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blaNDM has been reported in different Enterobacteriaceae species and on numerous plasmid replicon types (Inc). Plasmid repli-
con typing, in combination with genomic characteristics of the bacterial host (e.g., sequence typing), is used to infer the spread of
antimicrobial resistance determinants between genetically unrelated bacterial hosts. The genetic context of blaNDM is heteroge-
neous. In this study, we genomically characterized 12 NDM-producing Enterobacteriaceae isolated in Australia between 2012
and 2014: Escherichia coli (n � 6), Klebsiella pneumoniae (n � 3), Enterobacter cloacae (n � 2) and Providencia rettgeri (n � 1).
We describe their blaNDM genetic contexts within Tn125, providing insights into the acquisition of blaNDM into Enterobacteria-
ceae. IncFII-type (n � 7) and IncX3 (n � 4) plasmids were the most common plasmid types found. The IncHI1B (n � 1) plasmid
was also identified. Five different blaNDM genetic contexts were identified, indicating four particular plasmids with specific
blaNDM genetic contexts (NGCs), three of which were IncFII plasmids (FII-A to -C). Of note, the blaNDM genetic context of P.
rettgeri was not conjugative. Epidemiological links between our NDM-producing Enterobacteriaceae were established by their
acquisition of these five particular plasmid types. The combination of different molecular and genetic characterization methods
allowed us to provide insight into the spread of plasmids transmitting blaNDM.

Plasmids have received increased attention in the last decade
due to their ability to acquire genes conferring antibiotic re-

sistance and to transfer them between different bacterial hosts.
Plasmids of the family Enterobacteriaceae have been categorized
into replicon (Inc) types via PCR-based replicon typing (PBRT)
(1–3). PBRT, in combination with other characteristics of the bac-
terial host, such as serotype, sequence type (ST) via multilocus
sequence typing (MLST), and resistance gene profiles, is used to
demonstrate the spread of antimicrobial resistance determinants
between genetically unrelated bacterial hosts (4).

New Delhi metallo-�-lactamase gene (blaNDM)-harboring
plasmids have been extensively characterized. Genetic variations
in the accessory regions of plasmids have contributed to the com-
plexity that underlies the spread of antimicrobial resistance deter-
minants between bacterial hosts. Since its first description (5),
blaNDM has been reported on various plasmid Inc types (6), in-
cluding IncA/C (7, 8), IncF types (9), IncL/M (10), IncH (11),
IncN types (12–14), IncX types (15), and IncHI1 types (16), of the
family Enterobacteriaceae. However, it may be misleading to as-
sume that all plasmids of the same replicon type are identical,
especially among the IncA/C (7, 17–19) and IncFII (9, 20) plas-
mids. For Enterobacteriaceae plasmids harboring blaNDM, the vari-
ation in the genetic context of blaNDM generally involves two fea-
tures. First, blaNDM is frequently observed in the 10,099-bp
transposon Tn125 (with two flanking ISAba125 elements) within
NDM-producing species of the genus Acinetobacter (17, 21–24).
The blaNDM gene was hypothesized to originate in the genus Acin-
etobacter (25). In Enterobacteriaceae, the Tn125 structure carrying
blaNDM is frequently truncated (�Tn125) at various lengths (17).
Second, the sequence flanking the �Tn125 structure involves var-
ious mechanisms of gene acquisition, including different ISCR
elements (18), class 1 integrons (19), flanking insertion sequence
(IS) elements (18), miniature inverted-repeat transposable ele-
ments (MITEs) (26), and singleton IS elements, present in close

proximity (8, 10). The variations observed in these two features
have contributed to the different blaNDM genetic contexts re-
ported, even on the same plasmid type.

The blaNDM genetic contexts of NDM producers from Singa-
pore, Japan, Hong Kong, Thailand, and Taiwan have been de-
scribed (10, 12–14, 18). Additionally, NDM-producing Entero-
bacteriaceae have been reported in Australia (27, 28). Limited
studies have described the plasmid features and genetic contexts of
NDM producers from Australia (29–31). Here, we analyze the
blaNDM genetic contexts of 12 NDM-producing Enterobacteria-
ceae isolates from Australia between 2012 and 2014 to provide
insights into their likely acquisition.

(Part of this study was presented as a poster presentation at the
Gram-Negative Superbugs Gold Coast in 2013.)

