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Abstract

Treatment options for infections caused by pathogenic Gram-negative bacteria, especially those of
the Enterobacteriaceae family, are becoming limited with the increase of antimicrobial resistance
(AMR). B-lactamases are a major mechanism for AMR within the Enterobacteriaeae. The most
problematic B-lactamases are carbapenemases, which confer resistance to carbapenems, the major
last-line antimicrobial. A recently emerged carbapenemase that has globally disseminated is the
NDM carbapenemase, provided by blanom genes. These blanom genes (and other AMR genes) are
able to transmit between strains when inserted on extrachromosomal self-replicating DNA
molecules known as ‘plasmids’. AMR genes within Enterobacteriacae are frequently associated
with specific bacterial species, clonal lineage, plasmid Incompatibility (Inc) types or transposable
elements. The blanom genes however do not have this association when oberserved in the
Enterobacteriaceae family. To address and characterise this new paradigm presented by blanpom
genes, this thesis presents the bioinformatic analysis of plasmids associated with the
Enterobacteriaceae to provide insights into the acquisition and spread of the blanom gene and an
epidemiological approach to assess its plasmid-mediated dissemination between genetically

unrelated species.

Specifically these aims were achieved by; firstly, the establishment of a recent account of the
blanom gene from an epidemiological perspective using a novel genetic/molecular approach. This
would identify the spread of individual plasmids carrying blanom across multiple species and
patients, both within a single facility and across multiple national facilities. The approach combined
in-depth bioinformatic analysis of blanom genetic contexts (NGCs) with common molecular
epidemiology techniques. IncN2 (n=4) and IncA/C (n=3) were identified as the most common
plasmids types carrying blanom across four patients within a Pakistani military hospital. These

patients harboured between two and four NDM-1 producing Gram-negative bacilli of different



species coresident in their stool samples. IncFll-types (n=7) and IncX3 (n=4) were the most
common plasmid types carrying blanom amongst 12 Enterobacteriaceae isolates, each from
different patients across multiple Australian healthcare facilities. These isolates each carried one
plasmid harbouring blanom but only five different blanom genetic contexts were identified,

indicating five particular plasmids with a specific NGC had disseminated amongst these 12 isolates.

Secondly, to investigate transposable elements involved for insertion of the blanom gene into
different plasmid types, the complete sequence of four plasmids carrying blanom (two IncA/C> and
two IncFlly) was bioinformatically analysed. These plasmids were from four different clinical
samples of four patients, comprised of Klebsiella pneumoniae, Enterobacter cloacae, and
Escherichia coli. Each plasmid was observed to acquire blanom by different mechanisms on very
similar plasmid backbones. Transposable elements ISCR1 and either 1S26 or ISCR27 were involved
with blanpwm insertion into different locations of the antibiotic resistance island ARI-A on IncA/C;
plasmids. Tn3-derived Inverted-repeat Transposable Elements (TIMEs) and an 1S903-like element
were identified for IncFlly plasmids. This thesis collectively identified eight different transposable
elements associated with blanom: ISCR27 and/or 1S26 on type 1 IncA/Cz; ISCR1 on IncN2, IncA/C,
and IncFllz; ISCR6-like, 1S903-like and TIMEs on IncFlly; 1S26 and/or 1S3000 on IncX3; and an

1S26 composite transposon on IncH1B.

Thirdly, to investigate the relationship between plasmid types and bacterial species, in silico
plasmid typing (via plasmid typing database, PlasmidFinder) and Principal Component Analysis
(PCA) was performed to survey the plasmid content across 1683 Enterobacteriaceae isolates. These
whole genome sequenced isolates comprised of K. pneumoniae (n=494), Shigella sonnei (n=223),
Yersinia spp. (n=214), Shigella flexneri (n=171), E. coli (n=355), E. cloacae (n=133) and
Salmonella enteria serovar Typhimurium (n=95). Twelve main plasmid types were identified

distributed into three levels of occurence: common, IncF (~65% of strains); intermediate, IncHI,



Incl, IncR (8-10%); and rare, IncA/C, B/O/K/Z, LIM N, O, P, Q, X, and Y (0.5-3%). PCA of
isolates and their shared plasmid content identified specific plasmid sub-types to represent possible
routes of gene exchange between different genera. Furthermore, two primary clusters of species
were identified based on their shared plasmid sub-type content, Group 1: K. pneumoniae and E.
cloacae, and Group 2: E. coli, S. sonnei and S. flexneri. Species within each group were seen to be

phyogenetically similar.

Collectively the analysis presented in this thesis, proposes an underlying network of interactions
between AMR genes, transposable elements, plasmids types and the bacterial host, where each
interaction may involve a degree of compatibility depending on the genera of the strain. The blanpm
genes appear to have transmitted through this proposed network, from Acinetobacter spp. to
disseminate amongst the Enterobacteriaceae family, following its interactions, compatibilities and
limitations. Further surveillance of the Enterobacteriaceae family, including environment and
community samples, will be required to define the extent plasmid-mediated AMR genes have
spread within the Enterobacteriaceae family. The combined molecular/genetic approach and
subsequent whole plasmid sequence analysis would be recommended for this survelliance. This
PhD thesis provides insights into the acquisition and spread of the blanom gene and emphasizes the
capability of Enterobacteriaceae to transmit plasmid-mediated AMR genes amongst themselves to

adapt to their environment, especially where antimicrobial pressure is present.
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Chapter 1: A new paradigm presented by the blanom gene

This chapter presents a background on genes conferring antimicrobial resistance, defining the
factors involved in their spread within the Enterobacteriaceae family. Those factors will be
described for the blanom gene according to literature at the commencement of PhD
candidature (2013), summarised in manuscript form. A thesis outline and overall aim,

supplemented with specific chapter aims will also be presented.

1.1 Introduction

Gram-negative bacteria are pathogens that can cause a range of serious human infections
including pneumonia, urinary tract, intra-abdominal, and bloodstream infections, but also
asymptomatic colonisation in the gastro-intestinal tract. These infections are usually treated
with antimicrobials such as B-lactams. Unfortunately, treatment options are diminishing with
multi-drug resistant (MDR) strains frequently reported as resistant to the carbapenemes the
major “last line” antimicrobial group (1-4). The genes responsible for an antimicrobial
resistance (AMR) phenotype comprise of an array of genes, including different B-lactamase
genes (bla), which produce enzymes able to hydrolyse specific B-lactam compounds. These
B-lactamase enzymes can be divided into four different groups based on the Ambler
molecular classification system (5, 6). This system categorises the enzyme according to their
amino acid sequence, primarily on their active site. Classes A (Extended-spectrum [-
lactamases; ESBLs), C (AmpC) and D (OXA type B-lactamases) are serine -lactamases and
Class B are metallo-B-lactamases (MBL) which require a bivalent metal ion for activity,
usually Zn*? (7). ESBLs or AmpC p-lactamases genes such as blacrx-m-15 and blacmy-2, are
able confer resistance to extended-spectrum cephalosporins, a frequently used sub-group of -
lactams (8, 9). Pathogens producing ESBLs or AmpC are often treated with carbapenems

(10-12). There are B-lactamase genes however, able to produce carbapenemase enzymes that
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hydrolyse carbapenems, for example the blanom and blakec genes (1). The emergence of
carbapenemases and their high prevalence within species of Enterobacteriaceae family e.g.
Klebsiella pneumoniae, Escherichia coli and Enterobacter cloacae, has brought
carbapenemase-producing-Enterobacteriaceae to the attention of those within the health-care
and infectious disease profession (4, 13).

A recently identified carbapenemase to disseminate globally is New-Delhi Metallo-p-
lactamase (NDM-1), which was first described in 2009, produced by a K. pneumoniae strain
isolated from a Swedish patient who received medical treatment in New-Delhi, India (2, 14).
This gene (blanom) provides resistance to all B-lactams (except aztreonam), and unlike other
classes of B-lactamases has no commercially available inhibitors. The blanom gene has also
rapidly spread to every inhabitable continent (in over 40 countries (15-17)) by 2013, with the
Indian sub-continent described as the major reservoir for human acquisition of NDM
producing Gram-negative bacteria (18, 19). NDM producers also frequently carry other
antimicrobial resistance determinants, including ESBLs, AmpC cephalosporinases, other
carbapenemases (OXA type), and those that provide resistance to aminoglycosides (16S RNA
methylases), quinolones (gnr), rifampicin, sulfamethoxazole and chloramphenicol (20-23).
As a consequence of strains co-harbouring these resistance determinants with blanpwm,
antimicrobial treatment for the majority of NDM producing strains is limited to only three
available drugs, colistin, tigecycline and fosfomycin (24). Unfortunately colistin is
unfavourable because of its nephrotoxicity and neurotoxicity adverse effects. Tigecycline has
a large volume of distribution resulting in a limited efficacy. For blood stream infection
(BSI), uninary tract infections (UTI) and pneumonia treatment (25-30) this is not optimal, as
presence of tigecycline in blood, the urinary tract, and the lung would be in low
concentrations. Alternatively fosfomycin, which is an older antimicrobial, is being revisited

for treatment because of its excellent clinical efficacy for UTI. However, is not as widely
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available compared to colisin and tigecycline, and the lack of randomised control trials leaves
fosfomycin restricted to only UTI treatment. Resistance to these antimicrobials has also been
reported in NDM producers (31-34).

The rapid spread of the blanpm gene is central to this thesis and has been attributed to several
factors including epidemiological aspects such as medical tourism, asymptomatic carriage,
and personal travel (18, 35). Additonal factors include those linked to the Asian continent,
such as the poor sanitation problems, polluted water sources which was highlighted during
the first report of NDM as well as the lack of control and monitoring of over the counter
prescriptions. Molecular epidemiology and bioinformatic investigations have made numerous
associations with previously identified AMR genes. These include frequently observed
genetic contexts (the structure of the DNA/sequence surrounding the AMR gene) (36, 37),
types of plasmids (circular extrachromosomal pieces of DNA carried by strains) where the
gene has inserted (38-40), clonal lineages (41, 42), or bacterial species (43, 44) frequently
carrying the gene, or a combination of these. The following sections of this chapter will
introduce and summarise these epidemiological aspects and associations with previously
identified AMR genes. These associations will be described for the blanom gene, with further

details listed in a literature review manuscript.

1.2 Addressing the spread of MDR strains

There are three major interventions implemented by health-care professionals in response to
the numerous strains carrying AMR genes, primarily identified by epidemiological studies.
These interventions were implemented to control and address major factors involved in AMR
development and the spread MDR strains. The first is infection control, which contains the
spread of MDR organisms from its source (e.g. infected patients) in order to prevent

additional infections during an outbreak, especially within health-care facilities where
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hospital-acquired (nosocomial) infection is common (45). The second is surveillance via
screening populations for MDR organisms to inform professionals in infection control and
rapid diagnostics of their underlying spread. This includes asymptomatic carriage, as natural
human flora are capable of carrying AMR genes e.g. gut colonisers (46). Asymptomatic
carriers have been recently identified as ‘vehicles’ for the spread of resistance by commuting
internationally, for purposes of medical tourism or personal travel (47-49). The third
intervention is antimicrobial stewardship, which aims to limit the selection and development
of antibiotic resistance within health-care facilities and the community, as the over- or misuse
of antimicrobials has been theorised to have led to the emergence and dissemination of
antimicrobial resistance (50). This legislation involves monitoring and promotion of
appropriate use of antimicrobial prescriptions. These concepts essentially are interventions
for human-to-human transmission, and antibiotic resistance selection and development in

MDR bacteria, which has been associated with controlling the transmission of AMR.

1.3 Molecular epidemiology investigations of plasmid-mediated AMR genes

Multi-drug resistant organisms have become frequently reported. In response, there have
been studies conducted to understand the mechanisms involved in the spread of AMR
amongst Gram-negative bacteria. Previously, public health and epidemiological
investigations have used molecular typing to determine the basis of carbapenem resistance
spread. This would involve a comparison of bacterial strains isolated from a cohort of
patients to identify clonal strains and possible outbreaks sources. A standard procedure to
identify clonal strains is determining their sequence type (ST) by analysing the DNA
sequence of multiple conserved house keeping genes within each strain. Those with the same
ST are considered ‘clonal’. The Multi-Locus Sequence Typing (MLST) scheme is a widely

used typing method for these purposes (available at: http://pubmist.org (51)). These
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molecular epidemiology investigations would frequently associate the AMR gene with, either
certain bacterial species where they were intrinsic such as Acinetobacter baumannii (blaoxa-
s1-like; carbapenemase (52)) and, K. pneumoniae and E. coli (the chromosomal ampC gene
(10, 43)), or commonly spread by specific clones, for example E. coli ST131 (blactx-m-15
(41)), K. pneumoniae ST258 (blakec (53)) and A. baumannii clonal complex 92 (blaoxa-23;
carbapenemase (54)). The blanom gene however is not solely associated with a specific
species or clone (although there are some clones that are frequently observed to carry blanpm
e.g. E. coli ST101), reported in different species within the Enterobacteriaceae family, non-
Enterobacteriaceae genera (Acinetobacter spp. and Pseudomonas spp.), and various
sequence types (20). A likely part of the explanation that the blanom gene does not follow this
paradigm is because the gene is frequently located on plasmids. Plasmids carry genes able to
produce enzymes for its horizontal gene transfer between two bacterial cells, in a process
known as conjugation. Plasmid-mediated AMR genes such as the blanom gene are
unfortunately unable to be properly and entirely assessed by this type of molecular
epidemiology alone, and may need additional techniques to assess the entire situation, such as

conjugation and/or transformation experiments.

