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ARG-ANNOT (Antibiotic Resistance Gene-ANNOTation) is a new bioinformatic tool that was created to detect existing and pu-
tative new antibiotic resistance (AR) genes in bacterial genomes. ARG-ANNOT uses a local BLAST program in Bio-Edit software
that allows the user to analyze sequences without a Web interface. All AR genetic determinants were collected from published
works and online resources; nucleotide and protein sequences were retrieved from the NCBI GenBank database. After building a
database that includes 1,689 antibiotic resistance genes, the software was tested in a blind manner using 100 random sequences
selected from the database to verify that the sensitivity and specificity were at 100% even when partial sequences were queried.
Notably, BLAST analysis results obtained using the rmtF gene sequence (a new aminoglycoside-modifying enzyme gene se-
quence that is not included in the database) as a query revealed that the tool was able to link this sequence to short sequences (17
to 40 bp) found in other genes of the rmt family with significant E values. Finally, the analysis of 178 Acinetobacter baumannii
and 20 Staphylococcus aureus genomes allowed the detection of a significantly higher number of AR genes than the Resfinder
gene analyzer and 11 point mutations in target genes known to be associated with AR. The average time for the analysis of a ge-
nome was 3.35 � 0.13 min. We have created a concise database for BLAST using a Bio-Edit interface that can detect AR genetic
determinants in bacterial genomes and can rapidly and easily discover putative new AR genetic determinants.

Next-generation sequencing technologies have greatly reduced
the cost for sequencing bacterial genomes and metagenomes

and have increased the likelihood of rapid whole-bacterial-ge-
nome sequencing in clinical microbiology laboratories (1). An
exponential increase in genome releases has occurred as more and
more bacterial genomes are sequenced in a short time span. Al-
though many of these genomes are not closed, they are released
into the public domain without publication, and their annotation
relies on automatic annotation pipelines (2–4). Rapid Annotation
using Subsystem Technology (RAST) is one of the most widely
used servers for bacterial genome annotation (2). It initially pre-
dicts the open reading frames (ORFs) followed by annotations. It
also supports a comparative analysis with the annotated genomes
maintained in the SEED environment. Although RAST is widely
used, it annotates many novel proteins as hypothetical proteins or
restricts the information to the domain function. RAST also pro-
vides little information about antibiotic resistance (AR) genes.
Information on resistance genes can be found in the virulence
section of an annotated genome or can be extracted manually
from the generated Excel file using specific key words. This process
is time-consuming and exhaustive. The largest barrier to the rou-
tine implementation of whole-genome sequencing is the lack of
automated, user-friendly interpretation tools that translate the
sequence data and rapidly provide clinically meaningful informa-
tion that can be used by microbiologists. Moreover, because re-
leased sequences are not always complete sequences (for both bac-
terial genomes and metagenomes), sequence analysis and
annotation should be performed on contigs or short sequences to
detect putative functions, especially for AR genes. Recent evidence
from environmental, human, and animal microbial metagenomic
studies showed that AR has an ancient origin and evolution and
that the pool of AR genes (the resistome) remaining to be discov-

ered in these reservoirs is immense (5, 6). As an increasing
number of genomes and metagenomes are deposited in the
NCBI GenBank database, a specific database needs to be imple-
mented in a versatile tool to rapidly identify existing, putative,
new, or emerging AR genes and point mutations in chromo-
somic target genes that are associated with AR. This bioinfor-
matic tool should be permissive enough to predict the presence
of any sequence in a given bacterial genome or metagenome
that could be a new AR gene sequence when the given sequence
is incomplete or has a low sequence similarity with AR genes
already in the database. Such a tool should be easy to use locally
with existing biological sequence analysis software, such as Bi-
oEdit. Several AR gene databases already exist, including Anti-
biotic Resistance Genes Online (ARGO), which was published
in 2005 (7); the microbial database of protein toxins, virulence
factors, and antibiotic resistance genes MvirDB, released in 2007
(8); Antibiotic Resistance Genes Database (ARDB), published in
2009 (9); Resfinder, recently released in 2012 (10), and the Com-
prehensive Antibiotic Resistance Database (CARD) (11). How-
ever, these databases are neither exhaustive nor regularly updated,
with the exception of ResFinder and CARD (11). Although Res-
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Finder and CARD are the most recently created databases, the
tools are located in a website, focus only on acquired AR genes,
and do not allow the detection of point mutations in chromo-
somic target genes known to be associated with AR. Additionally,
for a sequence to be detected as an AR gene in ResFinder, it
must cover at least two-fifths of the length of the AR gene in the
database with identity of �50% (10). In this study, the versatile
ARG-ANNOT (Antibiotic Resistance Gene-ANNOTation) da-
tabase was created and used in a local sequence alignment editor to
detect existing and putative new AR genes in bacterial genomes
and was then compared to the ResFinder database.

