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Antimicrobial resistance (AMR) mechanisms

Boolchandani, et al. Nat Rev Genet, 2019.



Genetic determinants of AMR

Boolchandani, et al. Nat Rev Genet, 2019.
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AMR databases: overview

Boolchandani, et al. Nat Rev Genet, 2019.



AMR databases: focus

• Broad in scope 
(species, AMR 
families, antibiotics)

• Build upon each other 
and add expertise

• Custom annotation 
tools

• Regularly updated 
and active



ResFinder: Overview

Bortolaia, et al. J Antimicrob Chemother, 2020. https://cge.cbs.dtu.dk/services/ResFinder/

• Acquired genes (n=2919) and/or chromosomal mutations
• Campylobacter spp.
• Campylobacter jejuni
• Campylobacter coli
• Escherichia coli
• Salmonella spp. 
• Plasmodium falciparum
• Neisseria gonorrhoeae

• Mycobacterium tuberculosis
• Enterococcus faecalis
• Enterococcus faecium
• Klebsiella
• Helicobacter pylori
• Staphylococcus aureus



ResFinder: Distribution of gene database

Bortolaia, et al. J Antimicrob Chemother, 2020. https://cge.cbs.dtu.dk/services/ResFinder/



ResFinder: Distribution of gene database

Bortolaia, et al. J Antimicrob Chemother, 2020. https://cge.cbs.dtu.dk/services/ResFinder/



ResFinder: AMR phenotype prediction results

Bortolaia, et al. J Antimicrob Chemother, 2020. https://cge.cbs.dtu.dk/services/ResFinder/ 
ResFinder results using Klebsiella pneumoniae plasmid (JN420336.1)



ResFinder: AMR genotype results (genes and chromosomal mutations) 

Bortolaia, et al. J Antimicrob Chemother, 2020. https://cge.cbs.dtu.dk/services/ResFinder/ 
ResFinder results using Klebsiella pneumoniae plasmid (JN420336.1)



ResFinder: AMR genotype results (genes and chromosomal mutations) 

Bortolaia, et al. J Antimicrob Chemother, 2020. https://cge.cbs.dtu.dk/services/ResFinder/ 
ResFinder results using Klebsiella pneumoniae plasmid (JN420336.1)



ResFinder: AMR genotype results (genes and chromosomal mutations) 

Bortolaia, et al. J Antimicrob Chemother, 2020. https://cge.cbs.dtu.dk/services/ResFinder/ 
ResFinder results using Klebsiella pneumoniae plasmid (JN420336.1)



Comprehensive Antibiotic Resistance Database (CARD)

• ResFinder
• ARG-ANNOT
• NCBI National Database of Antibiotic Resistant Organisms (NDARO)
• Antibiotic Resistance Genes Database (ARDB)
• Beta-lactamase Database..and more
• Literature & domain knowledge experts

Alcock, et al. Nucleic Acids Res, 2020. https://card.mcmaster.ca/, https://github.com/arpcard/state-of-the-card-2021



Antibiotic Resistance Ontology (ARO)

McArthur, et al. Antimicrob Agents Chemother, 2013. https://card.mcmaster.ca/ontology/36006



Antibiotic Resistance Ontology (ARO)

McArthur, et al. Antimicrob Agents Chemother, 2013. https://card.mcmaster.ca/ontology/36006



Predicting AMR determinants using Resistance Gene Identifier (RGI)

Comprehensive Antibiotic Resistance Database (CARD)

Bioinformatics model

Resistance Gene Identifier (RGI)

card.mcmaster.ca
Genomics reference sequence database Uses bioinformatics models to 
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Alcock, et al. Nucleic Acids Res, 2020. https://card.mcmaster.ca/analyze