MATERIALS AND METHODS
Isolates. Twelve clinical or screening isolates producing NDM in this
study from Queensland, Australian Capital Territory, and Western Aus-
tralia were referred to the University of Queensland Centre for Clinical
Research for detailed molecular characterization between 2012 and 2014.
The isolates included Escherichia coli (n � 6), Klebsiella pneumoniae (n �
3), Enterobacter cloacae (n � 2), and Providencia rettgeri (n � 1) (Table 1).
The work was approved by the human research ethics committee (HREC/
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13/QRBW/391: epidemiology, clinical significance, treatment, and out-
come of infections by carbapenem-resistant Enterobacteriaceae and Acin-
etobacter spp. in Queensland).

Antimicrobial susceptibility testing. Antimicrobial susceptibility
and MIC characterization was performed by Etest (bioMérieux, Marcy
l’Etoile, France). The antimicrobial agents tested were ceftazidime, cefo-
taxime, ceftriaxone, cefepime, aztreonam, amikacin, doripenem, ertap-
enem, meropenem, imipenem, and tetracycline. Susceptibility results
were interpreted according to the 2015 EUCAST clinical breakpoint
guidelines (http://www.eucast.org/clinical_breakpoints/).

Plasmid experiments. Plasmid transfer experiments by conjugation
and transformation were performed on all NDM producers using a pre-
viously described technique (32). Sodium azide-resistant E. coli J53 and E.
coli Top10 were used as the recipients for conjugation and transformation
experiments, respectively. The transconjugants and transformants ac-
quiring blaNDM-harboring plasmids were examined phenotypically and
confirmed by PCR for blaNDM. PBRT was used to identify the plasmid Inc
type carrying blaNDM as previously described (1–3).

Whole-genome sequencing. Paired-end libraries of whole genomic
DNA of all 12 isolates were prepared and sequenced by Illumina
HiSeq2000 (Illumina, San Diego, CA, USA). All sequences were de novo
assembled using CLC Genomic Workbench v7.5 (CLC Bio, Aarhus, Den-
mark). Reannotated sequences from the GenBank database, which in-

cluded pNDM-BJ01 (GenBank accession no. JQ001791) (24), were used
as a reference for manual annotation. CLC Genomic Workbench was
further used to BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi),
analyze, and manually annotate the blaNDM-1 genetic context according to
the above-mentioned reference sequences. IS element identification
within each context was achieved via IS finder (https://www-is.biotoul
.fr/). Contigs containing blaNDM from each isolate were named as follows:
pCR7-EC-NDM-1 (E. coli CR7), pCR15-EC-NDM-4 (E. coli CR15),
pCR16-ECL-NDM-1 (E. cloacae CR16), pCR37-ECL-NDM-7 (E. cloacae
CR37), pCR38-KP-NDM-1 (K. pneumoniae CR38), pCR53-EC-NDM-4
(E. coli CR53), pCR58-PR-NDM-1 (P. rettgeri CR58), pCR63-KP-
NDM-1 (K. pneumoniae CR63), pWA1-EC-NDM-4 (E. coli WA1),
pWA2-KP-NDM-7 (K. pneumoniae WA2), and pACT1-EC-NDM-1 (E.
coli ACT1). pCR694-EC-NDM-5 (E. coli CR694) had previously been
submitted to the GenBank database (GenBank accession no. KP178355)
(31). Contigs of the entire genome were submitted to the Center for
Genomic Epidemiology (http://www.genomicepidemiology.org/) to
identify the plasmid replicons and the resistance genes of each clinical
isolate, as well as its ST via an available MLST scheme. Specifically, the
databases Plasmid finder 1.2 (33), Resfinder 2.1 (34), and MLST 1.7 (35)
were used.

Nucleotide sequence accession numbers. Contigs containing blaNDM

from each isolate were annotated and deposited into the GenBank

TABLE 1 Specimens, sequence types, resistance determinants, and plasmid types of Enterobacteriaceae strains that acquired plasmids
harboring blaNDM

f

a Isolates from this study.
b Strain was first described in this study.
c M, male; F, female; R, rectal swab; U, urine; B, blood; S, swab. Age (in years) is given in parentheses.
d ST, sequence type, determined by available MLST schemes; N/A, not available.
e Responsible for aminoglycoside and quinolone resistance.
f Shaded boxes indicate the replicon types and genes present in each strain as determined by PlasmidFinder and ResFinder.
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database with the following accession numbers: pCR7-EC-NDM-1,
KP826713; pCR15-EC-NDM-4, KP826709; pCR16-ECL-NDM-1,
KP826704; pCR37-ECL-NDM-7, KP826705; pCR38-KP-NDM-1,
KP826710; pCR53-EC-NDM-4, KP826711; pCR58-PR-NDM-1,
KP826706; pCR63-KP-NDM-1, KP826712; pWA1-EC-NDM-4,
KP826707; pWA2-KP-NDM-7, KP826708; and pACT1-EC-NDM-1,
KP826702.

