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Automating AMR Gene Detection
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Building an AMR Database

HMMs
>600

Alleles
4,942

Domain experts
Bush and Jacoby (beta-lactamases)
Marilyn Roberts (MLS/tetracycline)
Pasteur Institute (beta-lactamases)

Large scale databases
FDA Center for Veterinary Medicine
ResFinder
The C.A.R.D. (~monthly exchanges)

Manual extraction from literature
Ongoing curation of beta-lactamases,
Qnr, and MCR

ResFams
Select
Set cutoffs

New HMMs
Group sequences
Align
Build HMM
Set cutoffs

Validation

allele = unique protein (blaTEM-1)
gene = set of related proteins (sul1)



The Role of Manual Curation

• Only full-length genes are included
• important for identifying best hit

• Start sites are curated
• attC sites are removed
• leader peptides verified

• Protein names are standardized in format for bioinformatic ease
• Gene symbol (name) hierarchy is curated
• HMM cutoffs are verified to include known AMR genes, and exclude related 

sequences that do not affect AMR
• Haft, DH, et al., 2018 PMID: 29112715

http://ncbi.nlm.nih.gov/bioproject/PRJNA313047



The Utility of HMMs: ‘Beta-lactamases’ in GenBank
• Examined GenBank protein sequences that had ‘beta-lactamase’ in 

product name and not described as partial or synthetic constructs:
• Only 11% of sequences (108,386/1,030,160) appear to be beta-

lactamases
• Only 20% of unique proteins (27,682/137,297) appear to be beta-

lactamases

• Examined 21 putative metallo-β-lactamases from metagenomic data that 
had been functionally characterized:

• AMRFinder correctly identified the 18 functional metallo-β-lactamases
• AMRFinder correctly did not call the 3 non-functional proteins as beta-

lactamases

Berglund et al. 2017. Identification of 76 novel B1 metallo-β-lactamases through large-scale 
screening of genomic and metagenomic data. Microbiome 5:134



Lessons Learned from Database Construction: Nomenclature



Lessons Learned from Database Construction: Nomenclature
• Aminoglycoside modifying enzymes (AMEs) 

• genes vs. alleles
• aac(6’)-Ib
• aac(3)-I

• two non-overlapping, partially complete nomenclatures
• OXA beta-lactamase nomenclature
• MCR: NCBI is now curating these genes (Partridge et al., 2018)

https://www.ncbi.nlm.nih.gov/pathogens/submit-beta-lactamase/

pd-help@ncbi.nlm.nih.gov



The Joy of Being Allele Curators
• NCBI, at request of experts, is assigning alleles for the following genes:

• Many beta-lactamases (‘Lahey’)
• Qnr (‘Lahey’)
• MCR

• Submitting an allele to GenBank with an incorrect name creates many 
problems

• People might use the GenBank record with incorrect nomenclature, not 
RefSeq curated nomenclature

• Collisions spoil the literature
• Editors, reviewers, and authors should check allele assignments with 

NCBI (and for other AMR genes with the assigning authority)
• Need more groups to standardize nomenclature for other genes
• contact pd-help@ncbi.nlm.nih.gov

• CARD github site



AMRFinder: Automating AMR Gene Detection
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AMRFinder Overview Hierarchical Structure
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BLAST
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genes
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Proteins
(or DNA)

4,942 resistance proteins
>600 HMMs
34 drug classes resisted
~50% beta-lactamases

Resistance to carbapenems
and other beta-lactam 
antibiotics.  

KPC family
Likely resistance to 
carbapenems and other 
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unknown specificity. 
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Protein name
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• AMRFinder now can search unannotated genomes
https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/



Need Comprehensive Test Case: NARMS Data

• National Antimicrobial Resistance Monitoring System
• tracks changes in the antimicrobial susceptibility of enteric bacteria 

found in ill people (CDC), retail meats (FDA), and food animals (USDA) 
in the United States

• Thousands of food-borne pathogens
• Both genomic and AST data are available

• AST data generated using standard NARMS Sensititre™ panels
• Allows us to confirm genotype predictions using phenotype data (AST)



