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ABSTRACT The blaVIM-2-carrying In58 integron has been linked to a chromosomal
location in different bacterial species, including Pseudomonas aeruginosa. This work
reports the first fully sequenced In58-harboring plasmid, which is significantly dif-
ferent from the two previously identified blaVIM-2-carrying plasmids in P. aerugi-
nosa. blaVIM-2 might have been acquired by transposition of Tn6352, a novel trans-
poson composed of the In58 and ISPa17 elements. The recognition of similar
inverted repeat (IR) sites by ISPa17 reveals a common mobilization process associ-
ated with acquisition of the blaVIM-2 and blaVIM-1 genes.

KEYWORDS Pseudomonas aeruginosa, carbapenemase, plasmid-mediated resistance,
transposon

Carbapenemase-producing Pseudomonas aeruginosa strains have been increas-
ingly documented, a particular worrisome situation due to associated resistance

to several �-lactams (1, 2). The most widespread carbapenemases produced by P.
aeruginosa are metallo-�-lactamases (MBLs), particularly the VIM and IMP types (1, 2).
VIM-2 represents the MBL most frequently found in P. aeruginosa, and evidence of
endemic spread throughout southeast Asia and southern European countries has been
documented (1–3).

In P. aeruginosa, blaVIM-2 is most often associated with class 1 integrons containing
additional antibiotic resistance genes (3–11). The blaVIM-2 gene has been commonly
associated with chromosomally located Tn402-like class 1 integrons (3–8). This gene
also has been less frequently linked to plasmids, usually smaller than 100 kb, and
cannot be transferred by conjugation, at least not to Escherichia coli (1, 9).

Until now, only two complete blaVIM-2-carrying plasmid sequences in P. aeruginosa,
pNOR-2000 and pDCPR1, have been described (10, 11). In order to obtain new insight
about the mobile elements contributing to the dissemination of this gene, we report
here the complete sequence of pJB12, a blaVIM-2-carrying plasmid from a P. aeruginosa
clinical isolate, and we explore the genetic background involved in acquisition of the
blaVIM-2-harboring In58 integron.

Bacterial isolate. In the context of a regular surveillance of several Portuguese
hospitals conducted by our lab for the screening of MBL producers among P. aerugi-
nosa strains, four isolates belonging to the high-risk sequence type 175 (ST175) clone
were recovered in different years from inpatients of two geographically distinct hos-
pitals. These isolates presented the same pulsed-field gel electrophoresis (PFGE) pattern
and carried the blaVIM-2 gene in a ca. 30-kb plasmid (S1 nuclease PFGE-based sizing).
The pJB12 plasmid was extracted from one of these isolates, FFUP_PS_12, which
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was obtained in 2006 at the Centro Hospitalar do Porto (Portugal). FFUP_PS_12 was
initially identified by Vitek-2 (bioMérieux), and the species was confirmed by
multilocus sequence analysis (rpoD, gyrB, and 16S rRNA genes) (12). Antimicrobial
susceptibility testing was conducted by standard disc diffusion, Etest (carbapen-
ems), and broth microdilution (colistin) methods according to EUCAST guidelines
(http://www.eucast.org/).

Plasmid analysis. Extraction of plasmid DNA from FFUP_PS_12 was performed with
a plasmid midikit (Qiagen, Hilden, Germany) according to the manufacturer’s instruc-
tions. Sequencing was accomplished with a MiSeq (Illumina) sequencer with an average
median depth of coverage of 35�. The quality of the high-throughput sequence data
was assessed with FastQC. De novo assembly of the paired-end reads was performed
with SPAdes 3.9.0 (13). Evaluation of the genome assembly was performed by QUAST
(http://quast.bioinf.spbau.ru/). ResFinder (https://cge.cbs.dtu.dk/services/ResFinder/) was
used to identify acquired antimicrobial resistance genes. Annotation and plasmid
visualization were performed by Geneious 9.1.6 (Biomatters, USA). Annotations were
manually curated using BLASTn and BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
similarity searches of each predicted open reading frame (ORF).

Conjugation was performed as previously described (5); briefly, a spontaneous
rifampin-resistant mutant of P. aeruginosa PAO1 was used as the recipient strain, and
transconjugant selection was performed in Mueller-Hinton (MH) agar plates containing
rifampin (100 �g/ml) and imipenem (4 �g/ml). E. coli DH5�- and P. aeruginosa PAO1-
competent cells were prepared and transformed by electroporation as described
previously (14). Transformants were selected in MH agar plates containing imipenem
(0.5 �g/ml for E. coli DH5� and 4 �g/ml for P. aeruginosa PAO1) and confirmed by PCR
for blaVIM and aacA7 genes and antimicrobial susceptibility testing.