RESULTS AND DISCUSSION

In comparison to other geographical regions, such as the United
Kingdom, China, and the Indian subcontinent (21, 36–39), there
are relatively few reports of NDM-producing Enterobacteriaceae
from Australia. In the majority of the cases preceding 2014, pa-
tients had a history of travel to high-incidence countries (32).
Investigations of plasmid-mediated blaNDM involving the descrip-
tion of carbapenem-resistant species within Australia have rarely
included genetic-context characterization. By utilizing genetic-
context characterization in our study, we provide insights into the
acquisition of blaNDM through five groups of plasmids, each car-
rying a specific blaNDM genetic context (NGC) type.

Phenotypic characterization of the NDM-producing Entero-
bacteriaceae. All the isolates were nonsusceptible to all the tested
carbapenems, with meropenem, ertapenem, imipenem, and
doripenem MICs of �32 �g/ml. All the isolates were resistant to
the 3rd and 4th generation cephalosporins, with cefotaxime and
ceftriaxone MICs of �32 �g/ml and ceftazidime and cefepime
MICs of �256 �g/ml. Interestingly, aztreonam MICs were gener-
ally �256 �g/ml, except in NDM-5-producing E. coli, with a MIC
of 24 �g/ml. Variability of the amikacin MICs was observed and
was correlated with the presence or absence of 16S rRNA methyl-
ase. The amikacin MICs of NDM-producing Enterobacteriaceae
possessing 16S rRNA methylase genes were �256 �g/ml. In con-
trast, isolates without 16S rRNA methylase genes had amikacin
MICs between 1 and 2 �g/ml.

Genotypic characterization of the NDM-producing Entero-
bacteriaceae. In silico analysis of the molecular characteristics of
the isolates, STs, antibiotic resistance determinant genes, plasmid
replicons, and blaNDM genetic context are tabulated in Table 1.
The ST of CR58 is not provided, as there was no available MLST
scheme for P. rettgeri. Common antimicrobial resistance determi-
nants identified among the isolates included the following four
blaNDM variants described here, i.e., blaNDM-1 in 6 strains,
blaNDM-4 in 3 strains, blaNDM-5 in 1 strain (6), and blaNDM-7 in 2
strains (Table 1). Each clinical isolate except CR53, CR58, and
CR694 carried blaCTX-M-15 and at least one aminoglycoside resis-
tance gene, including 16S rRNA methylase genes, rmtB, rmtC,
aac(6=)Ib-cr, or armA. CR38 also coharbored the carbapenemase
gene blaOXA-48. There was no correlation between the blaNDM vari-
ants and the replicon types. Among NDM producers with FII
plasmids, two variants, blaNDM-1 and blaNDM-4, were identified.
Four variants, blaNDM-1, blaNDM-4, blaNDM-5, and blaNDM-7, were
identified on replicon type X3 blaNDM-harboring plasmids. Com-
parisons of plasmid replicon types and their blaNDM genetic con-
texts enabled us to identify links between genetically unrelated
bacterial species, regardless of their STs and resistance determi-
nant profiles.

Characterization of plasmids harboring blaNDM. Six blaNDM-
harboring plasmids that underwent plasmid transfer experiments
by transformation—CR15, CR16, CR37, CR694, WA1, and
WA2—were successfully transferred into E. coli TOP10. Multiple

attempts to transfer blaNDM-harboring plasmids by transforma-
tion to the rest of the NDM-producing Enterobacteriaceae were
not successful. In conjugation experiments, of the 12 NDM-pro-
ducing Enterobacteriaceae, 10 blaNDM-harboring plasmids were
transferred. Of note, the conjugation experiment with K. pneu-
moniae CR38 resulted in the transfer of a blaOXA-48-harboring
plasmid, but not a blaNDM-harboring plasmid, into E. coli J53. The
blaNDM gene of P. rettgeri CR58 was not transferred by conjuga-
tion and transformation. This may indicate the potential location
of blaNDM on a nonconjugative plasmid or a potential chromo-
somal location. The replicons of plasmids harboring blaNDM ex-
tracted from transformed E. coli TOP10 and E. coli J53 transcon-
jugants acquiring blaNDM-harboring plasmids are listed in Table 1.

