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Objectives: The objective of this study was to locate the antibiotic resistance determinants in the multiply
antibiotic-resistant Acinetobacter baumannii isolate D4.

Methods: The genome was sequenced using Illumina HiSeq and assembled de novo using Velvet. PCR was used
to link the relevant contigs and fill the gaps. Sequences were compared with ones in GenBank and annotated.

Results: A sporadic A. baumannii isolate D4, recovered in Sydney in 2006 from a wound, was multiply antibiotic
resistant. D4 is ST25 (Institut Pasteur scheme) and exhibited resistance to third-generation cephalosporins and
reduced susceptibility to ciprofloxacin, as well as resistance to aminoglycosides (gentamicin, kanamycin, neomy-
cin and tobramycin) and further older antibiotics, nalidixic acid, sulfamethoxazole, streptomycin, spectinomycin
and trimethoprim. The gyrA gene has a mutation consistent with nalidixic acid resistance. The blaPER conferring
cephalosporin resistance, together with the aadB, aadA13/2, aadA2, strAB and sul1 resistance genes, are located
within a 29173 bp complex class 1 integron that includes three copies of intI1, three cassette arrays and two
copies of the 3′-conserved segment. This integron is adjacent to the resG gene of an integrative genomic resist-
ance island, AGI1 (Acinetobacter genomic island 1), with a backbone related to that of islands in the SGI1, SGI2
and PGI1 families. AGI1 is located at the 3′-end of the chromosomal trmE (formerly thdF) gene.

Conclusions: AGI1 represents a new lineage of genomic resistance islands that belongs in the same broad group
as members of the SGI1, SGI2 and PGI1 families. Genes conferring resistance to cephalosporins, aminoglycosides
and sulphonamides are located in a complex class 1 integron within AGI1.
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Introduction
Mobile elements that are incorporated into bacterial chromo-
somes at specific locations via the action of a site-specific recom-
binase, which are known as integrative or integrating elements,
play an important role in the spread of virulence determinants
and antibiotic resistance determinants. The genomic resistance
islands known as SGI1 and SGI2, which are found in several
Salmonella enterica serovars and also in Proteus mirabilis,
represent an important example of this type of mobile element.1,2

In these genomic islands (GIs), a class 1 integron has been incor-
porated into a relatively conserved backbone at two separate
locations leading to two lineages each of which includes a
range of variant forms that carry different antibiotic resistance
genes within the class 1 integron.1,3 – 5 These GIs target a
sequence at the 3′-end of the trmE gene (formerly thdF) that is
conserved in many Gram-negative bacteria, and the GI provides

a replacement for the 3′-end of the gene.2 A more distantly
related GI that also carries resistance genes in a class 1 integron
was found in a secondary site in the genome of a S. enterica
serovar Heidelberg isolate,2 but another member of this family
was recently found in the trmE gene in P. mirabilis and named
PGI1.6 The backbone of PGI1 carries several genes encoding
proteins related to those encoded by SGI1 and SGI2 (amino acid
identities range from 26% to 96%), and the integron is incorpo-
rated adjacent to the resG gene as in SGI1.6

Multiply and extensively antibiotic-resistant Acinetobacter
baumannii isolates that are members of the ST25 (Institut
Pasteur scheme) clonal complex are increasingly being reported.7

However, little is known about the variety and context of the anti-
biotic resistance genes they carry. Isolate D4 is a multiply
antibiotic-resistant isolate recovered at a large Sydney hospital
from a wound. It carries the allele of the chromosomal oxaAb
gene that encodes OXA-64, and under the Oxford scheme D4
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was shown to be ST364 (1-15-2-28-1-40-32),8 indicating that it
is not a member of the global clones 1 and 2 that account for the
majority of isolates recovered from this hospital. D4 was previ-
ously shown to carry the aadB gentamicin, kanamycin and
tobramycin resistance gene in a gene cassette in a class 1
integron.8

Here, the resistance gene complement of D4 was further
investigated using whole-genome sequencing, and the context
of the class 1 integron carrying aadB and of the blaPER gene was
investigated.