1.4 Investigations of plasmid-mediated AMR genes

Plasmids are circular elements of DNA that replicate independently from the chromosome
and do not encode genes essential for bacterial cell growth (55). Each gene on a plasmid can
be categorised in groups/modules according to their respective function such as plasmid
replication e.g. replicon genes, stability, transfer (for conjugation), establishment, partitioning
and accessory/adaptive genes e.g AMR genes. Plasmids exist in a range of sizes from small
sized plasmids e.g 1 Kbp, while others can be large for example up to 100 Kb in size. Large

sized plasmids usually are present in low copy number while smaller plasmids have higher
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copy numbers. Those that are associated with AMR are typically plasmids with low-copy
number and often carry genes for conjugational transfer to other strains. Plasmids associated
with the Enterobacteriaceae family are categorised into different Incompatibility (Inc) types
or groups. This incompatibility was originally based on the observation that plasmid
backbones with the same replication system cannot be co-retained within the same cell line
(40, 56). Those plasmid backbones with the same replication system were then categorised
within the same Inc group. Plasmids belonging to different Inc groups are able to be co-
harboured within the same strain. Typing for plasmids into their Inc groups was initially
developed in the late 1980s, utilising DNA-DNA hybridisation between strain DNA
immobilised on filters and purified DNA fragments/probes which are specific for each Inc
group and labelled via nick translation to allow for colourmetric detection (57). Typing of
plasmids was then updated in 2005 as a typing scheme based on primers after the
identification of their major role in the spread of AMR through conjugation, reducing time
and labor in molecular epidemiology. The plasmid-typing scheme was named ‘PCR-based
replicon typing” (PBRT) and used a multiplex PCR for 18 major plasmid types to identify the
Inc type of the plasmid carrying AMR genes (58). Similar to sequence typing, PBRT targets
conserved sequence regions representive for each plasmid type, such as the plasmid replicon
region responsible for replication. Through this typing certain AMR genes were frequently
identified on specific plasmid types and became highly associated, such as the IncA/C
plasmids carrying blacmy-2-ike genes, and IncF types plasmids carrying blacTx-m-15 within the
E. coli ST131 clone, or carrying blakec in K. pneumoniae (40). The blanom gene however is
not associated with a particular plasmid type unlike these prominent AMR genes. The blanpm
gene has been reported on numerous Enterobacteriaceae plasmid backbones/ Inc types,
IncA/C, IncF types, IncHI types, IncL/M, IncX types, and IncN types (40, 59). Acquisition of

a “NDM plasmid” by a strain could be considered responsible for their carbapenem resistant
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phenotype; in a similar fashion previous AMR genes such as blacmy-2-ike genes were
associated with acquisition of an IncA/C plasmid type. The spread of the blanom gene
however, is far more complex as some plasmids carrying the blanom gene are genetically
different despite being characterised as the same plasmid type. This was indicated by IncA/C
plasmids available during commencement of PhD candidature, pPNDM10469 (Accession no
JN861072.1), pNDM102337 (Accession no. JF14412.2), and pNDM10505 (Accession no.
JF503991.1). Typing of plasmids (Inc) and the bacterial host (ST) therefore can only partially

explain the mechanisms of acquisition and spread of this carbapenemase gene.

1.5 Investigations for transposition of AMR genes

In parallel to the mentioned molecular epidemiology investigations, bioinformatic studies
began to analyse these plasmids in high detail with the increased availability to commercial
whole genome sequencing. These analyses would characterise another mechanism that
contributes to the movement of AMR genes called “transposition”. Transposition events
involve the movement of DNA from one DNA site to another within a bacterial host. These
events are facilitated by numerous transposable element enzymes such as insertion sequence
(IS) elements (60-62). This gene movement can occur between two sites on the chromosome,
between chromosome and a plasmid or between different plasmids. Each transposable
element has a specific mechanism involving recognition sites on the DNA for insertion and
the amount of adjacent sequence upstream or downstream of the transposable element that is
mobilised (62). Frequently encountered mechanisms will be briefly reviewed in the following
paragraphs.

Homologous recombination is a natural and major process in which DNA can be exchanged
within a bacterial cell. The recombination process requires the breaking and joining of DNA

strands at regions that have high similarity, which is dependent on the degree and length of
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homology (60). This process can occur on the same DNA molecule or between different
DNA molecules in the same bacterial cell. Recombination between two highly similar
sequences on two different DNA molecules such as two plasmids can fuse the two molecules
together. Further, a ‘double crossover’ event can occur where recombination involving two
separate pairs of highly similar sequences that are in close proximity (60). A recombination
event can result in the exchange of DNA segments between the two pairs. This homologous
recombination process has the potential to transpose regions carrying antimicrobial resistance
determinants to different sites on the chromosome and plasmids. Numerous elements such as
Insertion Sequences (IS) or transposons (Tn) are also able to act as the high similar sequences

during the mentioned recombination when present in multiple copies.

There are multiple transposable elements involved in the transposition of antimicrobial
resistance determinants. The major types are IS elements, composite and unit transposons,
and integrons. ‘Classical’ insertion sequences elements are sequences bound by two short
identical or imperfect inverted repeats (IR) that define their boundary. Between both IR are
one or two genes that encode the transposase enzyme which facilitates movement of the IS
element. The direction of transcription for the transposase gene(s) designates the IR, ‘IR.’
upstream of the gene or left end of the IS element and ‘IRR’ downstream or right end of the
IS element. The IR are recognised by the transposase enzyme to facilitate the movement of
the DNA sequence between the IR to a new location either using a ‘cut and paste’ and/or
‘copy and paste’ process depending on the specific IS element (63). The movement for the
majority of IS elements creates 2-14 bp direct repeats (DR) flanking the IS element’s new
location. The DR indicates and provides evidence of the occurrence of a transposition event
when bioinformatic analysis of bacterial genomes is performed. IS elements do not carry any

additional genes, however when two copies of the same (or similar) IS element are located in
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close proximity to each other the transposase is able to recognize and mobilise the sequence
between both IS elements as a ‘composite transposon’. Transposition however is not always
simple. There are instances which IS elements such as ISEcpl, which are unlike classical 1S
elements fail to recognised their IRr and instead recognise a sequence similar to the IRr
further downstream of the element. Tranposition would then proceed to mobilise the
sequence between the IRL and the similar IR downstream, which can carry antimicrobial

resistance determinants (60).

Unit transposons were originally defined as larger than an IS element and in addition to their
transposition function carried other genes such as antimicrobial resistance determinants (60).
The Tn3 transposon family is a frequently observed unit transposon consisting of two sub-
groups, Tn3-like and Tn21-like. Both sub-groups consist of a transposase (tnpA), resolvase
(tnpR) and a resolution site (res) and are flanked by a 38bp IR. Mobilisation involves IR
recognition by the TnpA enzyme, generating a co-integrate intermediate consisting of the
donor and recipient DNA molecules. The co-integrate intermediate is resolved by tnpR-
mediated site-specific recombination and generates a 5 bp DR upon transposition. The
differences between the two sub-groups are the sequence and the organisation of the tnpA,
tnpR and res genes. Elements of the Tn3-like subgroup have the res located between the tnpA
and tnpR which are transcriptionally orientated in opposite directions. In contrast, Tn21-like
sub-group members have tnpA and tnpR orientated in the same direction and the res is not
located between both genes but downstream of tnpR i.e. 5'-tnpAjtnpR|res-3". In addition to the
mentioned transposable elements, there are other elements that utilise different mechanisms

for the transposition of DNA sequences, including ISCRs, ICE and integrons.
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Insertion sequence common regions (ISCRs) are 1S91-like sequences e.g 1S91, 1S801 and
IS1294 and are not flanked by terminal IRs like classical IS elements (64). ISCRs use a
‘rolling-circle’ replication mechanism to mobilise the DNA upstream of the transposase gene,
essentially mobilising in the reverse direction when compared to classical IS elements. In
order to mobilise, the transposase named ‘rcr’ recognises a flanking origin (orilS)
downstream, and a terminus (terlS) upstream. The rcr can fail to recognise the upstream terlS
and continue to replicate and transpose into the adjacent genetic structures until a surrogate
terlS is recognised (65). Through this mechanism, these elements can mobilise at least 28 Kb

of DNA in a single movement (65). Thus, they are able to transpose genes conferring

antibiotic resistance without the usual flanking invert repeats (66).

Integrative and Conjugative Elements (ICE) are self-transmissible mobile genetic elements
which encode proteins for their own excision from a DNA molecule, conjugation to another
bacterial cell and reintegration/insertion into the chromosome or plasmid. Prior to its first
classification in 2002, ICE were known previously as different groups i.e. IncJ plasmids,
conjugative tranpsosons (CTn), and constins, but they all described the same element. The
nomenclature has been revised and such elements types are currently known as CTn or ICE
(67). These mobile elements (similar to plasmids) are able to transmit antimicrobial
resistance determinants between locations on the chromosome, between chromosome and

plasmids as well as between bacterial cells.

Integrons were discovered through their association with antimicrobial resistance
determinants. The identification of other integron types such as chromosomal integrons and
‘mobile resistance integrons’ led to the classification of the original integrons as class 1

integrons, according to their integron-integrase (intl) sequences. Class 1 integrons are genetic
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structures composed of a recombinase called integrase and the recombination site attl. The
Intl1 protein facilitates the insertion or excision of circularised gene cassettes into the
integron by catalyzing recombiniation between the attC site on the gene cassette and the
recombination site attl of the integron (68, 69). These gene capturing integrons can also be
mobilised due their placement into transposon structures such as the Tn402/Tn5090-like
transposon. The most frequently encountered in terms of antimicrobials resistant
determinants are those derived from Tn402-like transposons, sometimes referred to as the
‘clinical’ or ‘sull-type’ transposons. These transposons have two conserved segments (CS).
The 5'-CS contains the IRi of the Tn402-like transposon and intl1, while the 3'-CS carries
two ORFs (unknown function) and a truncated gacEA4/ gene overlapped with a sull, which
are remnants of an integration event of sull into a previous Tn402-like transposon carrying
gacE41l as the final cassette. These conserved segments are frequently observed flanking
cassette arrays that provides the opportunity for entire arrays to be exchanged between two
‘clinical’ transposons if present within the same bacterial cell via double crossover events.
Gene cassettes of integrons are also able to mobilise into other integrons in the same cell via
homologous recombination between similar gene cassettes of different arrays.

Transposition events in addition to mobilising antimicrobial resistance genes also have the
opportunity to generate antimicrobial resistance genes via fusion of genes. The blanom gene
has been described as a chimeric gene. In 2012, Toleman and colleagues, theorised that
blanom-1 may be a chimeric gene, fused with a previous aminoglycoside resistant gene,
aphA6 by alignment of several sequences containing the genetic environment around blanpm-
1 (70). The authors first aligned genetic contexts of the blanpm-1 gene available at the time.
The alignment showed that the intergenetic region between ISAbal25 and blanom-1 were
identical. Furthermore the GC% content was found to change dramatically from below 50%

to above 50% after the first 19 nucleotides (encoding the first 6 amino acids) into the blanpm-1
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gene. A second alignment was conducted between several sequences containing either 5'-
ISAbal25|blanpm-1-3' or 5'-I1SAbal25|aphA6-3" (both with 1SAbal25 upstream). This
revealed that ISAbal25 was located at the same distance upstream from both blanpm-1 and
aphA6, and the intergenetic regions between ISAbal25 and their respective gene had a 100%
identical sequence. The alignment of the genetic contexts of blanom and aphA6 interestingly
breaks at 19bp within blanpwm-1, the same point at where the GC% content changes, thus
suggesting that blanpwm-1 is a chimeric gene produced by in-frame fusion of aphA6 with a pre-
existing MBL gene.

The authors proposed two theories for the events generating the chimeric blanpm-1. The first
theory is an in-frame deletion event between an aphA6 gene within an ISAbal25 composite
transposon upstream of a pre-existing blamsL gene. The second theory involves the insertion
of a previous blamsL via an ISCR element and its rolling circle mechanism, to insert into
aphA6 with 1ISAbal25 upstream. The latter is more favourable as Tn125npm also contains

ISCR27 downstream to groEL and groES.

With the above knowledge, bioinformatic analysis would frequently describe genetic contexts
for particular AMR genes, detailing adjacent transposable elements such as IS elements,
transposons, capture systems e.g. class 1 integrons (a common location for the insertion of
AMR genes cassettes), and other genes in close proximity (60). These analyses would
determine the sequences of events that genetic contexts would arise via sequence comparison
with other strains and plasmids. Consequently certain transposable elements were associated
with AMR genes by frequent co-observation. These associated transposable elements would
infer the transposition mechanisms involved for insertion of the AMR gene onto the
chromosome and plasmid. Mobilisation between two locations would be inferred by their

comparison with other similar genetic contexts. One example of the association between
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AMR genes and transposable elements is the blacmy-2-iike and blactx-m-15 genes with the
ISEcpl transpositional unit (60, 71). The blanom gene has been associated with transposon
Tn125 (bound by two ISAbal25) within Acinetobacter spp. (72, 73), however when observed
on Enterobacteriaceae plasmids and compared to the genetic contexts such as those of
blacmy-2-ike and blactx-m-15 genes (frequently observed presence in the ISEcpl transpositional
unit), the blanom gene does not have an associated and frequent genetic context apart from a
fragmented Tnl125 (ATn125) of different lengths. ATn125 would frequently encompass a
single AISAbal25 upstream of the blanom and a blemsL gene downstream, with fluctuations
in the presence of other Tnl125-associated genes (2, 74, 75). Although not widely known by
health-care professionals, the transposition mechanism is an important factor to understand
the acquisition and spread of the blanom gene amongst various plasmid types and bacterial

species.

The above and literature during candidature commencement is summarised, presented and
discussed further in manuscript format published in Expert Reviews of Anti-infective Therapy.
Wailan AM, Paterson DL. 2014. The spread and acquisition of NDM-1: a multifactorial

problem. Expert Rev. Anti. Infect. Ther.12:91-115. DOI: 10.1586/14787210.2014.856756

The University of Queensland requires the presentation of the submitted or accepted article.
The numbers of the figures, tables and references of the presented article have been amended
to suit the structure of this thesis. The article remains in American English spelling enforced

by journal guidelines.
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Abstract: blanom is @ major mechanism of resistance of gram-negative bacteria to p-lactam
antibiotics including the carbapenems. blanom has been acquired by a large range of gram-
negative bacilli, especially by the Enterobacteriaceae and Acinetobacter spp. The
combination of human factors (suboptimal antibiotic stewardship and infection control,
movement of people between countries) plus bacterial factors (hospital adapted clones,
environmental persistence and prolific horizontal gene transfer) has led to global spread of
blanpwm at a rapid pace. Treatment options for NDM producers are very limited. For serious
infections, combination therapy including a polymyxin is preferred. However, resistance to
polymyxins is emerging. Clearly, substantial international efforts must be made to control the
spread of NDM-producers or else many of the advances of modern medicine may be
undermined by untreatable infections.