Utilizing the WGS data, blaNDM genetic-context characteriza-
tion of each strain identified a truncated Tn125 (�Tn125) struc-
ture carrying blaNDM. pNDM-BJ01 was used as the reference se-
quence (26). The left-hand ISAba125 of the �Tn125 structure was
truncated, and the �Tn125 sequence ends at various lengths
downstream of blaNDM (Fig. 1). The sizes of the �Tn125 structure
ranged from 1,769 bp to 8,046 bp. Characterizing the flanking
regions of each �Tn125 structure identified two recurrent genetic
contexts repeated in two clinical isolates and three distinct genetic
contexts, each found in a separate clinical isolate. Five different
types or groups of NGCs were determined. They were used to
categorize each NDM-producing strain into five blaNDM-harbor-
ing plasmid groups according to their respective NGC. There are
three types of NGCs within FII-type plasmids (FII-A to -C). The
other two types were X3-A and HI1B-A (Fig. 1). The strains, NDM
plasmid type, and NGC type of each group are described below.

Strains harboring FII-type plasmids. The IncFII type was the
most frequent Inc type, identified in 7 of the 12 plasmids harbor-
ing blaNDM (Table 1). Three of the five plasmid groups were NGC
FII type. The strains harboring IncFII types were categorized into
three different FII groups according to the three different FII
blaNDM genetic contexts (NGC types FII-A to -C). The strains and
their FII plasmid subtypes and corresponding NGC types were
identified as follows. Four E. coli strains, CR7, CR53, WA, and
ACT1, carried an FII subtype plasmid harboring NGC type FII-A.
NGC type FII-A had a 3,328-bp �Tn125 structure, flanked up-
stream by a truncated ISEcp1 and the right end of IS26 and down-
stream by an ISCR1 element and is very similar to the blaNDM

genetic context on IncFII pGUE-NDM (GenBank accession no.
NC_019089) of an E. coli ST131 strain isolated in France (20) and
IncFII pMC-NDM (GenBank accession no. HG003695) of an E.
coli ST410 strain isolated in Poland (40).

The second plasmid group had strains with an FIIY plasmid
with NGC type FII-B. Two strains, E. cloacae ST265 strain CR16
and K. pneumoniae ST45 strain CR63, were included in the group.
NGC type FII-B involved a 7,977-bp �Tn125 structure with
IS903B and an IS1 family element upstream and was very similar
to pECL3-NDM-1 (direct-submission GenBank accession no.
KC887917) of E. cloacae ECL3 isolated in Australia.

The third group carried an FIIY plasmid with NGC type FII-C
with K. pneumoniae ST15 strain CR38. NGC type FII-C is a
5,947-bp �Tn125 structure flanked by two identical 256-bp
MITEs. The aminoglycoside resistance determinant rmtC was also
identified upstream of the �Tn125 structure of NGC type FII-C
and is very similar to IncFII pKOX_NDM1 (GenBank accession
no. JQ314407) of Klebsiella oxytoca isolated in Taiwan (26).

Strains harboring IncX3 and IncHI1B. Similar to the analysis

Wailan et al.

138 aac.asm.org January 2016 Volume 60 Number 1Antimicrobial Agents and Chemotherapy

http://www.ncbi.nlm.nih.gov/nuccore?term=KP826713
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826709
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826704
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826705
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826710
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826711
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826706
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826712
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826707
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826708
http://www.ncbi.nlm.nih.gov/nuccore?term=KP826702
http://www.ncbi.nlm.nih.gov/nuccore?term=NC_019089
http://www.ncbi.nlm.nih.gov/nuccore?term=HG003695
http://www.ncbi.nlm.nih.gov/nuccore?term=KC887917
http://www.ncbi.nlm.nih.gov/nuccore?term=JQ314407
http://aac.asm.org


of IncFII blaNDM plasmids, blaNDM genetic-context groups were
established with the remaining clinical strains that harbored
IncX3 and IncHI1B plasmids. The fourth plasmid group is com-
posed of strains carrying an IncX3 plasmid with the NGC type
X3-A. The four clinical isolates in this group are E. cloacae ST127
strain CR37, E. coli ST101 strain CR15, E. coli ST648 strain CR694,
and K. pneumoniae ST15 strain WA2. NGC type X3-A involved a
3,167-bp �Tn125 structure flanked by an IS5 upstream and an
IS26 downstream and was similar to the IncX3 plasmid pNDM-
MGR194 (accession no. KF220657) of K. pneumoniae isolated in
India (41).

