












gests solutions in the form of a drop-down box of suggested ARO
or NCBI Taxonomy ontology terms based on the supplied text. As
the CARD is organized as an ontology-centered interface, selec-
tion of a suggested ontology term provides the user with a curated
catalog on antibiotic resistance genes, mechanisms, drugs, and
pathogens recorded in the CARD for the term selected. In fact,
examination of ARO terms is often the most powerful form of
search, as ontology term Web pages include precomputed molec-

ular sequence lists within the context of the ARO and the NCBI
Taxonomic ontology, e.g., “how many aminoglycoside acetyl-
transferase genes are recorded in the CARD for any strain of A.
baumannii?” These cross-references allow the user to browse lists
of antibiotic resistance genes, browse to specific gene sequences,
and generate multiple sequence alignments and are the product of
active curation of sequences available in GenBank associated with
peer-reviewed publications.

FIG 4 An ontology term Web page for tetracycline resistance gene tetX (ARO:3000205) in the CARD, providing descriptive, ontological classification, sequence,
protein structure, publication, taxonomic distribution, and bioinformatics data/model information. By providing an ontology-centered interface, the CARD
offers a clearinghouse of information on antibiotic resistance genes, mechanisms, drugs, etc. The left column reflects ontological cross-referencing (see Materials
and Methods).

TABLE 2 Major branches of the AROa

Major ARO branch Scope

Determinant of Antibiotic Resistance (ARO:3000000) Antibiotic resistance genes, SNPs, or other molecular entities organized by
target (e.g., aminocoumarin, glycopeptides, etc.) and mode of action
(e.g., antibiotic inactivation, molecular bypass, etc.)

Mechanism of Antibiotic Resistance (ARO:1000002) Target alteration, target replacement, antibiotic inactivation, antibiotic
efflux, antibiotic target protection, reduced permeability to antibiotic

Antibiotic Target (ARO:3000708) Targeted cell membrane components, protein or nucleotide synthesis
machinery, enzymes, etc.

Antibiotic Molecule (ARO:1000003) Hierarchical classification of antibiotics (e.g., sulfonamide, �-lactam,
glycopeptide antibiotics, etc.)

Inhibitor of Antibiotic Resistance (ARO:0000076) �-Lactamase and other inhibitors
Antibiotic Biosynthesis (ARO:3000082) Phosphonoacetaldehyde methyltransfererase, glycopeptide biosynthesis,

macrolide biosynthesis, streptogramin biosynthesis, fosfomycin
biosynthesis, aminocoumarin biosynthesis, phosphoenolpyruvate (PEP)
mutase, phosphonopyruvate decarboxylase

Antibiotic Resistance Terminology (ARO:3000045) Ontological relationship types, bioinformatic model types, reference
molecular sequence types, etc.

a ARO, Antibiotic Resistance Ontology. All major branches are part_of ARO:1000001, “process or component of antibiotic biology or chemistry.”
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In addition to extensive browsing tools, integrated within the
CARD and available as tools on the website are BLAST databases
for all genes stored in the CARD. BLAST searches can include all
genes or subsets of CARD reflecting antibiotic resistance genes,
antibiotic targets, and antibiotic biosynthesis genes.

The Resistance Gene Identifier (RGI). In addition to extensive
search tools, the CARD provides a novel analytical tool in the form
of the Resistance Gene Identifier (RGI). The RGI provides a pre-
liminary annotation of the submitted DNA sequence(s) based
upon the data available in the CARD. RGI can accept GenBank
accession or GI numbers, pasted sequences, or uploaded nucleo-
tide sequence files in FASTA format. Data with two or more

FASTA sequences, such as whole-genome-sequencing (WGS) as-
sembly contigs, can be accepted (maximum size, 20 Mb). The RGI
analyzes the submitted sequences and provides a detailed output
of predicted antibiotic resistance genes and targeted drug classes.
This includes resistance to antibiotics via mutations in their tar-
gets or via dedicated antibiotic resistance gene products (enzymes,
protective proteins, and efflux systems). RGI results are summa-
rized using a “resistance wheel,” with overall antibiotic resistance
in the center, antibiotic resistance classes in the middle, and indi-
vidual antibiotic resistance genes on the outer ring (Fig. 5). Click-
ing on an individual gene designation brings up the annotation
details for that gene. A toolbox panel allows export of results for all