Keywords: NDM-1, nosocomial, community, transmission routes, medical tourism, plasmid,

transposition, Tn125, genetic mobilization, polymyxins
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Gram-negative bacteria have developed resistance to many antibiotics including the last line
B-lactams, carbapenems. This is achieved by developing or acquiring genes conferring
antibiotic resistance. A number of mechanisms of antibiotic resistance are possible. These
mechanisms include antibiotic modification, modification of the target site of antibiotic
activity and membrane alteration & efflux systems (76). For example, carbapenem resistance
may occur due to membrane impermeability to the carbapenems (typically linked to use or
misuse of this class of antibiotics).

The most important mechanism of resistance to B-lactam antibiotics is the production of
enzymes called B-lactamases. These enzymes are encoded by the bla genes which hydrolyze
the B-lactam ring, rendering the antibiotic inactive (77).

Carbapenem resistance is most frequently due to carbapenemases, f3-lactamases capable of
hydrolyzing the carbapenem antibiotics. A variety of carbapenemases have emerged such as
KPC (particularly prominent in the United States, Greece, Italy and Israel) and OXA-48
(particularly prominent in Turkey, North Africa and the Middle East). Another such
carbapenemase is the New Delhi metallo-B-lactamase (NDM), which is defined as a Class B
metallo-B-lactamase using the Ambler classification of B-lactamases. The NDM-type B-
lactamase was first isolated in 2009 from a Swedish patient returning from India, who was
infected with Klebsiella pneumoniae resistant to multiple antibiotics including all
carbapenems (2). blanom has now spread to all inhabited continents and is carried by multiple
gram negative species (78-84). This review will provide a detailed overview focusing on the
different aspects allowing for the successful global spread of NDM including epidemiology
and genetics. The article will conclude with a brief review of infection control and current

treatment options available to treat infections due to NDM producers.
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Epidemiology

“Reservoirs” of NDM producers

Since the first report of NDM produced by K. pneumoniae from Sweden, blanpm-1 has been
reported throughout the world (Fig. 1) (2). In the first few years following this initial case,
NDM producing organisms have been strongly linked with the Indian subcontinent (India,
Pakistan, Bangladesh and Nepal), through epidemiologic studies in this area and travel
history in individuals returning to other countries with infections (16). This suggests the
Indian sub-continent is a major/ primary reservoir for blanom acquisition. China is also
known to be a reservoir country, emerging as a reservoir shortly after the Indian sub-
continent’s association with blanom. At this stage it does not appear that NDM producers are
as widely prevalent in China as in the Indian subcontinent. The Balkan states (for example,
Serbia, Montenegro, and Boshia-Herzegovina) may be considered as a “secondary” reservoir
area for blanom acquisition since a number of cases have been reported with no travel history

to Asia.
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Figure 1. International dissemination of blanom as reported in the literature till July 2013

Red: Initial reservoirs (Indian sub-continent and China); Dark Red: Secondary reservoirs (Balkan States); Yellow: “Expanded” Reservoirs; Light Red:
Countries reported cases linked with international travel.
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Expansion of Reservoirs

The situation is, of course, quite fluid and secondary cases are occurring in many parts of the
world. In particular, the greater Middle East (Morocco (45, 85, 86), Algeria (87), Libya,
Egypt (88, 89), Irag (90, 91), Kuwait (32), Oman (92), Lebanon (93), Afghanistan (94)),
South East Asia (South Korea (95), Indonesia (96), Vietnam (81) and Thailand (85)) and
parts of Europe (France (97), Italy (98)) may be additional reservoir areas since they have
recently been linked with nosocomial acquisition, community acquisition or have been the
area of origin for blanpwm in cases involving personal travel.

Additionally, community acquired NDM producing bacteria have been reported in Russia
(99), Guatemala (100) and Colombia (79) indicating the possibility that the number of NDM

reservoir countries is still increasing and expanding.

Travel: medical tourism and personal travel

Travel appears to be the major means by which NDM producing bacteria have spread
throughout the world. Europe provided the first case in 2009 in Sweden and shortly after
other European countries began reporting travel related NDM acquisition from the Indian
Sub-continent or the Balkan states. These countries include Sweden, United Kingdom, Spain,
Belgium, Norway, Switzerland, Denmark, Netherlands, Germany, Belgium, and Croatia. The
only European country to not have been linked via travel from reservoir areas (Balkan States
and/or the Indian sub-continent), is Czech Republic which involved travel from Egypt.

The countries outside of Europe that have reported NDM, initially only through travel to the
Indian sub-continent, are the United States, Canada, Japan, Australia, New Zealand, Oman
and Kuwait (15, 45, 101, 102). Other countries with NDM reports involving travel, are

countries linking NDM acquisition from other potential reservoir countries previously
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mentioned. These countries include Singapore reporting links to Vietnam and Indonesia, and
Turkey and Lebanon reporting epidemiological links with Irag.

It must be noted that the reports mentioned above have included clinical information
concerning travel history. Many reports do not state (due to its unavailability), the patient
travel history or any possible indication of where the NDM producing organism was

acquired. Therefore the expansion of NDM reservoir areas may be certainly underestimated.

Three major routes of NDM acquisition

In terms of international spread and countries reporting NDM, there are three major routes of
NDM acquisition. These are nosocomial acquisition (Tablel), personal travel (Table 2) and
community acquisition (Table 3).

The nosocomial acquisition route we define as hospital acquisition in the patient’s home
country or abroad. The presumed most likely modes of nosocomial acquisition are inadequate
hand hygiene and spread from a contaminated hospital environment.

Community acquired blanom provides the second main route for human route of acquisition.
We define this as acquisition in the person’s country of residence without recent international
travel. These reports indicate reservoirs and common means by which NDM producers can be
acquired. Community acquired blanpm also involves the presence of NDM within the
environment and thus this category of acquisition also includes reports of NDM producers
retrieved from the environment, which in the most common forms include water seepage and

tap waste (78, 103).
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Table 1. Nosocomial acquired NDM including medical tourism

Travel Acquired Introduced Country Species Sample Reference

Indian sub continent origin

India Sweden Klebsiella pneumoniae Urine 2)
France Salmonella enterica subsp. Urine (104)

enterica serotype Westhampton

France Citrobacter freundii Catheter, Urine (84)
France Klebsiella pneumoniae Faecal sample (104)
France Escherichia coli Unknown (2) (105)
New Zealand Klebsiella pneumoniae Rectal swab (101)
New Zealand Escherichia coli Rectal swab (2), Urine (101)
New Zealand Proteus mirabilis Rectal swab (101)
Oman Klebsiella pneumoniae Wound, Intra-adominal, sputum (92)
Oman Klebsiella pneumoniae Urinary catheter (106)
United Kingdom Klebsiella pneumoniae Blood, Urine, wound swab, sputum (16)
United Kingdom Escherichia coli Blood, Urine, wound swab, sputum (16)
United Kingdom Enterobacter spp. Blood, Urine, wound swab, sputum (16)
United Kingdom Citrobacter freundii Blood, Urine, wound swab, sputum (16)
United Kingdom Morganella morgannii Blood, Urine, wound swab, sputum (16)
United Kingdom Providencia spp. Blood, Urine, wound swab, sputum (16)
United Kingdom Klebsiella pneumoniae Wound (107)
United Kingdom Escherichia coli Wound (107)
United Kingdom Vibro cholerae Blood culture, wound (107)
Italy Escherichia coli Wound (108)
Italy Escherichia coli Urine (98)
Norway Klebsiella pneumoniae Catheter (109)
Norway Escherichia coli Urine, blood cultures (109)
Spain Escherichia coli Stool sample (82)
Spain Klebsiella pneumoniae Peritoneal fluid (110)
Canada Escherichia coli Urine (111)
Canada Escherichia coli Thigh tissue (112)
Canada Klebsiella pneumoniae Thigh tissue (112)
Germany Escherichia coli Tracheal secretions (113)
Hong Kong Escherichia coli Rectal swab/ stool sample (114)
Japan A. baumannii Sputum (115)
United States Escherichia coli Catheter Sample (116)
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Switzerland Klebsiella pneumoniae Urine (117)
Kuwait Klebsiella pneumoniae Wound swab (32)
Bangladesh Australia Escherichia coli Urine (75)
Singapore Escherichia coli Blood culture (118)
Pakistan Belgium Escherichia coli Pus (83)
Denmark Escherichia coli Faecal sample (119)
United States Klebsiella pneumoniae Urine, sputum, nasal wash specimen (102)
Sri Lanka Czech Republic Enterobacter cloacae Rectal swab (120)
Balkan states origin
Serbia Switzerland Klebsiella pneumoniae Urine (117)
Netherlands Klebsiella pneumoniae Throat, rectal and urine (121)
France Pseudomonas aeruginosa Urine, rectal swabs (122)
Montenegro Belgium Enterobacter cloacae Pus (83)
Belgium Morganella morgannii Wound swab (83)
Bosnia- Croatia Klebsiella pneumoniae Blood culture (123)
Herzegovina
Middle East and North Africa origin
Iraq France Klebsiella pneumoniae Rectal swabs (90)
Turkey Klebsiella pneumoniae Blood culture (124)
Lebanon Klebsiella pneumoniae Blood culture, Urine (91)
Egypt France Klebsiella pneumoniae Stool sample (88)
Czech Republic Acinetobacter baumannii Oral cavity swab (89)
Morocco Norway Klebsiella pneumoniae Rectal screening (85)
Algeria Belgium Acinetobacter baumannii Rectal swab (87)
South East Asia origin
Thailand Norway Escherichia coli Urine (85)
Indonesia Singapore Klebsiella pneumoniae Stool sample (96)
Vietnam Singapore Klebsiella pneumoniae Urine (125)

ST: Sequence type, Nosocomial cases without travel history have been reported from India
(126-128), Bangladesh (129), Morocco (86), Oman (92), Kuwait (32), France (97), Italy (98),
United Kingdom (128), China (81, 130), South Korea (95), Guatemala (100), Canada (112)

and Colombia (79).
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Table 2. NDM-1 acquired through personal travel involving colonization and long-term

carriage
Country Acquired Introduced Country Species Sample Reference
India France Escherichia coli Rectal swabs (131)
France Escherichia coli Fecal sample (88)
Italy Escherichia coli Rectal swab (108)
Japan Escherichia coli Blood culture (132)
Australia Klebsiella pneumoniae Urine (133)
Pakistan Switzerland Proteus mirabilis Rectal (117)
Serbia (Balkan states) Switzerland Escherichia coli Rectal (117)
Montenegro (Balkan states) | Belgium Klebsiella pneumoniae Sputum (83)
Montenegro (Balkan states) | Belgium Escherichia coli Fecal swab (83)
Romania Norway Klebsiella pneumoniae Rectal screening (85)
Libya Denmark Acinetobacter baumannii Nostrils, tonsils or perineum (134)
Ireland India Klebsiella pneumoniae Urine (135)
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Table 3. Community acquired NDM-1 and NDM producing environmental isolates

Country Species Sample Reference
Community acquired
France Klebsiella pneumoniae Urine (33)
Klebsiella pneumoniae Urine (136)
India Acinetobacter baumannii Donor corneal rim (137)
Russia Klebsiella pneumoniae Urine (99)
Afghanistan Providencia stuartii Blood 94)
Environmental samples
India Escherichia coli Waste seepage (78)
Pseudomonas putida Waste seepage (78)
Pseudomonas pseudoalcaligenes Waste seepage (78)
Pseudomonas oryzihabitans Waste seepage (78)
Pseudomonas aeruginosa Tap water (78)
Vibrio cholerae Waste seepage (78)
Aeromonas caviae Waste seepage (78)
Stenotrophomonas maltophilia Waste seepage (78)
Klebsiella pneumoniae Waste seepage (78)
Achromobacter spp. Tap water (78)
Achromobacter spp. Tap water (78)
Kingella dentrificans Tap water (78)
Shigella boydii Waste seepage (78)
Suttonella indologenes Waste seepage (78)
Citrobacter freundii Waste seepage (78)
China Acinetobacter johnsonii Hospital sewage (138)
Acinetobacter Iwoffii Chicken (103)
Vietnam Klebsiella pneumoniae Seepage water (139)
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Following nosocomial acquisition in the incidence of NDM cases is community acquisition
during personal travel. We define this as international travel for purposes other than seeking
medical care. Reports of this route have usually involved colonization of the gut by NDM
producing organisms usually identified by rectal screening, the most common being E. coli, a
natural component of the flora within the gut. However K. pneumoniae, Acinetobacter
baumannii and Proteus mirabilis have also been detected in this way.

