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ABSTRACT Whole-genome sequencing (WGS) of historical Pseudomonas aeruginosa
clinical isolates identiﬁed a chromosomal copy of mcr-5 within a Tn3-like transposon
in P. aeruginosa MRSN 12280. The isolate was nonsusceptible to colistin by broth microdilution, and genome analysis revealed no mutations known to confer colistin resistance. To the best of our knowledge, this is the ﬁrst report of mcr in colistinnonsusceptible P. aeruginosa.
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P

seudomonas aeruginosa is a leading cause of infection among immunocompromised patients and patients receiving treatment in intensive care units (ICUs) (1).
Antimicrobial treatment of P. aeruginosa is challenging, due to the intrinsic resistance
of this species to many antibiotics and its proclivity to develop resistance to other
antibiotics via point mutations in intrinsic genes (2, 3). Furthermore, P. aeruginosa can
readily acquire transmissible antibiotic resistance (AbR) genes, resulting in the emergence of successful multidrug-resistant or extensively drug-resistant strains (4). The
emergence of such resistant strains has resulted in greater reliance on colistin (polymixin E) as a key antipseudomonal agent (5). Unfortunately, colistin resistance in P.
aeruginosa, primarily due to mutations in regulatory two-component systems, has been
extensively reported (reviewed in reference 6). However, colistin resistance mediated by
the transferable colistin resistance gene mcr has not been described in this species to
date. In this report, we describe the colistin-nonsusceptible P. aeruginosa strain MRSN
12280, carrying a chromosomal copy of mcr-5.
P. aeruginosa MRSN 12280 was sequenced as part of a larger effort to sequence all P.
aeruginosa isolates in the Multidrug-resistant organism Repository and Surveillance Network (MRSN) repository (n ⫽ 2,440) (E. Snesrud, J. Stam, M. Hinkle, A. Jones, and P. McGann,
unpublished data). The isolate was cultured from a sacral wound of a male patient in his
mid-70s who was treated in the southwestern United States in 2012. There was no record
of the patient ever receiving colistin. The MICs of colistin were determined using broth
microdilution (BMD) with cation-adjusted Mueller-Hinton (CA-MH) medium, according to
Clinical and Laboratory Standards Institute (CLSI) guidelines, and also with calciumenhanced Mueller-Hinton (CE-MH) medium, as recommended by Gwozdzinski and colleagues for Enterobacteriaceae carrying mcr (7). Escherichia coli strain MRSN 388734 carrying
mcr-1 (8) and P. aeruginosa strain ATCC 27298 were used as the positive and negative
controls, respectively. Colistin MICs were 4 g/ml (intermediate) and 8 g/ml (resistant) for
P. aeruginosa MRSN 12280 in CA-MH medium and CE-MH medium, respectively. Notably,
the colistin MICs for the control strains of E. coli MRSN 388734 and P. aeruginosa ATCC
27298 also increased from 8 to 16 g/ml and from 0.25 to 1 g/ml, respectively, in CE-MH
medium, although the interpretations did not change.
Short-read and long-read whole-genome sequencing (WGS) analyses were performed with a NextSeq 550 system (Illumina, San Diego, CA) and a PacBio RS II
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FIG 1 Alignment of Tn3-family transposons carrying mcr-5. The Tn3-like transposon carrying mcr-5 in plasmid pSE13-SA01718 from Salmonella enterica (10) is
compared with the Tn3-like transposon carrying mcr-5 in P. aeruginosa MRSN 12280. Transposons are enclosed in rectangles, with the IRs depicted as shaded
arrowheads. Arrows represent coding sequences (red arrows, mcr-5; white arrows, genes associated with DNA mobility; gray arrows, other genes) and indicate
the direction of transcription.