MATERIALS AND METHODS
Database generation. The gene sequences of AR genes were selected ac-
cording to the existing comprehensive and official classification and no-
menclature of AR genes (Lahey Clinic website, ARGO, MvirDB, ARDB,
and Resfinder) and from previous publications from PubMed (7, 9, 12–
20). The details regarding name of many beta-lactamase genes (available
with references) were obtained from the Lahey Clinic website (http://www
.lahey.org/Studies/). After information regarding AR genes was obtained
from these resources, an exhaustive list of all AR genes was then created
and each gene sequence was retrieved from the GenBank/EMBL sequence
retrieval system/ARDB database (http://www.ncbi.nlm.nih.gov; http://srs
.ebi.ac.uk; http://ardb.cbcb.umd.edu) and curated before being intro-
duced into the database. The ARG-ANNOT database consists of a single
file covering nucleotide sequences in FASTA format from all antibiotics
classes (see Fig. S1 in the supplemental material). The nucleotide se-
quences included in this database from different antibiotics classes are
abbreviated as follows: AGly, aminoglycosides; Bla, beta-lactamases;
Fos, fosfomycin; Flq, fluoroquinolones; Gly, glycopeptides; MLS, mac-
rolide-lincosamide-streptogramin; Phe, phenicols; Rif, rifampin; Sul,
sulfonamides; Tet, tetracyclines; and Tmt, trimethoprim. A unified no-
menclature system was followed in which the name contains all of the
information regarding gene class, gene name, accession number, gene
location in the sequence, and gene size. For example, (AGly)AadA1:
M95287:3320 – 4111:792 tells the researcher that the class of antibiotics is
AGly (the aminoglycosides), the gene product name is AadA1, the
GenBank accession number is M95287, the gene location is nucleotides
3320 to 4111, and the gene size is 792 bp. The reference sequences of the
chromosomal mutations were selected from wild-type Escherichia coli sp.
strain K-12 substrain MG1655/Mycobacterium tuberculosis (H37Rv)/
Acinetobacter baumannii (AB17978), and only flanked sequences from the
mutational region were included in the database (Table 1) (12–17, 19, 21).
The information regarding these small mutational regions reflects the
position of reported mutations, base replacements, and mutation posi-
tions in the database sequence.

Development of ARG-ANNOT. (i) BLAST search using Bio-Edit.
The generated database in FASTA format was used to create a local data-
base for BLAST using BioEdit (22). It currently uses basic sequence anno-
tation steps such as BLAST (23). BioEdit uses the same BLAST program as
NCBI on the virtual interface. The required files for a local BLAST data-
base were created in BioEdit, based on the sequences provided in the
FASTA file, and are available in Fig. S1 in the supplemental material. A
tutorial explaining how to set up a local BLAST database using BioEdit is
provided in Fig. S2 in the supplemental material. The prerequisite to
create a database for the BLAST is the sequence file in the FASTA. Bioedit
uses the same program used by BLAST, i.e., formatdb, which converts
FASTA files to binary files (index file, sequence file, and header file) with
the extensions .nin, .nsq, and .nhr, respectively. All the generated files and
the FASTA file used in formatdb are saved in the database folder of the
BioEdit program. The results obtained using a local database in a BioEdit
BLAST search can be compared directly with the results obtained from
NCBI under similar conditions. There are several filter options for BLAST
output on a BioEdit platform, including the number of hits to show, the

number of alignments to display, the use of tabular form with or without
details, etc. The time taken to create a local BLAST database depends on
the number of sequences in the reference set.

(ii) Output information. BLAST was used for the analyses, and the
results were obtained on the basis of coverage and similarity. The database
for automated analysis was arranged such that it could be used to annotate
different classes independently or all AR genes simultaneously; the results
were obtained either in tabular form or in the general NCBI BLAST for-
mat (for details, visit http://www.mbio.ncsu.edu/bioedit/bioedit.html)
(Fig. 1).

Validation. The developed ARG-ANNOT system was validated using
different sequences.

(i) Specificity test with sequences of different sizes. For the specificity
test, 100 nucleotide sequences of different AR genes and 100 non-AR
genes (housekeeping genes from A. baumannii, E. coli, and Staphylococcus
aureus) were randomly split into fragments of different sizes (5%, 10%,
25%, 50%, 75%, and 100%), with 20% overlap. These fragments of dif-
ferent lengths, along with selected full-length genes, were subjected to
BLAST analysis in ARG-ANNOT to evaluate the specificity and the sen-
sitivity of the tool at different E values (1.0E-100 to 1.0E-05).

(ii) Test with new sequences for putative new AR genes. While gen-
erating this database, the system was further validated for the rmtF gene
for the aminoglycoside resistance 16S rRNA methyltransferase family
(24), which was recently added to GenBank, and BLAST was performed
after curing the rmtF gene from the database under relaxed conditions
(e-value 1.0E � 10).