Materials and methods

DNA sequencing and sequence analysis
Genomic DNA isolated from D4 was sequenced using Illumina HiSeq at the
Wellcome Trust Sanger Institute. Paired-end reads of 100 bp were
assembled as previously described,9 yielding 124 contigs with an average
read depth of 190-fold. Contigs carrying antibiotic resistance genes were
recovered using standalone BLAST searches with known resistance genes
that potentially account for the resistance profile as well as the 5′-CS and
3′-CS of class 1 integrons. Genes encoding the ESBLs TEM, SHV, CTX-M,
CMY-1, GES-1, PER-1 and VEB-1 were from GenBank accession numbers
J01749, AF148850, X92506, X92508, AF156486, Z21957 and AF010416,
respectively. Contigs were ordered using PCR and the final sequence was
assembled in Sequencher 5.2.3 (Gene Codes Corporation, Ann Arbor,
MI, USA) using the sequences of amplified fragments. Reading frames
were predicted using ORF Finder (www.ncbi.nlm.nih.gov/projects/gorf/)
and annotated manually. In addition, ST in the Institut Pasteur scheme
(http://pubmlst.org/abaumannii/) was determined from the genome
sequence as previously described.9

GenBank accession number
The sequence of AGI1 and its surrounds was deposited in GenBank under
accession number KP054476.

Results

D4, an ST25 isolate exhibiting resistance to multiple
antibiotics

D4 was recovered from a wound in 2006 at a large Sydney hospital.
From the genome sequence, D4 was ST25 (Institut Pasteur
scheme). In addition to the aminoglycoside resistance reported pre-
viously (gentamicin, kanamycin and tobramycin),8 D4 was found to
be resistant to neomycin and to further older antibiotics, nalidixic
acid, neomycin, sulfamethoxazole, streptomycin, spectinomycin
and trimethoprim, but was susceptible to tetracycline. D4 was
also susceptible to colistin (MIC ,0.25 mg/L) and exhibited reduced
susceptibility to fluoroquinolones (MIC of ciprofloxacin¼4 mg/L).
The genome sequence predicts a leucine residue 83 in GyrA, explain-
ing the nalidixic acid resistance.

D4 was susceptible to carbapenems (imipenem and merope-
nem) but resistant to ampicillin/sulbactam, ticarcillin/clavulanic
acid and third-generation cephalosporins, with MICs .256 mg/L
for cefotaxime and ceftazidime. Third-generation cephalosporins
are an important class of antibiotic used to treat Acinetobacter
infections, and many A. baumannii isolates are cephalosporin-
resistant due to activation of the chromosomal ampC gene via
the incorporation of an IS, ISAba110 or ISAba12511 upstream of
the chromosomal ampC gene. However, cephalosporin resistance

could not be accounted for in this way. ESBLs have also been
detected in A. baumannii,12 and screening of the genome
sequence data for genes encoding eight different ESBLs revealed
the presence of the blaPER gene.

The complex class 1 integron carrying aadB and blaPER

D4 includes the aadB gene cassette conferring resistance to
gentamicin, kanamycin and tobramycin8 in a class 1 integron
and flanked by the 5′-conserved segment (5′-CS) and the
3′-CS. However, the genome included two copies of the
3′-CS-associated sul1 gene (sulphonamide resistance) and three
copies of the intI1 gene found in the 5′-CS, suggesting the pres-
ence of more than one class 1 integron. An aadA2 gene cassette
(streptomycin and spectinomycin) flanked by 5′- and 3′-CS in an
In4 family class 1 integron was found adjacent to the tnp module
of Tn1696 in the D4 genome, and the qacE gene cassette together
with an incomplete hybrid aadA13/2 gene cassette associated
with only the 5′-CS was also detected. The blaPER gene was
positioned near a copy of CR1 located downstream of one copy
of the sul1 gene. A 29173 bp complex class 1 integron containing
all of these regions (Figure 1a) was assembled from 11 contigs
using PCR. This structure is identical to one found in the draft
genome of A. baumannii OIFIC143 (GenBank accession number
AFDL01000000), which is also an ST25 isolate.