TABLE 1 GenBank submissions with mcr-5
GenBank accession no.
CP028162
KY807921
CP010516
NBAR00000000.1
BESA01000094
BENI01000099
BBQK01000039
BEPM01000040
BDIH01000107
CP028567
MG800820
OEUH00000000.1

Species
Pseudomonas aeruginosa
Salmonella enterica
Cupriavidus gilardii
Salmonella enterica
Escherichia coli
Escherichia coli
Pseudomonas aeruginosa
Escherichia coli
Escherichia coli
Aeromonas hydrophila
Aeromonas hydrophila
Salmonella enterica

Strain name
MRSN 12280
13-SA01718
CR3
12-02546-2
PV1176
10138
KF702
10875
NIID080884
WCHAH045096
pI064-2
STY142

Structurea
Tn3; chromosome
Tn3; plasmid
Tn3; chromosome
Tn3; chromosome
Tn3; plasmid
Tn3; plasmid
Partial Tn3; chromosome
Tn3; plasmid
Tn3; plasmid
Tn3; plasmid
MIC; plasmid
MIC; plasmid

TSDb
TCCAT
ATGTA
AACTC/ATAAT
ATAAA
ATTAT
AATAA
Unknown
AAACT/AAATA
TACGC/NGTGA
Unknown
AAACG
AAATA

aLocation

and structure of the mcr-5-carrying region. Tn3 indicates that mcr-5 is located with a Tn3-like transposon. MIC indicates that mcr-5 is located within a
putative mobile insertion cassette.
bNucleotide sequence of the TSD generated upon insertion. Different TSDs formed during resolvase-mediated recombination of different Tn3 transposons are shown
separated by a forward slash. Note that the N in the TSD from E. coli NIID080884 reﬂects the annotation in GenBank for this submission. Unknown indicates that
subsequent genetic events have removed the TSD from one or both ends.
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sequencer (Paciﬁc Biosciences, Menlo Park, CA), respectively, as described previously (9). In
silico multilocus sequence typing (MLST) assigned P. aeruginosa MRSN 12280 to a novel
sequence type (ST) that is a single-locus variant of ST-235, the most prevalent clone
associated with multidrug-resistant P. aeruginosa epidemics worldwide (10). An analysis of
the WGS data detected ﬁve AbR genes that are commonly found in P. aeruginosa, namely,
aph(3=)-IIb, blaOXA-50, blaPAO, catB7, and fosA, and the recently described colistin resistance
gene mcr-5 (11). The mcr-5 gene was ﬁrst reported in 2017 in a cluster of colistinnonsusceptible Salmonella enterica strains, and the protein shares sequence identity of just
36.11% with Mcr-1 (11). Borowiak and colleagues reported that the gene was part of a
Tn3-family transposon that was found primarily on small, multicopy, ColE-type plasmids;
however, one isolate (S. enterica 12-02546-2) had the gene present in a single copy on the
chromosome and demonstrated a colistin MIC of 4 mg/liter (11). In P. aeruginosa MRSN
12280, a single copy of mcr-5 was present on the chromosome, where it was inserted into
a noncoding region between genes encoding a LysR-family regulator and a hypothetical
protein of unknown function (Fig. 1). The mcr-5 gene was embedded within an 8,522-bp
Tn3-family transposon with 38-bp inverted repeats (IRs), and it generated a 5-bp target site
duplication (TSD) (TCCAT) upon insertion. Notably, an IS5 insertion sequence has been
inserted into a gene encoding a putative major facilitator superfamily (MFS) protein, directly
downstream of mcr-5 (Fig. 1).
To better understand the genetic environment surrounding mcr-5, a search for the
same transposon sequence was conducted at the National Center for Biotechnology
Information (NCBI) website (https://blast.ncbi.nlm.nih.gov/Blast.cgi; last accessed May
2018). Eleven different submissions from ﬁve species were found to harbor the sequence (Table 1). Nine were harbored on Tn3 transposons, and six of those were ⬎99%
identical to the Tn3 in P. aeruginosa MRSN 12280 but without the IS5 insertion (Fig. 2A).
The remaining three Tn3 structures carried identical passenger genes, including mcr-5, but
had different tnpA and tnpR genes. These structures appear to be the products of resolvasemediated recombination at the res site between two different Tn3 transposons (Fig. 2B), like
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that observed in the formation of Tn2 (12). Finally, the remaining two sequences were
present on putative mobile insertion cassettes (13). The mobile insertion cassettes were
bounded by imperfect Tn3-like IRs and ﬂanked by 5-bp TSDs (Table 1). However, additional