(iii) Analysis of full genomes. The generated database was used to
detect the ARG in the genomes of the 178 different strains of A. baumannii
and 20 different strains of S. aureus from the Microbial Genomes Re-
sources database (GenBank); different output results were obtained by
altering the E value (10�5 to 100). The number of AR genes detected and
the average time to obtain a full-genome sequence analysis with ARG-
ANNOT were compared with those of Resfinder for first 25 genomes of
different isolates of A. baumannii (10).

(iv) Chromosomal mutations. Mutations in genes known to be in-
volved in AR include those in the 16S rRNA, 23S rRNA, embB, gyrA, gyrB,
katG, parC, pncA, rpoB, pmrA, and pmrB genes (Table 1) (13–17, 19, 21,
25–28). The nucleotide sequences in a stretch of 250 to 600 bases (con-
taining mutational regions) from the reference strain for a corresponding
gene were used to build this database (see Fig. S6 in the supplemental
material). The region of a gene picked for each reference strain was named
to help scientists infer the mutation at a particular position. The muta-
tions in the parC gene occur at positions 682 and 757, in which C replaces
A and A replaces C, respectively; thus, this region is named A682(482)C:
C757(557)A, where the numbers in parentheses indicate the positions of
the mutation nucleotides in the database. Users can develop their own
databases accordingly and look for mutations in different sequences.

RESULTS
Database generation. The sequence information for the AR genes
was collected from different resources, and the information for
1,689 AR genes was included in the database (7, 9, 18, 20, 28). All
of the sequences were formatted after being arranged in FASTA
and used for BLAST analysis. The tool has the option to run single
or multiple sequences in FASTA to perform BLAST analyses
against the created database and provides the output on the basis
of similarity. The ARG-ANNOT database can be downloaded
with a tutorial at the following link: http://www.mediterranee
-infection.com/article.php?laref�282&titer�arg-annot.

Specificity test analysis. The specificity and sensitivity test
analysis for the selected genes was highly significant using full
coverage and a 100% identity cutoff. Data from the sensitivity and
specificity analysis are provided in Table 2. Specific hits were ob-
tained with the corresponding gene in the database for all size
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TABLE 1 Position of the mutation in the reference gene which leads to antibiotic resistance in different chromosomal genes

Genea Mutational point(s) Reference sequence (5=–3=)b

rpoB C1564(64)A:A1565(65)T:A1565(65)G:
G1573(73)T:A1574(74)T:C1603(103)G:
C1603(103)T:A1604(104)T:C1619(119)A:
C1619(119)T:C1696(196)T:
A1741(241)T

1501(1):TTGATTAATGCAAAACCAGTTGCTGCTGCAATCAAAGAATTCTTTGG
TTCAAGCCAGTTATCTCAGTTTATGGACCAAAACAACCCACTATCTGAGA
TTACACATAAACGTCGTGTATCTGCGCTTGGTCCTGGTGGTTTAACACGT
GAACGTGCGGGCTTCGAAGTACGTGACGTACACCAAACTCACTATGGTCG
TGTTTGTCCAATTGAAACTCCTGAAGGTCCAAACATTGGTTTGATCAACT
CGCTTTCTGTATACGCAAAAGCGAATGACTTCGGTTTCTTGGAAACTCC
ATAC:1800(300)

gyrA1 T175(175)A:G224(224)C:C198(198)T:
G259(259)T:G259(259)A

1(1):ATGAGCGACCTTGCGAGAGAAATTACACCGGTCAACATTGAGGAAGAG
CTGAAGAGCTCCTATCTGGATTATGCGATGTCGGTCATTGTTGGCCGTGC
GCTGCCAGATGTCCGAGATGGCCTGAAGCCGGTACACCGTCGCGTACTT
TACGCCATGAACGTACTAGGCAATGACTGGAACAAAGCCTATAAAAAATC
TGCCCGTGTCGTTGGTGACGTAATCGGTAAATACCATCCCCATGGTGACT
CGGCGGTCTATGACACGATCGTCCGCATGGCGCAGCCATTCTCGCTG
CGTTAT:300(300)

gyrA2 G2599(299)T 2301(1):GACGAAAGGGGTTATCTCCATCAAGGTTACCGAACGTAACGGTTTA
GTTGTTGGCGCGGTACAGGTAGATGACTGCGACCAGATCATGATGATCA
CCGATGCCGGTACGCTGGTACGTACTCGCGTTTCGGAAATCAGCATCGT
GGGCCGTAACACCCAGGGCGTGATCCTCATCCGTACTGCGGAAGATGAA
AACGTAGTGGGTCTGCAACGTGTTGCTGAACCGGTTGACGAGGAAGATC
TGGATACCATCGACGGCAGTGCCGCGGAAGGGGACGATGAAATCGCTC
CGGAAGTGGA:2600(300)