Screening and Sanger sequencing for the pJB12-like repA gene (with the primers
rep_JB12_Fw [CTCCTTGGAGCGATACGACC] and rep_JB12_Rv [GGACTCATACAGGCTCA
CGG]) were performed for the remaining isolates belonging to ST175 and with the
blaVIM-2 gene located in a ca. 30-kb plasmid.

General features of FFUP_PS_12 and pJB12. FFUP_PS_12 displayed an extensively
drug-resistant (XDR) phenotype, including resistance to imipenem (MICs, �32 mg/liter),
meropenem (MICs, �32 mg/liter), ceftazidime, cefepime, piperacillin-tazobactam, gentami-
cin, tobramycin, amikacin, netilmicin, and ciprofloxacin and susceptibility to aztreonam
and colistin (MICs, 1 mg/liter) (15). The isolate belonged to the high-risk clone ST175,
which has been associated mainly with XDR and multidrug-resistant (MDR) P. aerugi-
nosa isolates throughout several European countries and in Japan and was responsible
for the dissemination of VIM-2, IMP-1, and IMP-22 carbapenemases (1).

The complete plasmid sequence of pJB12 was identified in a single 30,465-bp
contig, which is in agreement with the result obtained from S1 nuclease PFGE-based
sizing (ca. 30 kb). Since extremities overlapped, suggesting a circular sequence, a
30,361-bp plasmid was obtained. With a GC content of 62.6%, pJB12 comprised 36
ORFs, including genes associated with a transposon structure harboring the blaVIM-2-
carrying In58 integron (Fig. 1; see also Table S1 in the supplemental material).

In silico analysis and comparison of the pJB12 scaffold with related plasmids.
Plasmid pJB12 displays two plasmid stabilization systems (ParA-ParB and T/AT1-T/AT2)
which ensure the maintenance and inheritance of the plasmid (Fig. 1; see also Table
S1) (10). An ars operon, which mediates arsenic resistance, was also present (16). The
identified genes (arsR, arsH, arsC, and arsB) encode for proteins that display high
similarity to the ones identified in pAB3, a plasmid identified in Acinetobacter baumannii
(GenBank accession number CP012005 ) (Fig. 1; Table S1). Contamination with arsenic
compounds (e.g., arsenic-contaminated drinking water, arsenic compounds used in
animal husbandry and as rodenticides) may lead to the selection of plasmids carrying
different antimicrobial genes (16).

The putative replicase protein from pJB12 shared 83% homology with that of
pMATVIM-7, a blaVIM-7-carrying plasmid identified in a P. aeruginosa isolate recovered
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from sputum of a cancer patient diagnosed with pneumonia at a hospital in Houston,
Texas (17). However, pJB12 presented a backbone different than that of pMATVIM-7
(GenBank accession number AM778842), suggesting independent evolutionary routes
for the emergence of these enzymes. Interestingly, the remaining blaVIM-2-carrying 30-kb
plasmids in our collection presented the same nucleotide sequence for the replicase gene
of plasmid pJB12. A putative origin of replication was found upstream of the repA gene.
An AT-rich region, a 9-mer DnaA-box (5=-TTTTACACA-3=), and iterons, which are typical
functional elements of plasmid replication origins, were identified (18). Considering

FIG 1 Schematic representation of the pJB12 plasmid. Annotated coding sequences are shown as arrows and are colored depending on gene function. Yellow
arrows represent genes involved in plasmid housekeeping functions such as partition and maintenance. Red arrows point out the genes involved in conjugation
transfer. Light-blue arrows indicate the replication gene. Dark-blue arrows point out genes responsible for DNA rearrangements (such as integrases and
transposases). Orange arrows represent resistance genes. The purple arrow points out the blaVIM-2 gene. Tn6352 is presented in dark green. Genes of unknown
function are shown in black. The inner circles illustrate homology regions between plasmid pJB12 and those characterized previously. The inner dark-green
circle corresponds to plasmid pAX22 from Achromobacter xylosoxidans (GenBank accession number NC_022242.1), and the two outer circles represent plasmids
pKLC102 (red circle) and pNOR-2000 (blue circle), both from P. aeruginosa (GenBank accession numbers AY257538.1 and KC189475.1, respectively).
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the replicase proteins associated with the two blaVIM-2-harboring plasmids previously
described in P. aeruginosa (pNOR-2000 and pDCPR1, GenBank accession numbers
KC189475.1 and KJ577613.1, respectively) (10, 11), we found no detectable homology
compared with the one found in plasmid pJB12, suggesting a separate origin for the
replication regions. Nevertheless, for parts of pNOR-2000 and two other plasmids
(pAX22, a blaVIM-1-carrying plasmid from Achromobacter denitrificans, and pKLC102, an
aadB-harboring plasmid from P. aeruginosa) (19, 20), the pJB12 plasmid backbone
shared high nucleotide homology with the highest amino acid sequence identity being
verified for plasmid pNOR-2000 (from 80% to 97% for the maintenance system and
from 87% to 94% for the transfer region) (Table S1). This homology included the
partitioning and stable inheritance system genes (parA, parB, and kfrA) and transfer
genes (traA, traC, traD, and traG) (Fig. 1).