TABLE 3 Relationship types used within the AROa

Relationship type Description Source

is_a An axiomatic relationship ontology term in which the subject is placed into a higher order classification RO
part_of A relationship ontology term in which the subject is but part of the object RO
derives_from A relationship ontology term in which the subject has its origins in the object RO
regulates A relationship ontology term in which the subject regulates expression of the object ARO
confers_resistance_to A relationship ontology term in which the subject confers antibiotic resistance to the object ARO
confers_resistance_to_drug A relationship ontology term in which the subject (usually a gene) confers clinically relevant resistance

to a specific antibiotic
ARO

targeted_by A relationship ontology term in which the subject is targeted by the object (usually a class of antibiotics) ARO
targeted_by_drug A relationship ontology term in which the subject is targeted by a specific antibiotic ARO
a ARO, Antibiotic Resistance Ontology; RO, Relation Ontology, a part of the Open Biological and Biomedical Ontologies resource (27). Descriptions are paraphrased.

FIG 5 Analysis of the whole genome of Acinetobacter baumannii strain TCDC-AB0715 by the Resistance Gene Identifier (RGI). The A. baumannii strain
TCDC-AB0715 is a clinical isolate with resistance to carbapenems, fluoroquinolones, and cephalosporins (26). (A) “Resistance wheel” for A. baumannii strain
TCDC-AB0715, predicting resistance to a broad range of antibiotic classes. (B) Details screen of orf0_267, illustrating detection of the aminoglycoside nucle-
otidyltransferase ANT(3�). (C) Open reading frame (ORF) map of a region of the A. baumannii strain TCDC-AB0715 chromosome, with prediction of
�-lactamases TEM-1 and TEM-33 (light blue), aminoglycoside phosphotransferases, nucleotidyltransferases, and acetyltransferases (pink), chloramphenicol
acetyltransferase (bright green), sulfonamide-resistant dihydropteroate synthase sul1 (dark green), tetracycline efflux pump tetB (dark pink), and genes impli-
cated in general efflux (dark blue). ORFs unrelated to antibiotic resistance are presented in gray, while non-protein-coding regions are presented in black. The
resistance genes identified are consistent with the reported resistance phenotype (26).
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genes or individual genes in tab-delimited format plus a down-
loadable image of the resistance wheel. Analysis results can be
saved and loaded on the CARD server or shared by email with
collaborators. The panel providing gene details (Fig. 5B) includes
the coordinates and sequence of the antibiotic resistance gene,
browsable BLASTP results, and a weighted word cloud of the an-
tibiotic resistance evidence. A clickable gene map (Fig. 5C) is pro-
vided for identification of gene clusters, with color coding based
on the resistance wheel.

Public release of CARD data. Both the Antibiotic Resistance
Ontology (ARO) and curated antibiotic resistance, target, and
biosynthesis gene and polypeptide sequences are available for
download (http://arpcard.mcmaster.ca/download). The ARO
download is available in Open Biological and Biomedical Ontol-
ogies (OBO) format version 1.2. Sequence downloads are avail-
able in FASTA format and include original GenBank annotation
and curated ARO term assignments.

Social media. The CARD developers post updates to Twitter
(@arpcard) and host an Antibiotic Resistance discussion group for
the research community on LinkedIn (http://arpcard.mcmaster.ca
/linkedin). Users can post questions, initiate discussions, and submit
bug reports at SourceForge (http://arpcard.mcmaster.ca/discussion).
The CARD collaboratively develops the Timeline of Antibiotic Resis-
tance with members of the research community using Dipity (http:
//arpcard.mcmaster.ca/timeline).

DISCUSSION

Antibiotic resistance research spans the clinic, the laboratory, the
environment, human and animal populations, and the pharma-
ceutical sector. While disparate in their objectives, nevertheless, all
these areas are based on antibiotic resistance genes and their asso-
ciated phenotypes. What is missing from the arsenal of tools for
researchers, clinicians, drug discoverers, and regulators is a com-
prehensive accessible data platform that integrates genomic and
molecular data across the entire sequence space of bacterial ge-
nomes and metagenomes with respect to antibiotics, antibiotic
resistance, and drug targets. The field of antibiotic resistance lacks
unifying informational tools that serve to inform all aspects of
antibiotic resistance research. Such applications have proven to be
foundational, enabling the design of platforms for the study of
numerous organisms (yeast, Pseudomonas, C. elegans, Drosophila,
etc.) and systems (e.g., host defense 9). There are a few antibiotic
resistance databases available, but none provide a comprehensive
accessible data platform: Can-R (www.can-r.com) (23) has a sur-
veillance focus, the Bush-Jacoby ß-lactamase list (www.lahey.org
/Studies/) (24) is exclusively focused on compiling an inventory of
a functional subset of antibiotic resistance genes, ResFinder
(cge.cbs.dtu.dk/services/ResFinder/) (25) is limited to BLAST
analysis of a subset of antibiotic resistance genes and lacks a uni-
fying ontology, and ARDB (ardb.cbcb.umd.edu) (11) has not
been updated since 2009. In contrast, the CARD provides a first
step in bringing together genomic data and tools specific to anti-
biotics, antibiotic resistance, and antibiotic targets.

