or specific settings, E. coli surveillance through 
a One Health lens offers several advantages for monitoring AMR.

Genomic surveillance of E. coli
A major advantage of E. coli is that both healthy and diseased popula-
tions can be monitored, on account of E. coli being a natural component 
of gut microbiota (that is, commensal). Another advantage is that E. coli 
is a multi-sectoral organism. It can survive and thrive in soil, plants, 
wastewater and surface waters, and even establish an existence within 
free-living protozoa107. Treatment for E. coli infections often crosses 
over humans and animals; depending on the geographic location and 
antimicrobial stewardship guidelines, the same antibiotics used to 
treat human E. coli infections are used in veterinary medicine. Multiple 
antibiotic-resistant E. coli populations encoding resistance to clini-
cally important antibiotics can be found in retail meats, fresh produce, 
companion animals and synanthropic wildlife populations10,108–122.

In humans, E. coli is one of the first organisms to colonize the 
gastrointestinal tract, where it remains for life and becomes the most 
prevalent member of the Enterobacteriaceae in the healthy human 
gut123,124. E. coli becomes pathogenic through the acquisition of viru-
lence genes, generally carried on MGEs, such as plasmids, phages 
and genomic islands. Pathogenic E. coli that causes gastrointestinal 
foodborne illnesses is known as intestinal pathogenic E. coli. E. coli 
that causes disease outside the intestine (for example, urinary tract 
infections (UTIs), bloodstream infections, wound infections, menin-
gitis and ventilator-associated pneumonia) is known as extraintestinal 
pathogenic E. coli (ExPEC). E. coli navigates gut colonization with fre-
quent expulsion into the environment, where it becomes exposed to 
diverse selection pressures (Fig. 1), colonizes new hosts and exchanges 
genetic information by HGT. In wastewater, sanitation-resistant E. coli 
lineages that have acquired a locus of heat resistance, a chromosomally 
harboured MGE, bestowing resistance to extreme heat, chlorine and 
oxidizing agents have been described125. A similar scenario is unfolding 
in the food industry where E. coli carrying the locus of heat resistance 
has been identified, posing food safety concerns126.

Interest in E. coli as a One Health indicator organism for AMR is 
increasing, driven by a growing avalanche of observations. For example, 
from 1980 to 2010 there was a demonstrable increase in the frequency 
of virulence gene carriage in E. coli in the commensal flora of healthy 
humans, correlated with the increase in carriage of a particular clonal 
type of E. coli — phylogroup B2 (refs. 127,128). Over the same period,  
E. coli has continued to acquire an impressive arsenal of ARGs128,129. 
ExPEC strains are the most frequently isolated Gram-negative bacteria, 
with resistance to diverse antibiotic classes rising130–132. ExPEC strains are  
the leading cause of UTIs, and approximately 400 million annual UTI 
cases occur globally with an estimated economic cost of approximately 
US $2 billion in the United States alone133 and more than US $6 billion 

globally. Third-generation cephalosporins are used to treat various 
bacterial infections, including UTIs. In E. coli, current rates of resist-
ance to third-generation cephalosporins (for example, cefotaxime) 
vary significantly between countries, but according to 2020 World 
Health Organization (WHO) Global Antimicrobial Resistance and Use 
Surveillance System (GLASS) data the median rates of cefotaxime 
resistance in E. coli causing UTIs was 44%, ranging from 3.5% in Norway 
to 93.8% in Burkina Faso. For E. coli causing bloodstream infections, 
the rates of cefotaxime resistance were similar, with a median of 38.5% 
and ranging from 5.3% in Norway to 90% in Côte d’Ivoire. E. coli is now 
recognized as one of the seven top global nosocomial MDR pathogens 
and extended spectrum β-lactamase (ESBL)-producing E. coli strains 
have been placed on the WHO list of critical-priority pathogens134.

ESBL-producing E. coli in WHO global genomic surveillance 
programmes
To begin addressing the AMR crisis using a One Health approach, the 
WHO, the Food and Agriculture Organization (FAO), the World Organi-
sation for Animal Health (OIE) and the United Nations Environment Pro-
gramme (UNEP) joined forces by way of the Quadripartite agreement135. 
Although a global, robust, multi-sectoral AMR surveillance programme 
is yet to be realized, in 2021 the WHO, in conjunction with the Advisory 
Group on Integrated Surveillance of Antimicrobial Resistance (AGISAR), 
developed the Tricycle protocol136. The Tricycle protocol describes a 
foundational AMR surveillance system that traverses the human, ani-
mal and environmental sectors. As a starting point, the protocol has 
opted to use a single indicator organism for AMR — ESBL-producing  
E. coli. ESBLs hydrolyse oxyimino-cephalosporins, drugs developed and 
introduced to overcome the earlier spread of blaTEM-1, which encodes 
resistance to broad-spectrum penicillins137,138. ESBL E. coli is thus resist-
ant to most β-lactam antibiotics, necessitating that ESBL E. coli infec-
tions be treated with last-resort antibiotics. Prevalence of ESBL E. coli 
colonization in humans and animals varies with time and place, and 
links have been shown between ESBL E. coli in the environment and food 
chain and human morbidity119.