The pJB12 plasmid carried a relaxase gene (traA), a putative oriT site upstream of the
traA gene, and a type IV coupling protein (T4CP) gene (traG) (10, 21). However, the
machinery for self-conjugation is incomplete, since the type IV secretion system (T4SS)
is absent (10, 21). Even so, pJB12 might be mobilizable in the presence of a helper
plasmid (10, 21). The incomplete transfer operon we observed justifies the failure of the
conjugation experiments. Electrotransformation of the pJB12 plasmid to P. aeruginosa
PAO1 was successful, with transformants acquiring resistance to �-lactams (MICs, �32
mg/liter against imipenem) and aminoglycosides.

In58 mobilization in plasmid pJB12 resembles that observed in blaVIM-1-
carrying In70 from plasmid pAX22. In this study, the blaVIM-2 gene was associated
with the In58 integron, a genetic platform that also carries aminoglycoside resistance
genes (aacA7, aacA4, and aacC1), which was previously identified among P. aeruginosa,
Pseudomonas putida, and Citrobacter freundii isolates in different countries (6–8). This
structure was found to be chromosomally located (6, 8), and plasmid pJB12 represents
the only reported plasmidic support for In58. This integron was frequently found in
Portuguese P. aeruginosa clinical isolates carrying the blaVIM-2 gene associated with
different high-risk clones (J. Botelho, F. Grosso, and L. Peixe, unpublished data).

In58 was associated with a defective Tn402-like transposon, with ISPa17 upstream of
Tn402 inverted repeat initial (IRi) in a head-to-tail orientation (Fig. 1). ISPa17 represents
an atypical structure initially described in plasmid Rms149 (22). ISPa17 encodes a
putative transposase, a toxin/antitoxin system (A/AT1 and A/AT2), and a putative
resolvase (Fig. 1). ISPa17 may represent a role in the mobilization of defective trans-
posons carrying class 1 integrons, as demonstrated for the blaVIM-1-harboring In70
integron (19, 23). Interestingly, the IRs flanking ISPa17 were similar to those surround-
ing the Tn402-like transposon, suggesting that these IRs can be targeted by the
transposases of both structures. Direct repeats (DRs) of the 5=-AATTG sequence were
found flanking the inverted repeat left (IRL) of ISPa17 and the inverted repeat terminal
(IRt) of the Tn402-like transposon, suggesting that a transposition event mediated the
en bloc insertion of these structures (19). This new complex transposable element was
inserted next to the plasmid resolvase gene and designated Tn6352 (http://www
.ucl.ac.uk/eastman/research/departments/microbial-diseases/tn) according to the crite-
ria proposed by Roberts et al. (24). Future studies are warranted to investigate the
mobility of Tn6352 and to address if the transposition event was mediated by the
ISPa17 transposase or by a complete trans-acting tni module of another Tn402-like
transposon.

The 113-bp nucleotide sequence found between the inverted repeat right of ISPa17
and the IRi of the Tn402-like transposon (Fig. 2) was identical to the one found in
plasmid pAX22 and the ParA-TraC-encoding region of several IncP-1� plasmids, such as
pHH128, pHH3414, and pHH3408 (25). This suggests that Tn6352 was assembled
among these plasmids after independent insertion of ISPa17 and the Tn402-like trans-
poson (19). In fact, IncP-1� plasmids are frequently found in environmental settings and
seem to be fundamental vectors for the spread of antibiotic resistance genes (25).

In summary, this work presents the sequence of pJB12, the first complete nucleotide
sequence of an In58-harboring plasmid. The blaVIM-2 gene was most likely acquired by
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plasmid pJB12 by transposition of Tn6352, a novel putative transposon comprising an
In58 integron and an ISPa17 in a head-to-tail orientation. The recognition of DNA
regions with similar IR sites by ISPa17 demonstrates a common mobilization process
associated with acquisition of the blaVIM-2 and blaVIM-1 genes.

Accession number(s). The complete sequence of plasmid pJB12 has been submit-
ted to GenBank under the accession number KX889311.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.02532-16.
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