These three routes of NDM acquisition clearly have some overlap, and exceptions to how
these three major routes occur. For example, community acquisition may have occurred prior
to presentation to a health care facility leading to the international transfer. Furthermore there
are reported cases in which travel history is not stated in the published report (Table 4).
Nevertheless, it is clear that both nosocomial and community acquisition of NDM producers
can occur. Individuals who travel can then transfer NDM producers to new geographic
locations. The origin and sources of NDM producers in the environment needs greater

investigation.
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Table 4. NDM cases with no travel history and unknown travel history

Country Species Sample Reference
No travel history (possible nosocomial or community acquisition)
India Klebsiella pneumoniae Endotracheal aspirate, blood culture (140)
Klebsiella pneumoniae Sputum, tracheal aspirate (2), blood | (127)
culture
Klebsiella pneumoniae Unknown (105)
Klebsiella pneumoniae Urine (141)
Klebsiella pneumoniae Umbilical cord tip, sputum, pus, (142)
urine, blood, umbilical cord,
endotracheal tube
Klebsiella pneumoniae Skin, blood, respiratory tract (143)
Klebsiella pneumoniae Intra-abdominal infection (144)
Klebsiella pneumoniae Blood, urine (16)
Escherichia coli Abscess (pus), tissue, blood culture (127)
Escherichia coli Intra-abdominal infection (144)
Escherichia coli Skin, blood (143)
Escherichia coli Unknown (145)
Escherichia coli Urine, catheter, pus, blood, (142)
endotracheal tube
Escherichia coli Blood, urine (16)
Enterobacter cloacae Blood culture, Tracheal aspirate (127)
Enterobacter cloacae Intra-abdominal infection (144)
Enterobacter cloacae Blood (143)
Enterobacter cloacae Blood, urine (16)
Citrobacter freundii Wound/drainage (127)
Citrobacter freundii Urine, tissue, pus, catheter tip, (142)
endotracheal tube
Citrobacter freundii Blood, urine (16)
Providencia rettgeri Intra-abdominal infection (144)
Providencia rettgeri Blood, urine (16)
Morganella morganii Intra-abdominal infection (144)
Acinetobacter spp. Pus, CSF, sputum, fluid (146)
Proteus spp. Blood, urine (16)
Klebsiella oxytoca Blood, urine (16)
Providencia stuartii Unknown (147)
Stenotrophomonas Umbilicus (126)
maltophilia
Pseudomonas spp. Pus, CSF, Sputum, Fluid (146)
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Pakistan Acinetobacter baumannii Stool samples (148)
Enterobacter cloacae Stool samples (148)
Klebsiella pneumoniae Stool samples (148)
Citrobacter freundii Stool samples (148)
Citrobacter braakii Stool samples (148)
Escherichia coli Stool samples (148)
Providencia rettgeri Stool samples (148)
Aeromonas caviae Stool samples (148)
Bangladesh Klebsiella pneumoniae Urine, endotrachael tube, wound | (129)
swab, urine
Klebsiella pneumoniae Urine, Tracheal aspirate (149)
Escherichia coli Tracheal aspirate (129)
Citrobacter freundii Urine (129)
Providencia rettgeri Urine (129)
China Escherichia coli Stool sample (150)
E. aerogenes Stool sample (150)
Klebsiella pneumoniae Stool sample (150)
Acinetobacter junii Blood culture (151)
Acinetobacter Iwoffii Urine (73)
Serbia Pseudomonas aeruginosa Urine, wound (152)
(Balkan Klebsiella pneumoniae Urine (153)
states)
Oman Klebsiella pneumoniae Perineal swab, cannula site (92)
Klebsiella pneumoniae Urine (106)
Thailand Escherichia coli Urine (154)
Klebsiella pneumoniae Urine (154)
Citrobacter freundii Urine (154)
Algeria Acinetobacter baumannii Blood cathered, rectal swabs (155)
Brazil Providencia rettgeri Soft tissue of the toe (156)
Cameroon Escherichia coli Urine (157)
Japan Klebsiella pneumoniae Urine (158)
Kenya Klebsiella pneumoniae Urine, uretheral pus (80)
Lebanon Klebsiella pneumoniae Unknown (93)
Mauritius Klebsiella pneumoniae Urine (159)
Singapore Klebsiella pneumoniae Urine (125)
South Africa Klebsiella pneumoniae Urine (160)
USA Klebsiella pneumoniae Urine (161)
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Bacterial Hosts

A variety of bacterial hosts are able to harbor blanom. The most predominant are those in the
Enterobacteriaceae family. However, non-fermentative Gram negative bacteria such as
Acinetobacter spp. are also potentially important and may even be the originators of blanpwm.

Reports of blanom in Gram positive organisms are highly likely to be spurious.

Klebsiella pneumoniae

Klebsiella pneumoniae was the first bacterial host to be isolated with blanom and continues to
be the most predominant pathogen producing NDM (Table 5). Multilocus sequence typing
(MLST) has been the molecular epidemiologic tool most frequently used to evaluate the
global epidemiology of NDM producers. Various K. pneumoniae sequence types (STs) have
been reported to harbor blanom. The predominant ST types are 14 (2, 105, 106, 117, 127,
144), 147 (90, 92, 117, 144), 11 (85, 92, 101, 127, 144), 340 (95, 99, 106, 144, 162), 15 (33,
83, 86, 92, 121), 1043 (79), and 231 (144, 159, 162), with a small number of cases presenting
with ST types 17 (100, 127), 37 (162), 38 (124, 127, 162), 42 (158, 162), 101 (92, 144), 149
(162), and 625 (162). In addition to these frequently reported ST types, there are also novel
ST types including 1 (136), 16 (112), 20 (144), 25 (123), 29 (127), 43 (162), 273 (162), 283
(139), 307 (162), 372 (92), 391 (144), 405 (85), 483 (150), 525 (85), 571 (144), 572 (144),
610 (162), 623 (162), 624 (162), and 924 (112). The diversity of K. pneumoniae STs
described highlights its ability to spread via various clones. Globally, ST 14, 15 and 147 are
the most predominant amongst K. pneumoniae. Interestingly, ST258 has been the K.
pneumoniae most frequently associated with spread of blakpec, which is the most common
carbapenemase found in North America. ST258 has not been found to harbor blanom but

single locus variants (ST11, 340 and 572) have been found to harbor this enzyme.
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The ability to be acquired and spread amongst a large range of ST types, not only novel
single ST types, but those capable of high clonal spread begins to indicate in detail how
blanom was able to spread at a rapid rate. However this ST diversity of blanom acquisition is

not restricted in K. pnuemoniae but continues to be mirrored within another

Enterobacteriaceae species, E. coli.
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Table 5. Reported cases of NDM producing Klebsiella pneumoniae

ST type Country Acquired Introduced Sample Reference
Country

14 (n=20) India Sweden Urine 2)
India N/A Endotracheal tube (127)
India None Unknown (105)
India Oman Urinary catheter (106)
India N/A Intra-abdominal infection (144)
India Unknown Urine, lower respiratory tract samples (162)
United Kingdom Unknown Urine, lower respiratory tract samples (162)
Sweden Unknown Urine, lower respiratory tract samples (162)

147 (n=18) | India N/A Intra-abdominal infection (144)
India Switzerland Urine (117)
India Australia Urine (15)
Oman None Wound, rectal swab, urine, supra-pubic catheter (92)
Iraq France Rectal swabs (90)
United Kingdom Unknown Urine, lower respiratory tract samples (162)

11 (n=12) India Norway Catheter (109)
India N/A Intra-abdominal infection (144)
India N/A Sputum, tracheal aspirate (127)
India New Zealand | Rectal swab (102)
None Oman Urine, Blood, Perineal swab (92)
India Unknown Urine, lower respiratory tract samples (162)
United Kingdom Unknown Urine, lower respiratory tract samples (162)
Sweden Unknown Urine, lower respiratory tract samples (162)
India Spain Peritoneal fluid (110)

340 (n=9) Russia No travel Urine (99)
South Korea N/A Stool, Urine (95)
India N/A Intra-abdominal infection (144)
Oman Unknown Urine (106)
Sweden Unknown Urine, lower respiratory tract samples (162)

15 (n=8) Morocco None Urine, Blood culture, Pancreatic abscess (86)
Serbia (Balkan States) Netherlands Throat, rectal, urine (121)
India Oman Intra-adominal sputum (92)
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France None Urine (33)
Montenegro (Balkan states) | Belgium Sputum (83)
1043 (n=6) | Colombia None Neonatal (79)
231 (n=5) India N/A Intra-abdominal infection (144)
Mauritius Unknown Urine (159)
United Kingdom Unknown Urine, lower respiratory tract samples (162)
17 (n=3) Guatemala Unknown Catheter, Tracheal secretions (100)
India N/A Blood culture (127)
38 (n=3) India N/A Tracheal aspirate (127)
Iraq Turkey Blood culture (124)
India Unknown Urine, lower respiratory tract samples (162)
149 (n=3) India Unknown Urine, lower respiratory tract samples (162)
625 (n=3) India Unknown Urine, lower respiratory tract samples (162)
37 (n=2) India Unknown Urine, lower respiratory tract samples (162)
United Kingdom Unknown Urine, lower respiratory tract samples (162)
42 (n=2) India Japan Urine (158)
United Kingdom Unknown Urine, lower respiratory tract samples (162)
101 (n=2) Oman Unknown Perineal swab, cannula site (92)
India N/A Intra-abdominal infection (144)
340 (n=2) India Unknown Urine, lower respiratory tract samples (162)
Sweden Unknown Urine, lower respiratory tract samples (162)
1(n=1) Europe None Urine (136)
16 (n=1) India Canada Rectal swab (112)
20 (n=1) India N/A Intra-abdominal infection (144)
25 (n=1) Bosnia-Herzegovina Croatia Blood culture (123)
(Balkan states) (Balkan
states)
29 (n=1) India N/A Blood culture (127)
43 (n=1) United Kingdom Unknown Urine, lower respiratory tract samples (162)
273 (n=1) United Kingdom Unknown Urine, lower respiratory tract samples (162)
283 (n=1) Vietnam N/A Seepage water (139)
307 (n=1) India Unknown Urine, lower respiratory tract samples (162)
372 (n=1) India Oman Wound (92)
391 (n=1) India N/A Intra-abdominal infection (144)
405 (n=1) Romania (Balkan States) Norway Rectal screening (85)
483 (n=1) China None Stool sample (150)
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525 (n=1) Romania Norway Rectal screening (85)

571 (n=1) India N/A Intra-abdominal infection (144)
572 (n=1) India N/A Intra-abdominal infection (144)
610 (n=1) Sweden Unknown Urine, lower respiratory tract samples (162)
623 (n=1) India Unknown Urine, lower respiratory tract samples (162)
624 (n=1) India Unknown Urine, lower respiratory tract samples (162)
972 (n=1) India Canada Thigh tissue (112)

ST: Sequence type, N/A: Not applicable.

In the following reference, sequence type of NDM
producers was not recorded (16, 32, 78, 80, 88, 91, 93, 96, 98, 102, 104, 107, 125, 126, 129,
135, 140-143, 148, 149, 153, 154, 160, 161).
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Escherichia coli

Escherichia coli is another predominant carrier of blanom and is commonly observed during
rectal screening as it is naturally found as part of gut flora. It is also the most common cause
of urinary tract infection (UTI). As is the case with K. pneumoniae, a broad range of E. coli
STs may be NDM producers but a group of predominant clonal strains also exists (Table 6).
The predominant E. coli ST types producing NDM include STs 101 (75, 83, 101, 113, 119,
127, 143), 405 (85, 157, 163), 88 (144), 410 (109, 112, 117, 163), 648 (105, 163), 156 (82,
163), 744 (150) and the already predominant strain responsible for the spread of blacTtx-m-1s,
ST131 (116, 131). Single ST type reports include ST2 (144), 10 (105), 38 (132), 44 (144), 88
(144), 156 (82), 167 (143), 361 (101), 471 (144), 501 (144), 648 (105), 744 (150), 782 (83),
2488 (101) and 2527 (92).

It can be seen that blanpm is found in a variety of E. coli STs, including those that are known
for clonal pandemic spread such as E. coli ST131 (164). This particular ST has been found
worldwide and is of major clinical importance since it confers multidrug resistance as well as
possessing multiple virulence factors. The diversity of blanom amongst STs also demonstrates
that blanpwm is not restricted to a single ST type. Furthermore, to add more diversity, blanpm
can also be found in various Gram-negatives including other Enterobacteriaceae species and

Acinetobacter species.

Other Enterobacteriaceae species

After Klebsiella and Escherichia, the most common genera to be reported harboring blanpm
from the Enterobacteriaceae (Table 7) are Citrobacter and Enterobacter. Citrobacter
freundii and Enterobacter cloacae are the most common species, however there have been
single reports of Citrobacter braakii (148) and Enterobacter aerogenes. Other less

predominant Enterobacteriaceae that have been reported include Klebsiella oxytoca (16,
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165), Providencia rettgeri (129, 144, 153), Providencia stuartii (94, 105), Proteus mirabilis
(103, 117), Morganella morganii (83, 144), Salmonella enterica (104) and Shigella boydii

(78).
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Table 6. Reports of NDM producing Escherichia coli

ST type Country Acquired | Introduced Country Sample Reference
101 (n=16) India N/A Abscess (pus), tissue (127)
India New Zealand Rectal swab (101)
India None Skin, blood (143)
India Germany Tracheal secretions (113)
India Canada Urine (111)
Pakistan Denmark Faecal sample (119)
Pakistan Belgium Pus (83)
Pakistan ND Unknown (163)
Bangladesh Australia Urine (75)
Unknown United Kingdom Blood, Urine, Feces (163)
405 (n=11) India Italy Fectal swab, wound (108)
Unknown United Kingdom Blood, Urine, Feces (163)
Cameroon France Rectal swab (157)
88 (n=8) India N/A Intra-abdominal infection (144)
410 (n=4) Serbia (Balkan Switzerland Rectal (117)
states)
India Norway Urine, blood cultures (109)
India Canada Thigh tissue (112)
Unknown United Kingdom Blood, Urine, Feces (163)
648 (n=4) India France Unknown (105)
Pakistan ND Unknown (2) (163)
Unknown United Kingdom Blood, Urine, Feces (163)
131(n=2) India United States Catheter sample (116)
India France Rectal swabs (131)
156 (n=2) India Spain Stool sample (82)
Unknown United Kingdom Blood, Urine, Feces (163)
744 (n=2) China N/A Stool sample (150)
2 (n=1) India N/A Intra-abdominal infection (144)
10 (n=1) India France Unknown (105)
38 (n=1) India Japan Blood culture (132)
44 (n=1) India N/A Intra-abdominal infection (144)
90 (n=1) India ND Unknown (163)
167 (n=1) India ND Skin (143)
361 (n=1) India New Zealand Rectal swab (101)
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471 (n=1) India N/A Intra-abdominal infection (144)

501 (n=1) India N/A Intra-abdominal infection (144)

782 (n=1) Montenegro Belgium Fecal swab (83)
(Balkan states)

2488 (n=1) India New Zealand Urine (101)

2527 (n=1) Oman None Perineal swab (92)