The orientation of the blaPER gene with respect to the small
mobile element CR1 is unusual (Figure 2). In the available
sequences that include both the blaPER gene and at least the ori
end of CR1 (indicated by o in Figures 1a and 2), the blaPER gene
is close to the ori end of CR113,14 and we found a duplication of
the terminal 28 bp of the ori end that had not been noted previ-
ously. The configuration of the longest of these sequences
(GenBank accession number HQ386849) is shown in Figure 2.
The inverted segment begins immediately adjacent to the ori
end of CR1, and the inversion in D4 would place the transcription
of blaPER under the control of a promoter in ISAba12, which is
located upstream.15

The Acinetobacter Genomic Island 1 (AGI1) backbone

The complex class 1 integron is located within a GI backbone that
resembles that of the SGI1 family (Figure 1b), and AGI1 is located
in the 3′-end of the trmE gene, as is the case for SGI1, SGI2 and
PGI1. Part of the backbone of AGI1 is almost identical to that of
SGI1 (Figure 1b) and this segment includes three genes that
encode proteins related to some of the transfer proteins of
IncA/C plasmids.16 However, the segment of SGI1 that includes
S023–S025 is replaced in AGI1 with a segment containing four
ORFs, one of which is a gene that encodes a protein related to a
known type II restriction endonuclease of the BsuI family.

The int gene of AGI1 encodes an integrase, IntAGI1, that is only
70% identical to IntSGI1, indicating that AGI1 represents a new
family of integrating GIs. As for SGI and PGI1, the integron is
located adjacent to the resG gene (Figure 1) in the region predicted
to include the res site, and this is consistent with the known
targeting properties of this group of transposons.17 The precise
location of the integron in AGI1, SGI1 and PGI1 is shown in
Figure S1 (available as Supplementary data at JAC Online).
However, the resG gene in AGI1 is only 77% identical to resG of
SGI1 and SGI2 (ResGAGI is 87% identical to ResGSGI).
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(a)

(b)

Figure 1. Structure of AGI1. (a) Structure of the 29173 bp class 1 integron found in AGI1 and (b) the AGI1 backbone compared with the SGI1 backbone. (a) Arrows represent genes and
ORFs, which are named or numbered. Open boxes indicate ISs, gene cassettes and CR1, with names indicated below or within the box. A black bar at one end of cassettes indicates the attC
sites and an open bar the attI sites. Other vertical bars indicate inverted repeats (IRs). The extent of segments derived from known entities (5′-CS and 3′-CS, Tn5393 and Tn1696) are shown
on the thin horizontal line above. Direct repeats (DRs) generated by ISPa12 and ISAba28 are also shown next to the IS. (b) Arrows show the extent and orientation of genes and ORFs. The
regions with significant DNA identities are linked in grey with the identities shown. Vertical arrows with the numbers above indicate the positions, relative to the start of AGI1 or SGI1, of the
edges of regions with significant identities. The integrons in AGI1 and SGI1 are represented by grey boxes in the correct locations and the flanking 5 bp DRs are shown below.
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Discussion
The discovery of GIs that integrate into the 3′-end of the trmE
(thdF) gene, but have backbones that differ significantly from
SGI1 and SGI2, suggests the existence of a superfamily of
GIs that encode related integrases (tyrosine recombinases).
Searches of sequences present in the GenBank non-redundant
nucleotide and protein databases yielded many Int that are
over 70% identical to IntSGI1 or IntAGI1, and the int genes were
generally found in the 3′-end of a trmE in the chromosome of
a wide variety of Gram-negative species. In the SGI1 and PGI
islands, the presence of a resolvase gene allows the class 1
integron and associated antibiotic resistance genes to be incorpo-
rated, and this feature is retained in AGI1.

The presence in AGI1 of both the blaPER gene, encoding an ESBL
and conferring resistance to the clinically important cephalosporins,
and the aadB gene, conferring resistance to gentamicin and tobra-
mycin, highlights the potential importance of integrative elements
in spreading these genes. However, AGI1 does not include all of the
resistance genes found in the D4 genome. The location of an aphA1
gene, conferring resistance to kanamycin and neomycin, and a sul2
sulphonamide resistance gene remains to be established.

Conclusions

AGI1 represents a fourth family of integrating elements that target
the 3′-end of the trmE gene and enable the carriage of resistance
genes due to the presence of a resolvase-encoding gene and an
adjacent res site that favours the incorporation of a class 1 inte-
gron. Further related GIs are likely to be discovered in the future.
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