CARD: Download

Alcock, et al. Nucleic Acids Res, 2020. https://card.mcmaster.ca/download



CARD:Live – Summary of user-submitted genome sequences

https://card.mcmaster.ca/live



CARD:Live – Summary of user-submitted genome sequences

https://card.mcmaster.ca/live



CARD:Live – Summary of user-submitted genome sequences

https://card.mcmaster.ca/live



CARD: Prevalence – Summary of NCBI genomes

https://card.mcmaster.ca/prevalence



CARD: Prevalence – Summary of NCBI genomes

https://card.mcmaster.ca/prevalence



CARD: Resistomes & Variants – Details of NCBI genomes

https://card.mcmaster.ca/genomes



CARD: Resistomes & Variants – Details of NCBI genomes

https://card.mcmaster.ca/genomes



NCBI: National Database of Antibiotic Resistant Organisms

https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/



NCBI: AMRFinderPlus database (Reference Gene Catalog) 

https://www.ncbi.nlm.nih.gov/pathogens/refgene/#, https://github.com/ncbi/amr/wiki/AMRFinderPlus-database

Database sources
• Lahey Clinic compilation of beta-lactamase sequences 

(http://www.lahey.org/studies/ and personal communications from Dr. George 
Jacoby and Karen Bush)

• Pasteur Institute collection of beta-lactamase sequences
• ResFinder
• Comprehensive Antibiotic Resistance Database (CARD)
• RAC and Integrall collections of AMR proteins found in integrons
• Center for Veterinary Medicine
• Marilyn Roberts personal communications
• "Oxford" - Derrick Crook personal communications
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NCBI: AMRFinderPlus

Feldgarden, et al. Sci Rep, 2021. https://github.com/ncbi/amr/wiki



NCBI: Other AMR resources

https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/resources/

• Isolate browser

• Pathogen Detection Reference Hidden Markov Model (HMM) Catalog
• Microbial Browser for Identification of Genetic and Genomic Elements (MicroBIGG-E)

• Submit sequence and phenotype data



PathoSystems Resource Integration Center (PATRIC)

Davis, et al. Nucleic Acids Res, 2020. https://docs.patricbrc.org/user_guides/data/data_types/antimicrobial_resistance.html



PATRIC: AMR database

• PATRIC (in-house)

• CARD

• NCBI National Database of Antibiotic Resistant Organisms (NDARO)

• ARDB

Davis, et al. Nucleic Acids Res, 2020. https://docs.patricbrc.org/user_guides/data/data_types/antimicrobial_resistance.html



PATRIC: AMR phenotypes

Davis, et al. Nucleic Acids Res, 2020. https://docs.patricbrc.org/user_guides/data/data_types/antimicrobial_resistance.html



PATRIC: Genomes

Davis, et al. Nucleic Acids Res, 2020. https://docs.patricbrc.org/tutorial/



PATRIC: Genomes

Davis, et al. Nucleic Acids Res, 2020. https://docs.patricbrc.org/tutorial/



PATRIC: Regions

Davis, et al. Nucleic Acids Res, 2020. 
https://www.patricbrc.org/view/FeatureList/?eq(feature_type,classifier_predicted_region)#view_tab=features&filter=or(eq(annotation,%22PATRIC%22))

• Computationally predicted small genomic regions associated with AMR



Summary of AMR databases and resources

ResFinder CARD/RGI NCBI 
AMRFinderPlus PATRIC

AMR context

Acquired 
resistance, 

chromosomal 
mutations

• Website
• Command-line

All (can include 
additional classes 

of genes) 
All

Annotation 
Usage

• Website
• Command-

line

• Website
• Command-line • Command-line • Website

• Command-line

Matched 
genotype-
phenotype 

isolates

No No Yes Yes

Other 
resources

• PointFinder

• Antibiotic Resistance Ontology
• CARD:Live
• CARD:Prevalence
• CARD:Resistomes&Variants

• Isolate Browser
• Hidden Markov Model 

(HMM) Catalog
• MicroBIGG-E

• PATRIC:Antibiotics
• PATRIC:Phenotypes
• PATRIC:Regions



Future directions

• Standardization of AMR databases

• Inclusion of metadata in AMR databases

• Specialized databases and tools for species (e.g., Mycobacterium tuberculosis)

• Harmonization of AMR resources