parC G233(33)A:A238(38)C:G239(39)T:
C240(40)A:G250(50)A:
A682(482)G:G757(557)A

201(1):CGGTGACGTACTGGGTAAATACCATCCGCACGGCGATAGCGCCTGT
TATGAAGCGATGGTCCTGATGGCGCAACCGTTCTCTTACCGTTATCCGCT
GGTTGATGGTCAGGGGAACTGGGGCGCGCCGGACGATCCGAAATCGTTC
GCGGCAATGCGTTACACCGAATCCCGGTTGTCGAAATATTCCGAGCTGCT
ATTGAGCGAGCTGGGGCAGGGGACGGCTGACTGGGTGCCAAACTTCGAC
GGCACTTTGCAGGAGCCGAAAATGCTACCTGCCCGTCTGCCAAACATTT
TGCTTAACGGCACCACCGGTATTGCCGTCGGCATGGCGACCGATATTCC
ACCGCATAACCTGCGTGAAGTGGCTCAGGCGGCAATCGCATTAATCGAC
CAGCCGAAAACCACGCTCGATCAGCTGCTGGATATCGTGCAGGGGCCG
GATTATCCGACTGAAGCGGAAATTATCACTTCGCGCGCCGAGATCCGTA
AAATCTACGAGAACGGACGTGGTTCAGTGCGTATGCGCGCGGTGTGGA
AGAAAGAAGATGGCGCGGTGGTTATCAGCGCATTGCCGCATCAGGTTT
CAGGTGCGCGCGTACT:800(600)

16S rRNA T1406(206)A:A1408(208)G:
C1409(209)T:G1491(291)T

1201(1):ATCATGGCCCTTACGACCAGGGCTACACACGTGCTACAATGGCGCA
TACAAAGAGAAGCGACCTCGCGAGAGCAAGCGGACCTCATAAAGTGCGT
CGTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCT
AGTAATCGTGGATCAGAATGCCACGGTGAATACGTTCCCGGGCCTTGTAC
ACACCGCCCGTCACACCATGGGAGTGGGTTGCAAAAGAAGTAGGTAGCT
TAACCTTCGGGAGGGCGCTTACCACTTTGTGATTCATGACTGGGGTGAA
GTCGTAA:1500(300)

23S rRNA A2058(8)G:A2059(9)G:C2611(561)T 2051(1):AAGACGGAAAGACCCCGTGAACCTTTACTATAGCTTGACACTGAAC
ATTGAGCCTTGATGTGTAGGATAGGTGGGAGGCTTTGAAGTGTGGACGC
CAGTCTGCATGGAGCCGACCTTGAAATACCACCCTTTAATGTTTGATGTT
CTAACGTTGACCCGTAATCCGGGTTGCGGACAGTGTCTGGTGGGTAGTTT
GACTGGGGCGGTCTCCTCCTAAAGAGTAACGGAGGAGCACGAAGGTTG
GCTAATCCTGGTCGGACATCAGGAGGTTAGTGCAATGGCATAAGCCAGC
TTGACTGCGAGCGTGACGGCGCGAGCAGGTGCGAAAGCAGGTCATAGTG
ATCCGGTGGTTCTGAATGGAAGGGCCATCGCTCAACGGATAAAAGGTAC
TCCGGGGATAACAGGCTGATACCGCCCAAGAGTTCATATCGACGGCGGT
GTTTGGCACCTCGATGTCGGCTCATCACATCCTGGGGCTGAAGTAGGTC
CCAAGGGTATGGCTGTTCGCCATTTAAAGTGGTACGCGAGCTGGGTTTA
GAACGTCGTGAGACAGTTCGGTCCCTATCTGCCGTGGGCGCTGGAGAAC
TGAGGGGGGCTGCT:2650(300)

katG G871(171)A:G900(200)C:G944(244)C:
G985(285)GG

701(1):GGCCGAACGGCAACCCGGACCCCATGGCCGCGGCGGTCGACATTCG
CGAGACGTTTCGGCGCATGGCCATGAACGACGTCGAAACAGCGGCGCTG
ATCGTCGGCGGTCACACTTTCGGTAAGACCCATGGCGCCGGCCCGGCCG
ATCTGGTCGGCCCCGAACCCGAGGCTGCTCCGCTGGAGCAGATGGGCTT
GGGCTGGAAGAGCTCGTATGGCACCGGAACCGGTAAGGACGCGATCAC
CAGCGGCATCGAGGTCGTATGGACGAACACCCCGACGAAATGGGACAA
CAGTTTCCTCG:1000(300)

(Continued on following page)
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fragments; however, the hits were restricted to the group level for
the smaller fragments at an elevated E value, which shows the
suitability of the developed system. The tool was able to unambig-
uously identify all these genes with sensitivity and specificity at
100% for full-length sequences. For smaller fragments, we found
sensitivity and specificity of 100% at the group level for AR gene
sequences for at least 50% of the full sequence at an E value of

�1.0E-5. Specificity corresponding to the specific name of the AR
gene was 89% for at least 50% of the full sequence. Finally,
specificity ranged from 74% to 86% for AR gene sequences
covering at least 25% of the full sequence at an E value � 1.0E-5
with 100% sensitivity.