The last plasmid group carried an IncHI1B plasmid with NGC
type HI1B containing P. rettgeri strain CR58. NGC type HI1B-A
consists of an 8,046-bp �Tn125 sequence with a partial sequence
of ISEc33 upstream and is identical to IncHI1B pPKPN1 of K.
pneumoniae strain PittNDM01 ST14 (GenBank accession no.
CP006799) isolated in Pittsburgh, PA (42).

Although this study had a small sample size, it could indicate
further potential wide dissemination of blaNDM by IncFII-type
and IncX3 plasmids in Australia. Geographically specific dissem-
ination of blaNDM by a certain group of plasmid types has been
previously reported with five identical IncN2 plasmids harboring
blaNDM in four K. pneumoniae and one E. coli ST131 isolates in two
countries in Southeast Asia (13, 14). The characterization pre-
sented here would indeed help to track the horizontal movement
of blaNDM among members of the family Enterobacteriaceae.

While the mechanism and factors through which these genetic
contexts originated and the source and environment in which the
strains have acquired these plasmids remain unknown, the five
groups of plasmids carrying these specific blaNDM genetic contexts
within different bacterial species highlight the role of plasmids in
transmitting mechanisms of carbapenem resistance. Genetic-con-
text characterization was an accurate method, allowing us to re-
fine epidemiological links between strains established by the ac-

FIG 1 Schematic representation of all the NGCs in the study and the reference sequence pNDM-BJ01 (GenBank accession no. JQ001791). The blaNDM genetic
contexts and their GenBank accession numbers are as follows: IncFII plasmids with NGC type FII-A (pCR53-EC-NDM-4 [KP826711], pWA1-EC-NDM-4
[KP826707], pACT1-EC-NDM-1 [KP826702], and pCR7-EC-NDM-1 [KP826713]), with NGC type FII-B (pCR16-ECL-NDM-1 [KP826704] and pCR63-KP-
NDM-1 [KP826712]), and with NGC type FII-C (pCR38-KP-NDM-1 [KP826710]); IncX3 plasmids with NGC type X3-A (pCR37-ECL-NDM-7 [KP826705],
pWA2-KP-NDM-7 [KP826708], and pCR15-EC-NDM-4 [KP826709]); and an IncHI1B plasmid with NGC type HI1B-A (pCR58-PR-NDM-1 [KP826706]). �,
truncated gene. IS elements are represented as block arrows. The vertical black arrows indicate insertion of IS elements. Reference sequences from GenBank for
each genetic context are in boldface: pGUE-NDM (GenBank accession no. NC_019089), pECL3-NDM-1 (GenBank accession no. KC887917), pKOX-NDM-1
(GenBank accession no. JQ314407), pNDM_MGR194 (GenBank accession no. KF220657), pTR3 (GenBank accession no. JQ349086), and PittNDM01
(GenBank accession no. CP006799). The gray box highlights blaNDM in each genetic context.
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quisition of plasmids carrying a specific blaNDM genetic context.
We suggest genetic-context characterization as an additional tool
in combination with other molecular methods, such as plasmid
replicon typing and sequence typing via MLST, when conducting
epidemiology studies involving NDM producers of the family En-
terobacteriaceae and possibly other promiscuous antimicrobial re-
sistance determinants.

In conclusion, we have identified five particular plasmids with
specific blaNDM genetic contexts conferring carbapenem resis-
tance in the family Enterobacteriaceae through genetic-context
characterization in combination with other epidemiological mo-
lecular methods. IncFII-type and IncX3 plasmids were the most
frequent plasmids carrying blaNDM within our study, with three
different blaNDM genetic contexts identified among the IncFII-
type plasmids. By combining different molecular and genetic
characterization methods, epidemiological investigations can
provide better insight into the spread of plasmids transmitting
blaNDM and possibly other, similar promiscuous resistance mech-
anisms to genetically unrelated bacterial species.
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