ST: Sequence type, ND: Not Defined, N/A: Not applicable. In the following references,
sequence type of NDM producing was not recorded (16, 78, 88, 97, 98, 107, 114, 118, 126,
127,129, 142, 145, 148, 154)
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Table 7. Reports of other New Delhi metallo-p-lactamase-producing Enterobacteriaceae

species
Species Country Introduced Country Sample Reference
Acquired
Enterobacter species
E. cloacae India N/A Intra-abdominal infection (144)
India N/A Blood culture, tracheal | (127)
aspirate
India ND Blood, urine (16)
Pakistan ND Stool samples (148)
India None Blood (143)
Montenegro Belgium Pus (83)
(Balkan states)
Sri Lanka Czech Republic Rectal swab (120)
E. aerogenes China None Stool sample (150)
Enterobacter spp. UK India Blood, urine (16)
Citrobacter species
C. freundii India France Catheter (84)
India N/A Wound/drainage (127)
India UK Wound (107)
India N/A Waste seepage (78)
India None Urine, tissue, pus, (142)
catheter tip, endotracheal
tube
India ND Blood, urine (16)
India France Urine (84)
UK India Blood, urine (16)
Thailand ND Urine (154)
Bangladesh None Urine (129)
Pakistan ND Stool samples (148)
C. braakii Pakistan ND Stool samples (148)
Providencia species
P. rettgeri Pakistan ND Stool samples (148)
Bangladesh ND Urine (129)
N/A India Intra-abdominal infection (144)
Unknown Brazil Soft tissue of the toe (156)
P. stuartii Afghanistan N/A Blood (94)
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India None Unknown (105)
Providencia spp. UK India Blood, urine (16)
Other Enterobacteriaceae species
Klebsiella oxytoca India ND Blood, Urine (16)
Morganella morganii | Montenegro Belgium Wound swab (83)
(Balkan states)
N/A India Intra-abdominal infection (144)
UK India Blood, Urine, wound | (16)
swab, sputum
Proteus mirabilis India New Zealand Rectal swab (101)
Pakistan Switzerland Rectal (117)
Proteus spp. India Unknown Blood, urine (16)
Salmonella enterica | India France Urine (104)
Shigella boydii N/A India Waste seepage (78)

ST: Sequence type, ND: Not Defined, N/A: Not applicable
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NDM producing Non-Enterobacteriaceae

Acinetobacter species

The most common genus reported carrying blanom outside of the Enterobacteriaceae family
is Acinetobacter (Table 8). Acinetobacter baumannii is the most predominant bacterial
species to harbor blanowm, alongside K. pneumoniae and E. coli. A. baumannii has also been
theorized to be the organism involved in the genesis of the blanom gene (70, 166), which will
be discussed in the following genetic sections. The STs that have been identified for A.
baumannii thus far are ST1 (89), ST92 (87) and ST222 (115), however many remain
undefined by MLST. Other species of Acinetobacter which may produce NDM include A.
johnsonii (138), A. junii (151), A. lwoffii (73), and A. pittii (130) which have predominantly
been reported from China within the clinical setting as well as the environment i.e. hospital

sewage or meat producing animals (103, 138).

Pseudomonas species and other unique bacterial hosts

Pseudomonas species follows the Enterobaceriaceae family and the Acinetobacter genus in
predominant reports of species producing NDM, being first reported in 2011 (Table 9).
Pseudomonas aeruginosa is the most commonly reported Pseudomonas spp. to produce
NDM and in most cases are commonly linked to Serbia within the Balkan states with one
case reporting a NDM producing P. aeruginosa ST235 (147), the primary founder of the
epidemic clonal complex 235 (167). There are other species of this genus known to produce
NDM including P. putida, P. pseudoalcaligenes and P. ozyzihabitans, most of which were
found in the environment (waste seepage and tap water) within India by Walsh and
colleagues (78). It was also noted that the NDM gene was not stable within these hosts and

was lost within 48 hours. Other bacterial hosts harboring blanom were usually found within
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the environment (78). These isolates include Vibrio cholerae, Aeromonas caviae,
Stenotrophomonas maltophilia, Achromobacter spp., Kingella denitrificans and Suttonella

indologenes.
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Table 8. Reports of NDM producing Acinetobacter species

Species ST type Country Acquired | Introduced Country Sample Reference
A. baumannii 222 India Japan Sputum (115)

92 Algeria Belgium Rectal swab (87)

1 Egypt Czech Republic Oral cavity swab (89)

ND China None Sputum (2), Blood, Secretions | (81)

ND Bangladesh None Tracheal aspirate (2), Sputum | (129)

ND India None Donor corneal rim (137)

ND India None Mouth (126)

ND Algeria Unknown Blood cathered, rectal swabs (155)

ND Libya Denmark Nostrils, tonsils or perineum (134)

ND Pakistan Unknown Stool samples (148)
A. johnsonii - China N/A Hospital sewage (138)
A. junif - China Unknown Blood culture (151)
A. pittii 63 China N/A ICU draw handle, groin (130)
A. Iwoffii ND China Unknown Urine (73)
Acinetobacter spp. | ND India Unknown Pus, CSF, sputum, fluid (146)
ST: Sequence type, ND: Not Defined, - : No current MLST scheme
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Table 9. Reports of other NDM producing gram negative bacteria

Species Country Acquired Introduced Country | Sample Reference

Pseudomonas species

P. aeruginosa Serbia (Balkan states) France Urine, rectal swabs (122, 147)
Serbia (Balkan states) None Urine (152)
Serbia (Balkan states) None Wound (152)
India N/A Tap water (78)

P. putida India N/A Waste seepage (78)

P. pseudoalcaligenes India N/A Waste seepage (78)

P. ozyzihabitans India N/A Waste seepage (78)

Pseudomonas spp. India Unknown Pus, CSF, sputum, fluid (146)

Other gram negative species

Vibrio chloerae India UK Blood culture, wound (107)
India N/A Waste seepage (78)
Aeromonas caviae India N/A Waste seepage (78)
Pakistan Unknown Stool samples (148)
Stenotrophomonas maltophilia India N/A Waste seepage (78)
India None Umbilicus (126)
Achromobacter spp. India N/A Tap water (78)
Kingella dentrificans India N/A Tap water (78)
Sutonella indologenes India N/A Waste seepage (78)

N/A: Not applicable

The role of bacterial hosts in terms of spread

The four most predominant species within the Enterobacteriaceae family harboring blanowm,
K. pneumoniae, E. coli, C. freundii and E. cloacae, are faecal coliforms able to colonize the
gut. This has allowed the gut to act as a reservoir for blanpm which has facilitated
colonization and asymptomatic long-term carriage leading to the spread of blanom. These
hosts are also pathogens which are able to produce clinical infections such as bloodstream
infections (BSI) and urinary tract infections (UTI). Water-borne transmission of these
organisms has allowed for environment reservoirs to be observed in not only waste seepage

and tap water (generally documented within the Indian sub-continent), but also hospital
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sewage samples (168). There are also reports of NDM producers on surfaces within the
hospital environment (130) - mostly commonly this has been linked with the Acinetobacter
species.

Due to the nature of Acinetobacter species being a difficult bacterium to remove in the
clinical setting, they are a perfect reservoir host from which other species can acquire blanpm.
Furthermore, as with the Enterobacteriaceae hosts, Acinetobacter species (in particular A.
baumannii) are also opportunistic pathogens. This may raise the point that a restricting
characteristic of blanom in terms of pathogenicity, is that the most common bacterial hosts
carrying blanom are opportunistic and are often only clinically significant when a patient has
presented with an altered health condition e.g. immunocompromised or prolonged
hospitalization. However it is only a matter of time before blanom is combined with a highly
virulent pathogen or gene, as is the case with documented virulent strains of E. coli harboring
blanpm i.e. ST131.

The number of STs in which NDM has been identified in K. pneumoniae, E. coli and A.
baumannii highlights the ability of this gene to be acquired by different bacterial strains
which are all capable of clonal spread and causing outbreaks. The diversity of NDM
producing K. pneumoniae, E. coli and A. baumannii ST types may be underestimated because
many have not been defined by MLST. Further to clonal diversity of NDM, is the ability to
be acquired by a vast number of Gram negative bacterial hosts. This is because the NDM
gene is commonly encoded genetically on circular mobile elements known as plasmids,
capable of transmitting antibiotic resistance between bacterial hosts. Interestingly, as
mentioned previously, V. cholerae has been reported to harbor blanom. V. cholerae is not
usually treated with carbapenems and thus it may seem strange for this pathogen to harbor
this gene. However, the genetic vehicle on which blanpwm resides upon is compatible with V.

cholerae as a recipient and may also carry other genes providing resistance to tetracycline
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and ciprofloxacin (commonly used to treat V. cholerae). V. cholerae is also able to reside in
the gut and in this case would be able to transfer blanom to other available gut flora,
providing carbapenem resistance. This extra evasive factor of the bacterial host acting as a
bacterial host reservoir makes carbapenem resistant pathogens difficult to control.
Furthermore, this demonstrates that the case of blanowm is unlike the well known paradigms of
resistance genes being intrinsic to certain bacterial species e.g. K. pneumoniae (blasHv-1) A.
baumannii (blaoxas1) (169) or commonly spread by specific clones e.g. E. coli ST131
(blacTx-m-15), K. pneumoniae ST258 (blakpec) and A. baumannii clonal complex 92 (blaoxa-23)

(170).
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Genetics

Plasmids harboring blanom-1

Different plasmid backbones

blanowm is known to reside on mobile DNA elements known as plasmids, which are capable of
transferring resistance genes from one bacterial cell to another through a mechanism known
as conjugation, a type of horizontal gene transfer (HGT). Each plasmid has a backbone
known as an Inc (Incompatibility)/replicon type. blanom has been known to be encoded on at
least six different backbones with many remaining undefined by standard plasmid replicon
typing (58). Plasmid backbones harboring blanom include common Inc types such as IncH
types, IncL/M, IncF type and also the rare Inc type X3. However, the most common plasmid
Inc type to harbor blanpwm, is INCA/C. IncA/C plasmids are vehicles that have an extremely
broad bacterial host range which include A. baumannii, E. coli, K. pneumoniae, P. mirabilis,
P. stuartii, S. enterica, V. cholerae and Yersinia pestis. A combined range with the other
plasmid backbones allows additional bacterial hosts to harbor blanowm-1, such as Citrobacter
freundii (IncHI1) (171), Enterobacter cloacae (IncHI2 type) (172) as well as undefined
plasmids that can spread blanom to A. pittii and A. Iwoffii. Further to the acquisition of the
carbapenemase, these plasmids harboring blanom-1 also co-harbor other beta-lactamases but

also quinolone and aminoglycoside resistance genes.

Co-harboring of other resistance genes with blanom
The resistance genes which can be co-harbored on the same plasmid backbone encoding
blanom range from ESBLs, AmpC, quinolone and aminoglycoside resistance genes (Table

10). Common plasmids harboring blanpwm such as IncF type, IncL/M, IncA/C, can also carry
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other beta-lactamases such as blaTtem-1, ESBL genes such as blactx-m-15, AmpC genes such as
blacmv-s and blacwmy-16, Oxacillinase genes such as blaoxa-1, blaoxa-s, blaoxa-10, blaoxa-21,
aminoglycoside resistance genes such as armA, aacA4, aac(6’), aac6-1b, aadAl, aadA2,
aac2, aacC2, rmtA, rmtC and quinolone resistance genes such as aac(6’)-Ib-cr, gqnrA, gnrA6,
gnrA6-like, gnrB1. Combine this plasmid co-harborization with chromosomally encoded
resistance genes and treatment options become seriously limited. An E. coli producing NDM
has been reported to have acquired tigecycline resistance within 4 months (34), however it is
unknown whether the mechanism of resistance was chromosomally or plasmid encoded.
There are also cases of NDM producing K. pneumoniae resistant to colistin and tigecycline

(32, 33).

blanom as part of an accessory module

As previously mentioned plasmids are composed of a backbone (Inc) which contains several
genes which can be categorized into modules or groups according to their function. These
groups include plasmid replication/partitioning, stability, transfer, establishment and
accessory/adaptive genes. In short, plasmid replication/partitioning is required as its name
suggests for determining plasmid replication; stability is necessary to ensure plasmids are
retained within its bacterial host and their subsequence daughter cells; transfer is the major
feature of plasmids providing its ability to transfer to other bacterial hosts; and establishment
to compliment transfer genes by ensuring the plasmid is stable within its new host and is
capable of increasing the recipient host range (170, 173, 174). The accessory/ adaptive genes
are highly variable and usually contribute to the variation amongst plasmid backbones. These
genes include the secretion of products which enhance growth, bacteriocins, virulence and
antibiotic/chemical resistance genes. The jargon term “NDM plasmid” is actually a plasmid

backbone, for example IncA/C, acquiring the blanom-1 gene as an accessory module.
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Furthermore, the other co-harbored resistance genes residing on the plasmid are also genes of
other accessory modules captured prior to blanpm acquisition. The common mechanism by
which accessory modules e.g. novel antibiotic resistance, are able to traverse amongst

different plasmid backbones and become acquired by plasmids is via transposition.
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Table 10. Reported plasmid backbones and sequences carrying blanom

Plasmid Co-harboring resistance genes Isolate species Country of Reference
backbone B-Lactamases | Quinolone Aminoglycoside (ST type) Isolation
(Inc type) Genes (bla) Resistance Resistance
Genes Genes
A/C - - - P. stuartii Afghanistan | (94)
- - - K. pneumoniae Kenya (80, 175)
(ST14)
- - - E. coli Canada Unpublished
- - - E. coli (ST38) Japan (176, 177)
- - - E. coli Canada Unpublished
blacwy-16 - - E. coli (ST10) France (105)
bldoxa-10
- - rmtA K. pneumoniae Switzerland (117)
(ST147)
blaoxa-10 qgnrA6 - K. pneumoniae Switzerland (117)
blacwy-16 (ST25)
Dblacvy-s - mtC K. pneumoniae Kenya (80)
(ST14)
Dldoxa-10, - armA P. mirabilis Switzerland (117)
blacwy-16
- - - E. coli India (78)
- - - V. cholerae India (78)
- - - C. freundii India (78)
- - - A. baumannii Switzerland (178)
blacrx-w-15 aac(6’)-Ib-cr | - K. pneumoniae Canada (179, 180)
blasnv-12 qgnrS (ST147)
N Unknown Unknown Unknown K. pneumoniae UK (107)
N2 - - - E. coli Australia (75, 181)
- - - K. pneumoniae Singapore (125)
- - - K. pneumoniae Singapore (125)
HI1 - - - C. freundii India (171)
- - - E. coli (ST156) Spain (82)
HI1B blarem-1 - armA K. pneumoniae Oman (92)
blacrx-w-1s
blasiv-12
blaoxa-1
blacrx-w-1s - armA K. pneumoniae Oman (92)
Dlashv-12 - armA K. pneumoniae Oman (92)
blacrx-v-1s - armA K. pneumoniae Oman (92)
blaoxa-1
L/M - - - E. coli Hong-Kong (74)
Dbiarem1 - - K. pneumoniae Oman (106)
(ST14)
blarem-1 - K. pneumoniae Oman (92)
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F blarem-1 armA E. coli Switzerland | (117)
- - armA E. coli (ST648) India (105)
Dlarem1 - - E. coli Oman (92)
blacrx-w-14
FII bldoxa-1 - aacA4 E. coli (ST131) India (182)
aadA2
aac2
FIIA blacrx-w-15 aac(6’)-Ib-cr | - K. pneumoniae Canada (180)
Dlasiv-12 (ST340)
FIIs blarem-1 - - K. pneumoniae Oman (92)
blacrx-w-15
blaoxa-1
blaoxa-9
H - - - K. pneumoniae Morocco (86, 183)
(ST15)
X3 - - K. pneumoniae China Unpublished
P - - - E. cloacae India (127)