Analysis of a putative gene. The results obtained for the rmtF
gene were highly significant: BLAST analysis revealed that the

TABLE 1 (Continued)

Genea Mutational point(s) Reference sequence (5=–3=)b

pncA A139(39)G:T192(92)TA 1(1):ATGCGGGCGTTGATCATCGTCGACGTGCAGAACGACTTCTGCGAGGGT
GGCTCGCTGGCGGTAACCGGTGGCGCCGCGCTGGCCCGCGCCATCAGCG
ACTACCTGGCCGAAGCGGCGGACTACCATCACGTCGTGGCAACCAAGGA
CTTCCACATCGACCCGGGTGACCACTTCTCCGGCACACCGGACTATTCCT
CGTCGTGGCCACCGCATTGCGTCAGCGGTACTCCCGGCGCGGACTTCCA
TCCCAGTCTGGACACGTCGGCAATCGAGGCGGTGTTCTACAAGGGTGC
CTACACC:300(300)

embB A916(16)G:A916(16)C:G918(18)T:
G918(18)A:G918(18)C

901(1):GGCTACATCCTGGGCATGGCCCGAGTCGCCGACCACGCCGGCTACA
TGTCCAACTATTTCCGCTGGTTCGGCAGCCCGGAGGATCCCTTCGGCTGG
TATTACAACCTGCTGGCGCTGATGACCCATGTCAGCGACGCCAGTCTGTG
GATGCGCCTGCCAGACCTGGCCGCCGGGCTAGTGTGCTGGCTGCTGCTG
TCGCGTGAGGTGCTGCCCCGCCTCGGGCCGGCGGTGGAGGCCAGCAAAC
CCGCCTACTGGGCGGCGGCCATGGTCTTGCTGACCGCGTGGATGCCGT
TCAACAAC:1200(300)

rpsL A128(128)G:A263(263)G 1(1):ATGGCAACAGTTAACCAGCTGGTACGCAAACCACGTGCTCGCAAAGTT
GCGAAAAGCAACGTGCCTGCGCTGGAAGCATGCCCGCAAAAACGTGGCG
TATGTACTCGTGTATATACTACCACTCCTAAAAAACCGAACTCCGCGCTG
CGTAAAGTATGCCGTGTTCGTCTGACTAACGGTTTCGAAGTGACTTCCTA
CATCGGTGGTGAAGGTCACAACCTGCAGGAGCACTCCGTGATCCTGATC
CGTGGCGGTCGTGTTAAAGACCTCCCGGGTGTTCGTTACCACACCGTAC
GTGGT:300(300)

pmrA G305(155)A 151(1):GAGTTGCTTGCCCGTATTCATGCCTTACTACGCCGTAGTGGAGTAGA
AGCTCAACTTGCGAGTCAAGATCAACTATTAGAAAGTGGTGATCTGGTTT
TAAATGTTGAACAGCATATTGCGACGTTTAAAGGCCAACGCATTGATTTA
TCAAATCGTGAATGGGCAATCTTTYKAATTCCACTTATGACTCACCCAAAT
AAAATCTTTTCTAAAGCCAACTTAGAAGATAAGTTATATGATTTTGATAGT
GATGTGACCAGTAATACTATTGAAGTATATGTTCACCATTTAAGAGCG
AAG:450(300)

pmrB1 C38(38)A:C41(41)T:G261(261)C:G261(261)T 1(1):GTGCATTATTCATTAAAAAAACGACTGATTTGGGGCACCTCAATTTTCA
GTGTCATCTTAGGTTGTATTTTAATTTTTAGTGCTTATAAGGTTGCACTT
CAAGAAGTCGATGAAATTCTAGATACTCAAATGAAGTATTTAGCGGAAAG
AACAGCTGAGCACCCTTTAAAAACTGTAAGCAGTAAGTTTGATTTTCAT
AAAACTTACCACGAAGAAGATCTGTTTATCGATATCTGGGCTTATAAGG
ATCAGGCCCATTTGTCTCATCATTTACATTTGCTGGTTCCACCTGTTGA
GCAA:300(300)

pmrB2 T434(14)A:C680(260)T:C697(277)T:
C697(277)A:G784(364)C

321(1):CTTGCGGGCAGTATGTTTATTCCGTATTTAATTATTTTACCTTTTGCA
ATATTTGCCTTAGCAGCCATTATTCGTCGTGGTTTAAAACCAATAGATGA
TTTTAAAAATGAGTTAAAAGAACGCGATTCCGAAGAACTCACACCAATTG
AAGTACATGATTATCCTCAAGAGCTTTTACCTACTATTGACGAAATGAAC
CGTCTTTTTGAGCGCATTTCTAAAGCGCAAAATGAACAGAAGCAATTT
ATTGCCGATGCTGCTCATGAATTACGAACACCTGTGACTGCATTGAACT
TACAAACCAAGATTTTGCTAAGCCAGTTTCCTGAGCATGAATCATTGCA
AAACTTAAGCAAGGGTTTGGCGCGTATTCAGCATTT:700(380)