Key to the development of CARD has been the establishment of an
Antibiotic Resistance Ontology (ARO). Ontologies, also known as
controlled vocabularies, form the foundation of genomic bioinfor-
matics; they provide rigorous vocabularies for genes and their prod-
ucts that link them to their activities and enable robust investigation
of molecular data (12). The ARO thus provides a unifying language,
specific to antibiotics, enabling codification of antibiotic resistance

and target genes, compounds, and molecular activities germane to
the field. The ARO has been built by taking into consideration a first
attempt published by Liu and Pop several years ago (11). We have
greatly expanded this effort and have a functional ontology that links
well to others such as GO (Gene Ontology) (17), GenBank’s organ-
ism taxonomy, SO (Sequence Ontology) (18), and the emerging IDO
(Infectious Disease Ontology) (22).

The Resistance Gene Identifier (RGI) illustrates the power pro-
vided by an integrated use of ontologies, bioinformatic models,
and molecular sequence data. Resistance to antibiotics can occur
via mutations in their targets or by orthogonally evolved antibiotic
resistance enzymes, protective proteins, and efflux systems. Fur-
thermore, antibiotic resistance elements can be acquired through
horizontal gene transfer (HGT) of genetic elements. HGT can
result in the broad spread of evolutionary successful antibiotic
resistance elements throughout microbial populations, both
among pathogens and among benign environmental and host mi-
crobiome-associated bacteria, with devastating effect. Monitor-
ing, classifying, and biochemically investigating such elements
moving through bacterial populations, including components of
the microbiome, by HGT is vital. By incorporating information at
all levels of antibiotic resistance, the RGI provides a powerful new
tool for broad analysis of antibiotic resistance at the genome level.

The use of the GMOD software components by the CARD
ensures robust and proven technology and the opportunity to
expand the CARD with new open source modules as they become
available from the GMOD community. The GMOD community is
very collaborative, and the CARD is an active participant, partic-
ularly in the handling of complex prokaryotic data. The CARD is
unique in that development of the ARO is paired with develop-
ment of models and algorithms for high-throughput assignment
of ontology terms to molecular and other data. CARD stores and
provides seed alignments, model data, and text-mining terms to
its users, uniquely allowing users to view genes and their annota-
tions alongside the models and criteria used for their annotation.
Hidden Markov models (HMMs) and other search terms are de-
signed to be downloaded from CARD to be used for independent
research projects and wide dissemination by the research commu-
nity.

The CARD addresses critical unmet needs in the antibiotic
resistance and discovery communities. As genome sequencing of
pathogens and microbial communities becomes ever more prev-
alent and feasible even in diagnostic settings, tools such as the
CARD will become even more significant. The challenge of imple-
menting such an approach with respect to antibiotics and antibi-
otic resistance is that it requires the integration of data linked to
not just one genome or organism but to hundreds if not thousands
of organisms, species, and individual isolates. This is in addition to
associated genetic elements such as plasmids, transposons, and
integrons that provide individual organisms with additional ge-
netic information often associated with pathogenesis and antibi-
otic resistance. At the same time, the compounds that are them-
selves antibiotics or that somehow modulate antibiotic activity
(adjuvants, inhibitors, etc.) add to the complexity of an informatic
resource that would be useful to researchers, clinicians, and other
interested parties, including patients, farmers, etc. Despite these
challenges, an electronic resource such as the CARD is absolutely
essential to help unify data and make it easily accessible to all
stakeholders to ensure that growing genomic information rele-
vant to antibiotics and antibiotic resistance can be easily mined.
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The CARD is envisioned to be a living resource to serve investiga-
tors over the long term; therefore, the developers encourage new
entries as new resistance elements are identified as well as the
contribution of any additional information deemed relevant
through a clickable “contribute/corrections” button. With this
electronic resource and continued contributions and updates by
stakeholders, the result will be more informed clinical, research,
public health, and drug discovery communities.
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