ST: Sequence type, Inc type: Plasmid backbone/incompatibility type (Inc) via Carattoli

replicon typing; ND: Not defined; -: Not present
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Transposition

Transposition is the mobilization of a DNA sequence from one DNA site to another. This
mechanism is facilitated by transposons (Tn), insertion sequence (IS) elements and the most
recent, insertion sequence common region (ISCR). IS elements are genes encoding a
transposase enzyme capable of copying the DNA sequence of the IS element into new DNA
locations. Transposons on the other hand can be divided into two sub groups, composite and
unit transposons. Composite transposons incorporate two IS elements flanking a sequence
and the two IS element sequences work in tandem to mobilize the DNA sequence between
the two flanking IS elements. Unit transposons work in a similar mechanism but utilize other
enzymes on top of the transposase such as recombinases, to mobilize the sequence within the
unit transposon. ISCR elements are transposases thought to utilize a rolling-circle mechanism
to mobilize DNA. Amongst these elements ISCR1 are only associated with class 1 integron

capture systems (64).

Tn125 carrying blanom-1

Through sequence analysis of the genetic surroundings of blanpwm, it has been theorized that
NDM-1 was originally mobilized in transposon 125 (Tn125). Originally found in A.
baumannii, Tn125 is flanked by two IS elements known as ISAbal25. Within Tn125, there
are several genes apart from blanom which are found downstream. Downstream from the
blanom-1 are the following genes, blems. — conferring bleomycin resistance, trpF -
phosphoribosylanthranilate isomerize, tat - twin-arginine translocation pathway signal
sequence protein, dct - divalent cation tolerance protein, groES — cofactor of groEL, groEL —
heat resistant chaperonin, ISCR27 - transposase, Apac — truncated phospholipid
acetyltransferase (A i.e. partial sequence) before the other flanking ISAbal25. Tnl125, 5°-

ISAbal25|blanpom-1|blemeL|trpFtat|dct|groES|groEL|ISCR27|Apac|ISAbal25-3" (Figure 2), is
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the platform on which blanom has been theorized to be originally mobilized from
Acinetobacter species into plasmids and then facilitating mobilization into other species such

as those found in the Enterobacteriaceae family (113).

5 Promoter 3’
Region
ISAba125  blayyy bleys trpF tat dct groEs groklL ISCR27 Apac 1SAbal25

i) =) ) — -

Figure 2. Schematic representation of Tn125 carrying blanom from Acinetobacter
baumannii (Accession no. HQ857107)

ISAbal25: IS element native in A. baumannii; Promoter Region: promoter sequences driving
expression; blemsL: bleomycin resistance; trpF: phosphoribosylanthranilate isomerise; tat:
twin-arginine translocation pathway signal sequence protein; dct: divalent cation tolerance
protein; groES: cofactor of groEL; groEL : heat resistant chaperonin; ISCR27: transposase;
Apac: truncated phospholipid acetyletransferase; Red arrows: IS elements; Green (Dark)
arrow : Promoter; Blue arrow : B-lactamase; Blue (light) arrows: highly conserved gene with
blanom; Orange arrows: Environmental genes; Green arrows : Heat:resistant chaperonin
proteins; Purple arrow: IS Common Region (ISCR) element; 4: partial sequence.

Analyzing however, the NDM sequences outside of Acinetobacter species and within
Enterobacteriaceae species, reveals that Tn125 becomes truncated both at the beginning,
truncating the 5° end ISAbal25 (184), and at the end (3’ end) losing certain genes (Apac,
ISCR27, groEL etc.), leaving a range of truncated Tn125 structures of different lengths.
However, even with the different lengths of Tn125 carrying blanpwm, certain Tn125 structures
are still repeatedly observed in different plasmid backbones. Interestingly, various 1S
elements have been identified directly upstream of blanom-1 when the 5’end ISAbal25 is
truncated. These IS elements, may have been inserted close to blanom to provide a one-ended
transposition mechanism to mobilize blanom into new plasmid backbones, however this
remains as speculation. blanom residing within close proximity to a transposition mechanism

may explain why blanpm has been reported on various plasmid backbones therefore allowing
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blanom to spread to various bacterial hosts. Essentially, transposition allows an antibiotic
resistance gene an additional mechanism of acquisition and spread below the horizontal gene
transfer level, a gene mobilization level. Gene mobilization allows a gene to spread between
different plasmid backbones, which in turn increases the bacterial host range in which that

gene can be acquired.

Class one integrons

Class one integrons are able to capture gene cassettes (a section of DNA containing multiple
genes) and insert them into a DNA site on which the integron sequence resides. This
mechanism is commonly associated with antibiotic resistance - however in terms of spread it
is strictly unable to provide a mechanism to mobilize the resistance further to other sites
(chromosome or plasmid). However mobilization of the gene cassettes to other locations in
the chromosome and/or plasmids is still possible. If there are two integrons present within the
cell, exchange of gene cassettes can occur between the two integrons via homologous
recombination. Additionally, if the resistance gene or the integron itself is incorporated
within a transposon or is in close proximity to an IS element or ISCR e.g. ISCRL1, the gene or
gene cassettes will also be able to mobilize into various plasmid backbones or the
chromosome. Incorporating such mobilization elements increases the potential to spread to

various species via the different host ranges of each plasmid.

blanom-1 in Pseudomonas aeruginosa

Most of the blanom and Tnl125 genetic investigations reported are either from the
Acinetobacter spp. or from the Enterobacteriaceae family, and are likely mobilized by
transposition and plasmid mobilization i.e. conjugation. Recently, a unique genetic sequence

(Accession no. HF546976) has been published involving the integration of two copies of
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blanpwm-1 into the chromosome of P. aeruginosa (152) via a Class 1 integron mechanism. The
two copies of blanpm-1 are found in two short truncated Tnl25 sequence structures 5°-
ISAbal25|blanom|AblemsL-3" with aphA6 upstream. Integrated after the first two cassette
arrays, were two aminoglycoside resistance genes aacA7 and aadA6. This as well as the
chromosomally encoded blanom within P. aeruginosa ST235 (147) demonstrates the ability
for blanpm to be also acquired onto the chromosome and complexity of where blanpwm is able
to reside and mobilize from. Interestingly, aphA6 is found upstream of both copies of
ATnl125. Thus the source of the Tnl25 and therefore blanom may have been from a
conjugation event from A. baumannii to P. aeruginosa, as aphA6 has been theorized to be

involved in the genesis of blanpm-1 in A.baumannii (70).

Characteristics of the NDM gene

Genesis of blanom-1

In 2012, Toleman and colleagues, by alignment of several genetic sequences containing the
genetic environment around blanpm-1, proposed that blanom-1 may be a chimeric gene within
its origin, involving the aminoglycoside resistant gene, aphA6 (70). There are reasons to
believe that the origin/genesis of blanom-1 occurred by fusion between aphA6 and a previous
blamsL in A. baumannii. Reasons include (1) The ISAbal25 associated with blanpm-1 is
commonly found in A. baumannii (2) aphA6 is highly associated with A. baumannii (3) the
first NDM-producing A. baumannii in Europe (isolated in Germany, 2007 (72)), contained
two full ISAbal25 composite transposons, one with blanpm-1 and the other with aphA6. Thus

it could be suggested that A. baumannii has played a large role in the origin of blanpm-1.
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Expression of NDM-1 provided by ISAbal25

It is known that IS elements commonly encode a promoter sequence to drive expression of
downstream genes. It has also been shown that the promoters provided by 1SAbal25 in
conjunction with blanpwm itself provide a high level of carbapenem resistance (imipenem MIC
>32 ug/mL with promoters versus only 0.5 pg/mL without the promoters) (185). However, it
is not as simple as the presence or absence of a promoter, there are other factors that
influence the level of carabapenem resistance which have yet to be charactersised. In 2006,
15 clinical NDM producing Enterobacteriaceae isolates were identified, most of which has
an MIC of 8 pug/mL or less. Only three had an imipenem MIC greater than 16 pg/mL i.e. 16,

16, 64 ug/mL (143).

blanom-1 variants

Hitherto, there are up to seven published different variants of blanom due to different point
mutations from the original blanom-1 (Table 11). There are also two more variants of NDM-1
(NDM-9 and NDM-10) assigned however remain unpublished at this time [201]. Amongst
the seven published variants, there are several common features. Firstly, is that they were all
isolated in E. coli with the exception of blanom-2 from A. baumannii. Secondly, all were
found to have originally acquired from India, excluding blanom-2 (Egypt) and blanpm-7
(Yemen). The E. coli ST type ST648 is the only type thus far to harbor two novel blanpm-1
variants, blanpm-4 and blanpwm-s.

All of NDM-1 variants excluding NDM-4 and NDM-8, provide high levels of resistance to
carbapenems with an MIC of >32 ug/mL against imipenem and meropenem. NDM-4 and

NDM-8 provided lower carbapenemase resistance compared to the other NDM variant

Chapter 1: A new paradigm presented by the blaNDM gene 54



counterparts with MIC levels for imipenem and meropenem of 8 ug/mL and 16 ug/mL for

NDM-4 (186), and 0.5 pg/mL and 0.25 pug/mL for NDM-8 (187), respectively.
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Table 11. Variants of NDM-1

NDM-1 Country of Country  [Sample Species ST Point mutation Reference
Variant Isolation origin type position from NDM-1
(Amino acid change)
NDM-1 Sweden India Urine K. pneumoniae |14 - 2)
NDM-2 Germany Egypt Catheter A. baumannii 103 82 (Pro>Ala) (188)
NDM-3 Australia India Urine E. coli ND 95 (Asp>Asn) (189)
NDM-4 India India Urine E. coli 648 154 (MetaLeu) (186)
NDM-5 United India Perineum and E. coli 648 88 (ValaLeu) (190)
Kingdom throat 154 (MetaLeu)
NDM-6 New Zealand |India Rectal swab E. coli 101 698 (Cys>Tyr) (101)
NDM-7 German Yemen Wounds, throat, |£. coli 599 388 (Gly>Ala) (191)
rectum 460 (Ala>Cys)
NDM-8 Nepal Unknown [Pus E. coli ND 130 (Asp>Gly) (187)
154 (MetaLeu)
NDM-9 China Unknown |Urine K. pneumoniae |ND 152 (GluaLys) Unpublished

ST: Sequence type, ND: Not defined, Amino Acids- Pro: Proline; Ala: Alanine; Asp:

Aspartic Acid; Asn: Asparagine; Met: Methionine; Leu: Leucine; Lys: Lysine; Val: Valine;

Tyr: Tyrosine; Gly: Glycine; Glu: Glutamic acid; Cys: Cystein

A tiered model for the spread and acquisition of antibiotic resistance

blanom-1 has been able to spread rapidly because of the combination of travel, its bacterial

host (predominately gut colonizers), plasmid encoding and transposition. Thus this situation

can be thought in the perspective of the acquisition and the ability of spread of a resistance

gene. In terms of blanpwm, it could be defined on various tiers deeper than the three routes of

transmission mentioned previously. These tiers include the bacterial host, horizontal gene

transfer (HGT) and genetic mobilization and are determined upon where the gene is

genetically encoded (Fig. 3). The bacterial host determines the three routes of acquisition as

well as international spread, and also potential reservoirs of the resistance gene.
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Figure 3. Model of blanom spread and acquisition

blanpowm is encoded on the 3 genetic tiers by mechanisms of 1. Clonal spread (bacterial host),
2. Conjugation (horizontal gene transfer) and 3. Transposition (genetic mobilization). Each
tier flows into and broadens the range of the tier above until the bacterial host, which
determines how blanpm can be acquired by a person. The bacterial host determines how the
gene can spread to a human host and will remain in certain reservoirs until acquired, in the
case of blanpwm is either nosocomial or within the community. In terms of human hosts, there
are three major routes to acquire an NDM producing organism: nosocomial, personal travel
and community acquisition. Blue box: Host/platform harboring blanpm; Orange box: Mode of
transmission; Bullet point: mechanism of acquisition/spread; Blue arrows: blanpom spread;
Red arrows: blanpm acquisition.
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The bacterial host essentially determines how the resistance gene can be humanly acquired
and the reservoirs in which the gene will remain until acquired. For example, blanpm-1
harbored by K. pneumoniae and E. coli is essentially acquired via faecal-oral transmission
and in terms of a reservoir will reside in the environment e.g. contaminated water, hospital
surfaces and the Gl tract. Colonization rate of species from the Enterobacteriaceae family in
humans is variable. While E. coli is the most commensal aerobic bacterium colonized in the
human gut (192), colonization of K. pneumoniae varies according to many factors including
geographical region, health care facility, ward and patient group with some studies reporting
colonization prevalence of KPC producing Enterobacteriaceae at 45.8% within metropolitan
Chicago, USA, (193), while others report a prevalence of ESBL producing
Enterobacteriaceae in inpatients, intensive care patients, and adults as 7.4%, 9.3% and 12%
within Hungarian university wards and clinics (194). The Gl tract as a reservoir generally
allows for colonization and long-term asymptomatic carriage leading to the route of
international spread. In the example of the blanom gene, the ability of this gene to spread
would be amplified if the bacterial hosts (K. pneumoniae and E. coli) harboring blanom were
capable of high clonal spread, i.e. highly predominant ST types. Bacterial hosts provide the
basis for routes of transmission, reservoirs and thus international spread of an antibiotic
resistance gene. The bacterial host range can broaden depending on where and how the
resistance gene is encoded.