pmrB3 T1057(7)A:T1160(110)A:C1208(158)T 1051(1):GTTATTAATATTTCAGTTTATACCGATCCAGATCACTACGCATGTAT
TCAAATTGAAGATAGCGGTGCAGGAATAGACCCTGAAAATTACGATAAAG
TCCTTAAGCGTTTTTATCGCGTGCATCACCATCTTGAGGTGGGAAGTGGT
CTAGGTTTATCTATTGTAGATCGTGCAACTCAAAGGCTTGGTGGGACTTT
AACTCTCGATAAGAGCTTAGAGCTTGGCGGTCTTTCTGTATTAGTGAAAT
TAC:1300(250)

a The nucleotide sequences for gyrA, parC, rpsL, 16s rRNA, and 23s rRNA were obtained from Escherichia coli sp. strain K-12 substrain MG1655; for rpoB, pmrA, and pmrB genes
from Acinetobacter baumannii 17978; and for katG, pncA, and embB genes from Mycobacterium tuberculosis H37Rv.
b The first number and the second number in parentheses represent the nucleotide position of the reference gene in NCBI GenBank and the nucleotide position in the table,
respectively.
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FIG 1 ARG-ANNOT database browser on Bio-Edit. (A) Paste the query sequences and select type of database, select the different parameters, and search. (B)
BLAST output.
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total coverage was less than 35%, whereas similarity with other
members of the rmt gene family (rmtD, rmtD2, and rmtA) was
observed in small stretches of 17 to 40 bp (Fig. 2). The E values
for a few of the hits (0.04, 0.19, and 0.74; Fig. 2) were not

statistically significant, although the database did help to pre-
dict the genes on the basis of similarity.

Analysis of genomic sequences. Table S3 and Table S5 in the
supplemental material show the results of comparative analysis

TABLE 2 BLAST analyses to validate the system under different stringent conditions using gene fragments of different percentages of lengtha

% length e-value Parameter

Value(s) for gene fragment of length:

100% 70% 50% 25% 10% 5%

X Y X Y X Y X Y X Y X Y

1E-100 Sp (%) 100 0 96 (4) 0 90 (10) 0 74 (26) No No No No No
Sn (%) 0 100 0 100 0 100 0 No No No No No

1E-50 Sp (%) 100 0 95 (5) 0 89 (11) 0 86 (14) 0 81 (19) No No No
Sn (%) 0 100 0 100 0 100 0 100 0 No No No

1E-25 Sp (%) 100 0 94 (6) 0 89 (11) 0 86 (14) 0 77 (23) 0 66 (34) No
Sn (%) 0 100 0 100 0 100 0 100 0 100 0 No

1E-10 Sp (%) 100 0 94 (6) 0 89 (11) 0 86 (14) 0 81 (19) 0 77 (23) 0
Sn (%) 0 100 0 100 0 100 0 100 0 100 0 100

1E-5 Sp (%) 100 0 94 (6) 0 89 (11) 0 84 (16) 0 76 (24) 0 74 (26) 0
Sn (%) 0 100 0 100 0 100 0 100 0 100 0 100

a The table shows the specificity and sensitivity analysis of 100 randomly selected sequences (1.0E-100 to 1.0E-5). The e-values represent the different stringent conditions. X, randomly
selected antibiotic resistance gene sequences from the database (see Fig. S8 in the supplemental material); Y, randomly selected gene sequences (no antibiotic resistance gene) from
Escherichia coli, Acinetobacter baumannii, and Staphylococcus aureus genomes; Sp, specificity; Sn, sensitivity; No, no output. Values in parentheses show the numbers of specific hits at the group level.

FIG 2 (A) Topographical representation of BLAST results for rmtF after curing it from the database. (B) BLAST analysis of rmtF gene using ARG-ANNOT.
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of A. baumannii and S. aureus genomes for ARG using ARG-
ANNOT and Resfinder (10). We have analyzed 178 genomes
(closed and draft) of different A. baumannii strains and compared
ARG-ANNOT with the existing Web-based ARG analyzer Res-
finder (10). ARG-ANNOT identified a significantly higher num-
ber of AR genes (2,011 genes) than Resfinder (1,004 genes). The
average number of genes detected by ARG-ANNOT was 11.29 �
4.87 (P � 1.0 � 10�6), whereas the number of genes detected by
Resfinder was 5.64 � 4.31 (P � 1.0 � 10�6). The average times taken
for the analysis by ARG-ANNOT and Resfinder were 3.35 � 0.13
and 2.29 � 0.06 min, respectively. The real-time analysis was done
for first 25 randomly picked genomes in a stretch (Resfinder and
ARG-ANNOT), as mentioned in Table S3 in the supplemental
material. The ARG-ANNOT system recognized 50% more genes
than Resfinder. Approximately 5.65 additional genes were de-
tected by ARG-ANNOT. Some of the genes detected by ARG-
ANNOT were not detected by Resfinder; those genes either
showed a low (�50%) level of sequence similarity or were not
present in the database (Resfinder could not detect the tetR gene in
A. baumannii strains AB1583-8, AB4857, AB-NAVAL-13, AB-
NAVAL-81, AB-BC-1, AB-BC-5, AB-OIFCO-98, AB-OIFCO-
109, AB-OIFCO-137, AB-WCA694, and AB-TG27339 because of
the absence of these genes in the database, and it detected the catB8
gene as the catB3 gene with 84.84% similarity). The genes which
were present in multiple copies or belong to the same group were
detected once by Resfinder. Only one sulI gene was detected by
Resfinder in the ABAYE strain of A. baumannii; however, four
copies of the sulI gene were detected by ARG-ANNOT (see Table
S4 in the supplemental material). Two blaOXA genes (blaOXA-23