experimental evidence would be required to conﬁrm that these structures are mobile and
were not formed by the loss of the tnpA and tnpR genes.
TSDs were identiﬁed in 9 of the 11 structures, with subsequent genetic events
removing one of the TSD pairs in Aeromonas hydrophilia WCHAH045096 and P. aeruginosa KF702. All 9 structures generated a 5-bp TSD (Table 1). Furthermore, the 5= and 3=
TSDs ﬂanking the Tn3 in E. coli 10875 and E. coli NIID080884 were different, consistent
with the hypothesis that these structures were formed by resolvase-mediated recombination of two different Tn3 transposons ﬂanked by different TSDs (Fig. 2B). In
addition, the TSDs ﬂanking the Tn3 from Cupriavidus gilardii CR3 are different, suggesting that this structure might have been created by resolvase-mediated recombination
between two identical Tn3 transposons.
Colistin resistance in P. aeruginosa has been attributed primarily to mutations in up
to ﬁve different two-component regulatory systems (PhoPQ, PmrAB, ParR/S, ColR/S, and
CprR/S) (reviewed in reference 6) but, to the best of our knowledge, Mcr-mediated
August 2018 Volume 62 Issue 8 e00679-18
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FIG 2 Genetic environment of mcr-5. (A) Alignment of all 11 structures carrying mcr-5, as of this writing (May 2018). Arrows represent coding sequences (red
arrows, mcr-5; gray arrows, other genes) and indicate the direction of transcription. Different colors are used to represent the different tnpA and tnpR genes,
with the corresponding res sites displayed as white rectangles. IRs are depicted as shaded arrowheads ﬂanking the structures. Areas of ⬎99% homology
between sequences are represented by light gray rectangles, with nonhomologous regions represented by black rectangles. Deletions are denoted with a
center dot. The homologous mcr-5 region that constitutes the mobile insertion cassette structure in A. hydrophilia pI064-2 and S. enterica STY142 is delineated
with two black lines. (B) Schematic representation of possible resolvase-mediated recombination of two different Tn3 transposons, ﬂanked by different TSDs,
to form a new mosaic Tn3 structure. Labeling is consistent with that in panel A.
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colistin resistance has not been described in P. aeruginosa to date. Because mutations
in the two-component regulatory systems could potentially contribute to colistin
resistance in P. aeruginosa MRSN 12280, we examined the amino acid sequences of
PmrA, PmrB, PmrE, PhoP, PhoQ, ParR, ParS, ColR, ColS, MigA, LpxC, CprR, and CprS for
nonsynonymous mutations (6, 14–16). In comparison to P. aeruginosa PAO1, P. aeruginosa MRSN 12280 had nonsynonymous mutations in PhoQ (Y85F), PmrA (L71R), PmrB
(S2P, A4T, G68S, Y345H, and G362S), ParR (L153R and S170N), and ParS (H398R). When
the sequences were compared to the genomes of 100 ST-235 strains deposited in
GenBank, however, the same mutations were present in all strains. Furthermore, a
review of the literature indicated that all of the mutations in PhoQ, PmrA, and PmrB
were observed previously in colistin-sensitive strains (15, 16). Finally, an analysis of
1,135 parS genes from the NCBI revealed that 1,117 sequences have an arginine at
position 398, indicating that the ParS protein from P. aeruginosa PAO1 is a poor
representative of ParS in P. aeruginosa. Although the evidence presented here is not
deﬁnitive, additional experiments to clone and to express the mcr-5 transposon in P.
aeruginosa are under way to conﬁrm these ﬁndings.
We report the ﬁrst identiﬁcation of mcr-5 in a colistin-nonsusceptible strain of P.
aeruginosa that was closely related to the globally distributed epidemic clone ST-235
(10). The gene was chromosomally encoded and embedded within a Tn3-family
transposon that appears to be an important vehicle for mcr-5 transmission. Notably, the
transposon appears to have a tendency to undergo resolvase-mediated recombination
with other Tn3-like transposons, bestowing greater mobility on mcr-5.
Accession number(s). The complete and closed genome of Pseudomonas aeruginosa MRSN 12280 has been deposited in GenBank under accession no. CP028162.
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