The genetic platform on which the resistance gene is encoded (chromosome or plasmid)
determines the bacterial host range. A resistance gene encoded on the chromosome is
restricted to spread by only the bacterial host level, meaning only via clonal spread and
patient acquisition is limited to that of one clone. However if the gene is encoded within an
ICE or on a plasmid, it is capable of HGT to other bacterial hosts and thus more ST types for

clonal spread and increasing the potential for human acquisition. The resistance gene’s
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bacterial host range however is determined and restricted by the plasmid backbone it is
encoded upon because each plasmid backbone (Inc types) has a different bacterial host range
(broad and narrow). This bacterial host range can be further broadened by the presence of
genetic mobilization mechanisms.

Genetic mobilization provides a mechanism in which genes can traverse to different DNA
locations including the chromosome and plasmids. A gene captured or localized in close
proximity to a genetic element capable of genetic mobilization is able to traverse the gene
from the chromosome to various different plasmid backbones or vice-versa, therefore further
broadening the range of bacterial hosts able to acquire blanpm.

The spread of an antibiotic resistance gene is dependent on the genetic platform which
encodes the gene. These genetic platforms can be arranged into tiers describing the genetic
mechanism of spread and acquisition i.e. 1. Bacterial host (chromosome), 2. Horizontal gene
transfer (plasmid or ICE) and 3. Genetic mobilization (transposons/IS elements). The further
genetic tiers the gene is encoded and associated with, the range of the tiers above broadens
e.g. Genetic mobilization increases the number of plasmid backbones which in turn increases
the bacterial host range, therefore determining the routes and reservoirs for human
acquisition. blanom traverses all three genetic mechanism tiers and having the correct
combination of genetic tiers, gut colonizers (Bacterial host), broad and narrow bacterial host
sprectrum plasmids (HGT) and Tn125/various IS elements (Genetic mobilization) has made
an optimal platform for rapid spread. Combining these three genetic mechanism tiers of
spread with the human-bacterial host interaction determining the three routes of human
acquisition, begins to explain how blanom was able to successfully spread on a global scale.
This leads to the issue that even with the current protocols to prevent bacterial host spread
amongst the human population, there are further issues to address concerning reservoirs and

more mechanisms of spread other than clonal. In addition there are also environmental issues
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such as the poor sanitation of regions in the Asian continent and the lack prescription

regulation that have and continue to promote the spread of the blanom gene.

Infection Control
Approaches to the prevention of spread of NDM producing organisms will vary depending on
whether the setting is a reservoir country (high prevalence country) or a low prevalence

country.

Infection control in a high prevalence setting

Given that a substantial proportion of the general population in the Indian subcontinent are
colonized with NDM producers (195) infection control in high prevalence settings is
challenging. Compounding this is a lack of resources for infection control in many publicly
funded healthcare facilities. In this setting, attention to hand hygiene with inexpensive
alcohol based products must be paramount. High levels of hand hygiene before and after
patient care should be maintained in accordance with the World Health Organization’s Five
Moments of Hand Hygiene. All reusable patient equipment should be cleaned before and
after each use. Patient rooms should be cleaned, and preferably disinfected, on a daily basis.
Basic attention to antibiotic management such as reduction in duration of antibiotic therapy
should be reinforced.

Additional measures to reduce cross-transmission of NDM producers should be used in
private healthcare settings which are likely to have additional resources. Here, contact
isolation precautions should be used with the patient accommodated in a single room with its
own toilet facilities. The use of contact isolation precautions implies use of a gown and
gloves for those entering the patient’s room. Unnecessary transfer of patients within the

healthcare facility should be avoided. This applies both to patients colonized with NDM
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producers and compromised patients (such as neutropenic patients). Antibiotic stewardship
activities should be undertaken in order to reduce inappropriate use of cephalosporins,
fluoroquinolones, beta-lactam/beta-lactamase inhibitor combinations, aminoglycosides,
fosfomycin, tigecycline and polymyxins. Measurement of use of these antibiotics should be
performed. Additionally, monitoring of antimicrobial resistance at a facility level for key
Gram-negative organisms at significant sites of infection (for example, blood cultures) is

essential.

Infection control in a low prevalence setting

The key measures of infection control used in high prevalence settings should still be
undertaken in low prevalence settings. This includes high compliance with hand hygiene, use
of contact isolation precautions, environmental cleaning and antibiotic stewardship.
Additionally, active screening for colonization with NDM producing organisms should be
performed on patients at high risk for this organism. This includes patients who have been
admitted to a hospital or a residential aged care facility in a high prevalence country within
the last 12 months. In practice, it is important to remember that there are other
carbapenemases which cause the same antibiotic resistance phenotype as NDM. Therefore, a
more general approach to detection of carbapenemase production should be undertaken — this
may involve screening rectal swabs on selective media and using rapid tests (such as the
carbaNP test) to detect carbapenemase production (196).

In addition to screening, there may be justification to use pre-emptive contact isolation in
patients directly transferred from an overseas hospital, patients who have been admitted to an
overseas hospital within the last 12 months or who have previous demonstrated colonization

or infection with NDM producers.
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Treatment Options

The spectrum of NDM producers ranges from asymptomatic colonization to overwhelming
and potentially fatal sepsis. There is insufficient data to support decolonization of patients
colonized with NDM-producing organisms. Clinical studies of simple cystitis have observed
natural resolution in most women, albeit delayed when compared with susceptible
antimicrobial therapy. In this setting of a highly resistant pathogen, however, withholding
therapy must be weighed against a potential risk of upper tract UTI and subsequent sepsis
with a difficult to treat organism. Many patients with urinary tract infection (UTI) are best
treated with orally administered antibiotics. Most NDM producers are resistant to the orally
administered antibiotics commonly wused in the treatment of UTI (such as
trimethoprim/sulfamethoxazole or fluoroquinolones). Fosfomycin has been used successfully
in the therapy of cystitis of multiply resistant Gram-negative bacilli. Many NDM producers
remain susceptible to fosfomycin (75, 111, 113, 180). Nitrofurantoin represents another
orally administrable option for NDM producers and successful use in this setting has been
reported (189). Chloramphenicol and tetracyclines may represent other orally administered
options which may be active against NDM producers, but this would need to be confirmed
with susceptibility testing.

Upper tract UTIs and more serious infections with NDM producers (such as pneumonia and
bloodstream infection) will require therapy with intravenously administered antibiotics.
Options include the polymyxins and tigecycline. Both antibiotics have pharmacokinetic
profiles that make them imperfect as antibiotic choices for serious infections. Recent
investigations have led to greater understanding of the need for a loading dose and
appropriate dosage modification of colistin for serious infections (197). Studies of the
treatment of other carbapenemase producers (e.g. KPC producers) suggest that combination

antibiotic therapy may lead to superior outcomes compared to use of colistin or tigecycline
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alone (27-29). Combinations may include a carbapenem (such as meropenem) even though
the treated organism is a carbapenemase producer (27-29). No randomized controlled trials
have yet been performed on optimal treatment of NDM producers, yet such studies are
urgently needed. This is particularly important given reports of polymyxin and tigecycline

resistance.

Expert commentary

Carbapenem resistance in Gram-negative bacilli is of major clinical significance since it
denotes resistance to a major class of antibiotics used in critically ill patients. Carbapenem
resistance is usually mediated by carbapenemases, which are beta-lactamases which can
hydrolyze the carbapenem antibiotics. NDM is an example of just such a carbapenemase.
Significantly, the genes encoding NDM are in close proximity to genes encoding resistance to
other antibiotic classes such as the aminoglycosides. Additionally, NDM inactivates all
penicillins and cephalosporins (except aztreonam), and is not inhibited by currently used
beta-lactamase inhibitors. The end result is that NDM producers are typically resistant to all
commercially available first line antibiotics. “Reserve” antibiotics such as colistin are used to
treat serious infections with NDM producers. Unfortunately colistin resistance has now been
reported (198), resulting in organisms resistant to all available antibiotics. NDM producers

therefore can pave the way to the “post-antibiotic era”.

Five-year view

Over the next five years, it is highly likely that NDM producers will become endemic in
many countries which have only seen sporadic isolates thus far. Major mechanisms for this
will likely include the ongoing globalization of medicine and the carriage of blanom by highly

successful clones such as ST131 E. coli and ST258 K. pneumoniae. It is quite possible that
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these strains will also be associated with colistin resistance, meaning that this major antibiotic

used to treat NDM producers will be ineffective against many NDM producing organisms. It

is possible that aztreonam-based regiments will be trialed in the near future. If successful, this

may represent a treatment option for NDM producing organisms.

Key Issues

Reservoir countries of blanom have expanded from the Indian sub-continent, China
and the Balkan states to South-western Europe, the Greater Middle East and southeast
Asia.

Medical tourism and personal travel are major factors that have allowed the
globalization of the carbapenem resistance provided by NDM-1.

The three routes of human NDM acquisition are Nosocomial, Personal travel and
Community acquired.

Predominant bacterial hosts producing NDM are K. pneumoniae, E. coli, A.
baumannii and Pseudomonas spp.

blanowm is encoded on various plasmid backbones capable of horizontal gene transfer,
most predominant being IncA/C.

Genetic mobilization through transposons and IS elements, initially via Tn125 and
ISAbal25, has allowed blanpwm to traverse amongst various plasmid backbones.

The more genetic tiers a resistance gene is incorporated within, the broader the range
of potential bacterial hosts, which in turn determines the routes of acquisition by a
human host.

Infection control intervention to prevent spread of NDM producers include
compliance with hand hygiene, use of contact isolation precautions, vigorous hospital

cleaning, good antibiotic stewardship.
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e The key antibiotic for serious infections with NDM producers is colistin.
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1.7 Thesis Aim

The blanom gene is not solely associated to a clonal lineage, plasmid type or a transposable element
mechanism responsible for its mobilisation when observed within the Enterobacteriaceae family.
To address the new paradigm of AMR acquisition and spread presented by the blanom gene, this
thesis endeavours to provide, an insight and basic understanding of the mechanisms involved in
blanpm acquisition and spread, and an approach to assess its plasmid-mediated dissemination
amongst the Enterobacteriaceae family. This will be achieved through bioinformatics analysis and
characterisation of Enterobacteriaceae plasmids, primarily those that harbour the blanom gene.
Investigations will begin by establishing a recent account of the blanom gene from an
epidemiological perspective. A novel molecular/ genetic approach will be used, incorporating
characterisation of the blanom genetic context (NGC) carried by strains, firstly within the context of
a single medical institute, followed by a national level investigation of strains isolated from multiple
health-care facilities. Secondly, NGCs will be analysed in the context of the plasmid itself by
construction and analysis of complete plasmid sequences, to explain the transposable element
mechanisms involved for insertion of blanom genes onto plasmids, leading to the NGCs observed.
Lastly, the plasmid types harbouring blanom described here and within the literature will be placed
into a greater context of overall Enterobacteriaceae plasmid types. In silico plasmid typing will be
performed to retrospectively survey the plasmid content within a large data set of
Enterobacteriaceae strains. Principal component analysis (PCA) of the shared plasmid context
between genera will provide insights into the interactions between plasmid types and bacterial
species, necessary for the spread of AMR genes. Characterisation of this paradigm would hopefully

lead to the development of potential approaches to assess plasmid-mediated AMR spread.
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1.8 Thesis outline and chapter aims:

This thesis is composed of six chapters. Chapter 1 is an introductory chapter, Chapters 2 to 5 each
address a specific aim (listed below) comprised of a chapter introduction, the study investigating
this aim presented in manuscript form, and a chapter summary/ conclusion. Chapter 6 provides a
discussion of Chapters 1 to 5 as a collective whole for insights of blanpm acquisition and spread, as

well as suggestions for future investigations and a final conclusion of the entire thesis.

Chapter 2: Aim 1 — Establishing a recent account of the blanpm gene from an epidemiological
perspective using a novel genetic/molecular approach. The approach to assess blanpm plasmid-
mediated dissemination within a single facility, involves characterisation of sequence type, plasmid
types and NGCs.

Chapter 3: Aim 2 — The combined approach to assess blanom plasmid-mediated dissemination will
be applied to multiple healthcare facilities to verify if this approach is applicable at a national level,
as well as to survey and establish an update on the mechanisms of acquisition and spread for NDM
producing Enterobacteriaceae within Australia.

Chapter 4: Aim 3 — To investigate the acquisition of blanom genes in the context of the plasmid
backbone and understand the process which NGCs arise; through characterisation of different
transposable element mechanisms involved in its insertion upon the same plasmid backbone/ type.
Chapter 5: Aim 4 — To investigate the occurrence of Enterobacteriaceae plasmid types regardless of
AMR genes through a retrospective plasmid content survey, and analyse the shared plasmid content
between genera to provide insights into plasmid-mediated gene transmission between bacterial

strains, possibly used in dissemination of the blanom gene.
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Chapter 2: Characterisation of plasmids carrying blanom within Pakistan and an

approach to assess NDM plasmid spread within a facility
2.1 Chapter Introduction

The Indian sub-continent is a geographical reservoir for acquisition of NDM producing Gram-
negatives (Chapter 1; (20)). International travel to the Indian sub-continent for Australians is a
common route of acquiring an NDM producer, where hospitalisation can lead to acquisition of an
NDM producing Enterobacteriaceae, Acinetobacter spp. or Pseudomonas spp. In the perspective of
clinical microbiology, epidemiology and infection control, the bacterial species ST type (via MLST)
of carbapenem producers is frequently investigated for the purposes of tracing a predominant
bacterial clone responsible for infection within a clinical setting. This typing alone has previously
been sufficient to describe and loosely associate an antimicrobial resistance phenotype exhibited by
a bacterial clone. Further detail however is required for plasmid-mediated AMR, especially those
harbouring the blanom gene. It might also be suggested that stating the plasmid Inc type would
provide sufficient information for the spread of antimicrobial resistance. However, as stated
previously (Chapter 1), regions carrying genes conferring carbapenem resistance can vary between
each plasmid and even upon the same plasmid backbone type, indicating a different capture event.
This means that each plasmid type does not have a steady antimicrobial resistance gene profile.
Therefore detailing ST type and plasmid type alone may be misleading for investigating plasmid-
mediated antimicrobial resistance. Combining genomic characteristics of ST type and plasmid type
with the in-depth characterisation of the genetic context for a target resistance gene, can elucidate
insights and clarification upon the transmission of AMR i.e. the spread of a specific plasmid
providing carbapenem resistance.