and blaOXA-69) were detected in A. baumannii strain AB0057 using
ARG-ANNOT, whereas only one blaOXA gene was detected by the
Resfinder. Thus, ARG-ANNOT may have the upper hand with
respect to detecting the exact number of ARGs in the genome. We
have analyzed 20 closed genomes of different S. aureus strains and
compared the results with Resfinder (10). As with the A. bauman-
nii results, ARG-ANNOT identified more than 50% additional
genes (203 genes) compared to Resfinder (98 genes) in this Gram-
positive bacterium (see Fig. S5 in the supplemental material) with
a significant P value � 10�3. The detected ARGs were compared to
a gold-standard manual annotation of well-known reference ge-
nomes, including two A. baumannii (AYE and SDF) and two S.
aureus (08BA02176 and MW2) reference genomes, and sensitivity
of 100% was found. It was observed that a few genes were anno-
tated either as hypothetical proteins or by other names; however,
ARG-ANNOT detected them as ARGs which showed �98% sim-
ilarity to the reported ARGs. For, e.g., two beta-lactamase genes in
the AYE genome (CU459141; positions 882015 to 882977 and
positions 1996441 to 1997136) and SDF (CU468230; positions
764865 to 765827 and positions 1797960 to 1798655), the gene
products are annotated as hypothetical proteins in NCBI, and the
products of the aminoglycoside gene aph and of the aac(6=)-Ik
gene are annotated as hypothetical proteins in the annotated ge-
nome of S. aureus strains 08BA02176 (NC_018608) and MW2
(NC_003923) at positions 1844600 to 1845400 and positions
722585 to 723028, respectively.

Analysis of mutations. The mutation analysis was conducted
for the rpoB gene in different A. baumannii genomes (178 ge-
nomes). Single-point mutations were detected in A. baumannii
strains AB210 and TG2018 at positions 1604 and 1565 of the ref-
erence sequence (A. baumannii 17978), respectively. A single-

point mutation was detected in the draft genome of strain AB210
at position 104 for the rpoB gene in the database, where A is re-
placed by T (as shown in Fig. S7 in the supplemental material),
which corresponds to nucleotide position 20420 in contig 37
(AEOX01000037). However, another point mutation was de-
tected in draft genomes of strain AB-TG2018, where A is replaced
by T at position 65 of the database, which corresponds to nucleo-
tide position 5589 in contig 34 (AMIE01000034). No reported
rpoB mutation was detected in the rest of the analyzed genomes.