Experimental Design
• Only examined those isolates that passed assembly validation checks
• Excluded isolates that had genotype-phenotype conflicts in three or more drug 

classes (0.5% of isolates)
• Examined 6,242 isolates:

• 294 C. coli isolates
• 476 C. jejuni isolates
• 47 E. coli isolates
• 5,245 S. enterica isolates

• For Campylobacter, point mutations for macrolide and fluoroquinolone 
resistance were also assessed, as previous work indicated they are the 
dominant mode of resistance (Zhao et al., 2015)

• For S. enterica, point mutations were assessed for fluoroquinolone 
resistance too (Tyson et al., 2017)



Overall Consistency Was High

# resistant 
observations

# susceptible 
observations

# predicted 
resistant

13,122 781

# predicted 
sensitive

622 73,154

N = 87,679

PPV = 0.955
NPV = 0.992 



AMRFinder-ResFinder Comparison
AMRFinder Resfinder

misclassification 0 247**
underspecification 5 0
overspecification 0 977**

• Gene calls for near identical regions on genomes were compared (+/- 40 bp) between 
AMRFinder and ResFinder 2.0 using default settings

• 88% of calls were identical between the two systems (Ntotal = 14,023)
• Misclassifications were due to missing sequences or differences in nucleotide and protein 

distances
• Overspecifications were either due to novel or partial sequences

• **When compared to ResFinder 3.1, found equidistant hits–1 correct answer, multiple 
incorrect answers

• Incorrect assignments can be important:
• Aminoglycoside modifying enzymes were miscalled: 

• 22 instances where aac(6’)-Ib* was miscalled as aac(6’)-Ib-cr
• aac(6’)-Ib-cr confers amikacin, tobramycin, and ciprofloxacin resistance*, while 

aac(6’)-Ib* do not confer resistance to one or more of these drugs



Lessons from the NARMS Analysis

• Overall, high consistency in all four species (N = 6,242)
• Resfinder had a high number of possibly overspecified gene symbol 

assignments relative to AMRFinder
• A hierarchical gene structure and high quality protein database are 

important for accurate gene calls
• Closest hit does not necessarily yield the correct AMR protein 

sequence



Finding KPC+/MCR+ isolates






Carbapenem sensitive, KPC-carrying isolates






Reference Gene Catalog






AMRFinderPlus



AMRFinderPlus



Conclusions

• Curation underpins quality automation and standardization
• Still outstanding nomenclature problems that can inhibit communication 

and  research
• Prediction in NARMS food safety-related isolates was very accurate
• Hierarchical structure of gene organization limits overspecification errors
• HMMs versus arbitrary identity thresholds

• ‘Beta-lactamases’ versus beta-lactamases
• If it’s new, investigate it!



Future Directions and Coming Attractions

• AMRFinderPlus (just released):
• New release of AMRFinder has point mutations for Campylobacter sp., 

E. coli, and Salmonella (29 genes covered)
• AMRFinderPlus output describes what drug or drug classes could be 

affected by that gene or mutation
• AMRFinderPlus optionally can identify: biocide, stress, heat, virulence
• Pathogen Detection Reference Gene Browser

• output similar to AMRFinder
• searchable 
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The NCBI team would like to learn more about workflows and 
user needs for large scale analyses of microbial 
genomes to support our users better. 

We would be especially interested in anyone interested in 
doing large-scale data analyses using cloud-based 
resources.

If you are interested in participating and would be willing to 
share your email address, contact us at 
info@ncbi.nlm.nih.gov.

Contact us at info@ncbi.nlm.nih.gov



NCBI Resources
AMRFinder is publicly available for use in your pipeline:
https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/

Curated AMR gene download:  
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA313047
AMR HMM download:
https://ftp.ncbi.nlm.nih.gov/hmm/NCBIfam-AMRFinder/
Table of AMR gene accessions and names:
https://www.ncbi.nlm.nih.gov/pathogens/isolates#/refgene/
Isolate Browser:
https://www.ncbi.nlm.nih.gov/pathogens/isolates

Questions:  pd-help@ncbi.nlm.nih.gov
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