Challenges of restricting genomic surveillance for AMR
Although the Tricycle protocol represents an important advance in 
undertaking systematic genomic surveillance across sectors, the 
restriction of genomic surveillance to ESBL-producing E. coli raises 
concerns139–141. The main concern lies with the risk that a selection 
criterion for surveillance (ESBL E. coli) will bias the interpretation of 
genomic data used to identify E. coli phylogenetic lineages and plas-
mids dominantly causing disease in humans. E. coli is a genetically 
complex organism, and its clinical relevance is site-specific. Currently, 
regulatory trends are moving to more precise markers, rather than 
indicators40. The potential for bias arises because E. coli causing UTIs 
is often a non-MDR isolate and does not show reduced sensitivity to 
extended spectrum β-lactams139,141. A recent study indicated that broad 
and unselected sampling regimes are needed to effectively evaluate 
plasmid sharing, diversity and evolution across human, animal and 
environmental niches103. Finally, failure to accurately identify phyloge-
netic lineages causing disease has ramifications for understanding the 
frequency of emergence of new bacterial threats (AMR or virulence), 
reservoirs and transmission vectors.

Another limitation in restricting AMR genomic surveillance to 
ESBL-producing E. coli is that it does not account sufficiently for the 
complex biological interplay between laterally acquired and resi-
dent gene networks, which influences the fate of laterally acquired 
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genetic cargo. This concept lies at the heart of pathogen emergence. 
Clonal expansion and gene/mobile element acquisition are differ-
ent evolutionary mechanisms at play during pathogen emergence127. 
Plasmid acquisition can influence host range and horizontal gene plas-
mid behaviour12,142, shape chromosomal evolution143 and play an 
important role in the emergence of new pathogens144.

Plasmid mobility is currently underappreciated in One Health 
analyses103. Plasmids are critical MGEs to observe in the context of 
One Health AMR because CRRs are frequently located on plasmids 
that circulate widely in the Enterobacteriaceae145–148. As the literature 
on AMR plasmids tends to focus on ESKAPE-E pathogens, other WHO 
priority pathogens have been somewhat overlooked, including those 
in the critical category such as Morganella, Proteus, Providencia and 
Serratia spp. Nevertheless, members of Enterobacteriaceae often 
reside within bacterial communities and biofilms in which genetic 
material is readily shared.

The mechanisms behind the acquisition, assembly and mobiliza-
tion of ARGs are vast and have been recently reviewed2. CRRs often carry 
class 1 integrons (Fig. 4A), genetic elements that play a central role in 
the purveyance of MDR because of their ability to capture and express 
diverse resistance gene cassettes from widely divergent sources. Inser-
tion elements such as IS26 form part of the IS6/IS26 family of insertion 
elements, and are common in CRRs where their presence can facilitate 
the creation of larger and varied CRRs2. The formation of hybrid plas-
mids, generated by the fusion of two unrelated plasmids by the action 
of insertion elements, such as IS26, is increasingly documented149–151. 
Moreover, the activity of IS26 is thought to influence plasmid long-term 
persistence and molecular integrity (plasmid fitness); a growing body of  
evidence has linked the activity of insertion elements to the creation 
of mutations that alleviate the fitness costs imposed by the capture of  
CRRs and the MGEs that carry them152. IS26 plays a significant role 
in the formation and spread of CRRs2,153; is involved in the capture 
and mobilization of ARGs154; alters the conserved structure of the 
class 1 integron via the formation of deletions in the class 1 integrase and  
in the 3′ conserved segment155; and is widely disseminated in E. coli10 
and the Proteobacteriaceae more broadly. Notably, IS257/IS431 
elements found in Gram-positive bacteria that are functionally simi-
lar also belong to the IS6/IS26 family156. A snapshot of the distribu-
tion of ARGs and the plasmid types that carry them between nine 
Enterobacteriaceae is provided in Fig. 4B.

If sequence data are too restricted by the choice of monitoring 
target, they may not allow for distinguishing selection pressures that 
cause AMR to evolve157 and those that influence how E. coli acquire 
virulence and ARGs. For example, wildlife may not be the recipients of 
antibiotics but they have an increasingly important role in the carriage 
and, potentially, the evolution of highly drug-resistant enterobacterial 
lineages10,158. For the biological reasons presented above, we believe 
that all E. coli strains (commensal and pathogenic) should be included 
in One Health genomic surveillance of AMR, as is already occurring in 
some surveillance programmes159.

Conclusions
The evolutionary nature of AMR makes it a constantly changing and 
evolving threat. There is no easy solution to AMR, but a combination 
of approaches is required, including ongoing surveillance. Genomic 
technologies have become indispensable tools for understanding AMR 
spread and evolution, enabling the tracing of clonal expansion and 
transmission of existing and emerging pathogens as well as MGEs that 
capture and spread AMR. Genomic technologies are revolutionizing 

how we conduct the surveillance of microorganisms that pose a threat 
to humans, food production systems, soil and water quality, and wild-
life. They allow us to garner a deeper understanding of the role of the 
environment, human and commercial activities in the evolution and 
spread of AMR and pathogens, and can thus support the often called 
for but so far unimplemented One Health approach to national and 
global AMR surveillance and management. This One Health approach 
is central to understanding AMR and pathogen evolution and, most 
importantly, mitigating it.
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