DISCUSSION

In this study, we generated a recursive database of all known AR
genes to date and a simple and rapid bioinformatic tool, ARG-
ANNOT, for the detection of AR genes and point mutations
known to be associated with AR in bacterial genome sequences.
Compared to other existing AR gene databases, ARG-ANNOT
shows excellent sensitivity and specificity for the identification of
known AR genes not only for complete gene sequences but also for
partial sequences and/or sequences with low levels of similarity
with existing sequences in the database. For example, the ARDB
database has a plethora of information concerning AR genes and is
a robust database (9). However, this database has not been up-
graded since 2009 and has a restricted sequence entry (�5 kb) for
BLAST that is not compatible with whole-genome sequence anal-
ysis (9). The ARGO database cannot be informative because the
data are restricted to the 	-lactamase, tetracycline, and vancomy-
cin genes, which results in limited sequence information (7). In
addition, some of the virtual links between ARGO and GenBank
are not correct (e.g., the link directs users to the genome instead of
to the target gene in NCBI). MvirDB is a broad repository of vir-
ulence-associated genes, including toxins, virulence factors, and
AR genes (8). The Lahey Clinic website has a comprehensive col-
lection of AR genes and attempts to standardize the nomenclature
for these genes but does not provide the sequence information.
However, the CARD database enables efficient analysis of
genomic sequences for AR genes but lacks a means to provide
information about numbers of genes and their locations in the
genome or in the contigs. Moreover, it accepts only nucleotide
sequences for BLAST analysis (11). The efficient Resfinder gene
analyzer was introduced recently and has been used successfully
for the detection of known AR genes, including genes from bacte-
rial genome sequences that show good concordance between ge-
netic detection and phenotypic antibiotic susceptibilities at a
threshold of 98% of sequence identity (10, 29, 30). However, be-
cause that system detects only existing AR genes on the basis of
greater sequence similarities (�50%) and high sequence coverage
(at least two-fifths of an existing sequence), it can predict only
known AR genes, which is not helpful for the detection of putative
new AR genes with low levels of similarity and/or short sequences,
as demonstrated in this study. The comparative analysis for the
detection of AR genes from the genomes of different A. baumannii
and S. aureus strains performed using ARG-ANNOT and Res-
finder (10) revealed a significantly higher number of AR genes
detected by ARG-ANNOT. Hence, the probability of finding ex-
isting genes increased with better inputs and relaxed searched cri-
teria. This analysis further suggests that this tool may be useful to
analyze a wide range of bacterial genomes to detect ARG. The
ARG-ANNOT database is not exhaustive but possesses a signifi-
cantly higher number of AR gene sequences than Resfinder, which
may be a reason for the detection of extra genes (see Fig. S4 in the
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supplemental material). Moreover, the relaxed search criteria
(high E value) increased the processing time for ARG-ANNOT
compared to Resfinder (10); consequently, the system became
more sensitive (wider search criteria enabled the system to recog-
nize diverse genes with a low level of similarity). Some of the genes
with low percentages of similarity were not detected by Resfinder
(10) because of the restricted search criteria (�50%). In contrast,
these genes were detected by ARG-ANNOT. Multiple copies of a
few genes or closely related genes were detected once by Resfinder
(10), whereas ARG-ANNOT detected these correctly. Thus, ARG-
ANNOT enables the detection of the correct number of genes
present in a genome. In a report from Tan et al., the threshold used
for the identification of AR genes in two multidrug-resistant A.
baumannii isolates was also 98%, and they found only 15 AR genes
(29), whereas we detected 18 AR genes with ARG-ANNOT (see
Fig. S3 in the supplemental material). Similarly, ARG-ANNOT
detects specific genes on the basis of homology and helps in pre-
dicting putative new AR genes with low sequence similarities. This
property is exemplified by the prediction that the recently de-
scribed rmtF sequence, which was initially absent from our data-
base, belongs to the rmt aminoglycoside resistance 16S rRNA
methyltransferase family, even though the deduced protein se-
quence showed only 25% to 46% identity with other aminoglyco-
side resistance 16S rRNA methyltransferases (24). We detected
similar results with CARD (11). Moreover, the Resfinder and
CARD tools are unable to detect point mutations in target genes
that are known to be associated with AR. Moreover, Resfinder was
unable to detect AR genes present in multicopies. The tool can be
used at two levels: first, to identify all known existing genes in a
given genome within a few minutes; second, using less-stringent
conditions, to look for the presence of putative new or unknown
AR genes with lower similarities. One of the main limitations is
that such putative sequences with low similarities could be false-
positive results from the BLAST output. To circumvent this prob-
lem, each new or putative AR gene should be further studied bio-
logically to verify its activity, i.e., by cloning and expression in a
vector. If activity is confirmed, then the new AR gene would be
described and published before being added in the database. Be-
cause there is a tremendous amount of redundancy in the BLAST
output, reflecting many variants of each gene, we have posted in
the Web interface an XL sheet for a post-BLAST cleanup script
that produces a usable resistance gene annotation of a genome.
Although the ARG-ANNOT system currently does not detect mu-
tations automatically, its quick processing and the output file in
the form of small stretches (250 to 600 bases) enable the rapid
detection of mutations. Thus, we believe that many AR genes in
bacterial genome sequences that are currently available remain
unknown; ARG-ANNOT will be helpful to reannotate any ge-
nome from the public domain and can be used to perform com-
parative analyses to discover new AR gene sequences from previ-
ously annotated genomes. Finally, our report demonstrates that
ARG-ANNOT is a promising tool to search for putative new AR
genes in a given sequence, including the metagenomes from hu-
man microbiota or the environment that represent a huge reser-
voir of AR genes yet to be discovered (5, 6).

Conclusion. We have generated a concise database of all cur-
rently known AR genes and a simple and rapid bioinformatic tool
for the detection of known and putative new AR genes using local
BLAST in Bioedit. The ARG-ANNOT database and tutorial are
available as Fig. S1 and S2 in the supplemental material. We plan

to update the ARG-ANNOT database every month. A Web inter-
face (http://www.mediterranee-infection.com/article.php?laref�
282&titer�arg-annot) has been developed in which different
links are available for access to Bio-Edit via download, tutorials to
create a local database and perform BLAST analysis, a screen shot
to help to create databases, BLAST and post-BLAST analyses, and
updated database sequences. We welcome submissions of any new
AR gene or genes not included in the database from any source;
thus, a submission form is provided as Fig. S8 in the supplemental
material.
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