The study presented in this chapter, investigates a clinical setting within Pakistan where patients co-
harboured multiple NDM producers of different species within their stool. Characterisation of the
antimicrobial gene profile, ST type, plasmid Inc type and blanom genetic context of each strain was
utilised as an approach to clarify blanowm inter-species and inter-patient transmission.
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This investigation was summarised and presented in a manuscript format published in

Antimicrobial Agents and Chemotherapy:

Wailan AM, Sartor AL, Zowawi HM, Perry JD, Paterson DL, Sidjabat HE. The genetic contexts
of blanpowm-1 in patients carrying multiple NDM producing strains. Antimicrob. Agents Chemother.

2015 Dec;59(12):7405-10. doi: 10.1128/AAC.01319-15

The University of Queensland requires the presentation of the submitted or accepted article. The
numbers of the figures, tables and references of the presented article have been amended to suit the
structure of this thesis. The article remains in American English spelling enforced by journal
guidelines.

The statement below is adopted from the journal’s policy to acknowledge copyright reuse

permission:

“Authors in ASM journals retain the right to republish discrete portions of his/her article in any
other publication (including print, CD-ROM, and other electronic formats) of which he or she is
author or editor, provided that proper credit is given to the original ASM publication. ASM authors
also retain the right to reuse the full article in his/her dissertation or thesis.” Statement of Authors’

Right can be found at: http://journals.asm.org/site/misc/ASM_Author_Statement.xhtml
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Abstract

The carbapenem resistance determinant blanom-1, has been found in various Gram-negative
bacteria and upon different plasmid replicon types (Inc). Here, we present four patients
within two hospitals in Pakistan harboring between two and four NDM-1-producing Gram-
negative bacilli of different species co-resident in their stool samples. We characterize the
blanowm-1 genetic context of these 11 NDM-1-producing Gram-negative bacilli in addition to
other antimicrobial resistance mechanisms, plasmid replicon profile and sequence type (ST),
in order to understand the underlying acquisition mechanisms of carbapenem resistance
within these bacteria. Two common plasmid types (IncN2 and IncA/C) were identified to
carry blanom-1, among the six different bacterial species isolated from the four patients. Two
of these strains were novel Citrobacter freundii ST 20 and ST 21. The same IncN2 type
blanowm-1 genetic context was found in all four patients and within four different species. The
IncA/C type blanpm-1 genetic context was found in two different species and in two of the
four patients. Combining genetic context characterization with other molecular epidemiology
methods we were able to establish the molecular epidemiological links between genetically
unrelated bacterial species by linking their acquisition of an IncN2 or IncA/C plasmid
carrying blanpm-1 for carbapenem resistance. By combining plasmid characterization and in-
depth genetic context assessment, this analysis highlights the importance of plasmids in
antimicrobial resistance. It also provides a novel approach for investigating the underlying

mechanisms of blanowm-1 related spread between bacterial species and genera via plasmids.
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Introduction

Infectious pathogens have the ability to transmit from one person to another. Antimicrobial
resistance in certain instances has been observed to follow this paradigm of transmission;
specifically, bacterial species have been described transmitting antimicrobial resistance
determinants. A well-known example of a successful international clone is the Escherichia
coli Sequence Type (ST) 131 transmitting blactx-m-15 (41, 42). However, numerous reports in
the last few years provide evidence that plasmids are a major factor in the transmission of
antimicrobial resistance (40, 199).

Since the first report (2), blanom has been reported to be harbored by a diverse range of
bacterial species, the most frequent are within the Acinetobacter genus and
Enterobacteriaceae family (20, 200) Furthermore, blanom has also been identified to reside
within different plasmid replicon types (Inc) amongst the Enterobacteriaceae family,
including IncA/C (201), IncF types (202), IncL/M (74), IncN (203), IncX (204) and IncH
(183). In addition, the genetic structure or context in which blanpm resides varies between
different plasmid types, and even with the same plasmid type (205). In contrast, blanom
genetic contexts within Acinetobacter spp. have been reported with less variation; since
blanom can be commonly found within the 10,099 bp transposon known as Tn125, composed
of two flanking ISAbal25 (72, 138, 184, 200). These blanom-1 genetic contexts observed with
Enterobacteriaceae plasmids appear to frequently involve parts of Tn125 carrying blaNDM
as the common substrate and various mechanisms of gene acquisition used to acquire this
substrate, including different ISCR elements (177), class one integrons (94), flanking IS
elements (177) and singleton IS elements present in close proximity (74, 201).

The Indian sub-continent is recognized as a major reservoir for blanom acquisition and has
been hypothesized as the geographical origin of blanom (20, 206). In a previous study from

our group, 66 NDM-1 producing Gram-negatives from stool samples of patients in two
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Pakistani hospitals were reported (206). Amongst patients harboring these isolates, four
patients were found to carry multiple NDM-1 producers of different species. Sartor and
colleagues also identified that the species within each patient harbored different plasmid
replicon type profiles (206). This warranted further investigation in order to elucidate the
underlying nature of blanpm-1 acquisition by these different species, when the bacterial hosts
have different plasmid replicon profiles. The aim of this study was to further characterize
these different NDM producing bacterial species co-existing in multiple patients through
whole genome sequencing, noting their resistance mechanisms and Sequence Type (ST) with
further focus on characterizing the blanom-1 genetic contexts.

Methods

Bacterial isolates. Eleven clinical isolates were acquired in 2010 from stool samples from
four different patients in two hospitals in Rawalpindi, Pakistan (148). In the study conducted
by Perry and colleagues (148), one patient carried 4 species, 3 patients had 3 species and 5
patients had 2 species of NDM-1-producers (data not shown). Isolates were selected based on
the number of isolates present in the patients and the diversity of their plasmid type profile
which was determined by PCR Based Replicon Typing (PBRT) of Enterobacteriaceae
isolates as previously described (58, 206). The strains from each patient are as follows (Table
1): Patient 1 - Enterobacter cloacae Pn2, Acinetobacter baumannii Pn3, Klebsiella
pneumoniae Pn4, Citrobacter freundii Pn5; Patient 2 — Pseudocitrobacter faecalis Pnl3,
Escherichia coli Pn14; Patient 3 — P. faecalis Pn27, E. coli Pn28; Patient 4 — E. coli Pn66, C.

freundii Pn67 and E. cloacae Pn68.

Plasmid transfer experiments through conjugation. Plasmids carrying blanpm-1 from
clinical strains were transferred by conjugation to confirm their transferability and plasmid

replicon type. For conjugation experiments, the eleven clinical isolates (donors) were verified
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to be susceptible to sodium azide via agar dilution. Donor strains and sodium azide resistant
E. coli J53 recipients were grown in LB broth at 200 rpm to logarithmic phase (207). The
conjugation mixture consisted of donor and recipient strains in a 1:1 ratio plated onto
MacConkey agar, and incubated at 37°C overnight (78). The conjugation mixture of
approximately 20 pL of confluent growth on the plate was then harvested into 1 mL of saline
and serially diluted in saline to 10, This serial dilution method was performed to obtain
single colonies of both donors and transconjugants between the serial dilutions of 10 and 10°
®. One hundred microliters of each dilution was then inoculated onto MacConkey agar
supplemented with meropenem (0.1 pug/mL) and sodium azide (100 ug/mL), sodium azide
only (100 pg/mL) and a control plate without additives, incubated at 37°C for 24 h.
Successful transconjugants were confirmed phenotypically and through PCR for blanpm-1.
PBRT was performed on transconjugants to identify the plasmid replicon type carrying

blanpwm-1 (58).

Sequencing and Bioinformatics. Paired-end libraries of whole genomic DNA of all 11
clinical isolates were prepared and sequenced by the lllumina MiSeq platform (lllumina, San
Diego, USA). All sequences were de novo assembled using CLC Genomic Workbench v7.5
(CLC Bio, Aarhus, Denmark) with at least 50-fold coverage. pNDM-BJO1 (Genbank
accession no. JQ001791) (208) was manually annotated and used as a reference for Tn125
structure annotation. Sequences from the Genbank database and IS finder (https://www-
is.biotoul.fr/) were used to identify and characterize genes flanking the Tn125 region. CLC
Genomic Workbench was used to BLAST (http://blast.ncbi.nim.nih.gov/Blast.cgi), analyze
and manually annotate the genetic context of blanpm-1 according to the aforementioned
reference sequences. Contigs containing blanom-1 were named as follows: Patient 1 - pPN2-

ECL-NDM-1 (E. cloacae Pn2), PN3-AB-NDM-1 (A. baumannii Pn3), pPN4-KP-NDM-1 (K.
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pneumoniae Pn4), PN5-CF-NDM-1 (C. freundii Pn5); Patient 2 - pPN13-PCF-NDM-1 (P.
faecalis Pn13), pPN14-EC-NDM-1 (E. coli Pn14); Patient 3 — pPN27-PCF-NDM-1 (P.
faecalis Pn27), PN28-EC-NDM-1 (E. coli Pn28); Patient 4 — pPN66-EC-NDM-1 (E. coli
Pn66), pPN67-CF-NDM-1 (C. freundii Pn67) and pPN68-ECL-NDM-1 (E. cloacae Pn68).

Contigs of each clinical strain were submitted to Resfinder 2.1 (209)

(http://cge.cbs.dtu.dk/services/ResFinder/) and Plasmidfinder 1.1 (210) databases (available

at the Center of Genomic Epidemiology website (http://www.genomicepidemiology.org/)) to

characterize their resistance mechanism genes and plasmid Inc types.

Sequence Typing via MLST scheme. Each clinical isolate was submitted to the MLST 1.7

database (211) (https://cge.cbs.dtu.dk/services/MLST/) for Sequence Typing via respective

MLST schemes, except P. faecalis strains Pn13 and Pn27 as no MLST was available (212).
Both C. freundii strains Pn5 and Pn65 were identified as novel sequence types and
subsequently submitted to the C. freundii MLST website (http://pubmlst.org/ cfreundii/)

(213) for assigning of new sequence type.

Nucleotide sequence accession number. Each nucleotide sequence was deposited in the
GenBank database with the following accession numbers. pPN2-ECL-NDM-1, KP770024;
PN3-AB-NDM-1, KP770025; pPN4-KP-NDM-1, KP770033; PN5-CF-NDM-1, KP770032;
pPN13-PCF-NDM-1, KP770031; pPN14-EC-NDM-1, KP770030; pPN27-PCF-NDM-1,
KP770029; PN28-EC-NDM-1, KP770023; pPN66-EC-NDM-1, KP770028; pPN67-CF-

NDM-1, KP770027 and pPN68-ECL-NDM-1, KP770026.
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Results and Discussion
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Figure 4. Schematic representation of all blanom genetic context within this study and
reference sequence pPNDM-BJO01 (Genbank Accession no. JQ001791)

blanom genetic contexts and their Genbank Accession number, Pn2: pPN2-ECL-NDM-1
(KP770024), Pn3: PN3-AB-NDM-1 (KP770025), Pn4: pPN4-KP-NDM-1 (KP770033), Pn5:
PN5-CF-NDM-1 (KP770032); Pn13: pPN13-PCF-NDM-1 (KP770031), Pnl4: pPN14-EC-
NDM-1 (KP770030); Pn27: pPN27-PCF-NDM-1 (KP770029), Pn28: PN28-EC-NDM-1
(KP770023); Pn66: pPN66-EC-NDM-1 (KP770028), Pn67: pPN67-CF-NDM-1 (KP770027)
and Pn68: pPN68-ECL-NDM-1 (KP770026). A, truncated gene. Insertion Sequence (IS)
elements are represented as block arrows.
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The molecular and in silico analysis results of each NDM-1 producing strain are summarized
in Table 12. These results also include for each strain, clinically significant antimicrobial
resistance determinants found within each strain, ST type, and the replicon type (Inc) of the
plasmid carrying blanom-1 (determined via PBRT of successful transconjugants). In silico
analysis of each contig with blanom-1 initially identified a truncated Tnl25 structure
harboring blanom-1 (ATn125). The sizes of ATn125 were variable (Fig. 4). Different genes
and IS elements were identified flanking the ATn125 structure (Fig. 4). The combination of
the different ATn125 structure sizes and flanking contexts identified four distinct blanpm-1
genetic contexts.

The most common blanpm-1 genetic context 5°-aacAl Ablaoxa-10 ATn125-3” (identified in 5
of 11 strains and in all four patients) contained a 2,341 bp ATn125 structure with aacAl
conferring aminoglycoside resistance and a truncated narrow-spectrum (3-lactamase, blaoxa-1o
upstream, and was determined to be on IncN2 type plasmids (except in Pn28 and Pn67). This
blanom-1 genetic context was found within three different bacterial species, K. pneumoniae
Pn4 (pPN4-KP-NDM-1), P. faecalis Pn13 and Pn27 (pPN13-PCF-NDM-1, pPN27-PCF-
NDM-1), E. coli Pn14 and Pn28 (pPN14-EC-NDM-1, PN28-EC-NDM-1) and C. freundii
Pn67 (pPN67-CF-NDM-1), and is similar to an E. coli isolated from Japan (direct submission
with Genbank accession no. AB769140), and two IncN3 plasmids, pLK75 (Genbank
Accession no. KJ440076) of E. coli and pLK78 (Genbank Accession no. KJ440075) of K.
pneumoniae isolated from Taiwan (203). Transmission of blanom-1 may have occurred via
conjugation of an IncN2 plasmid with this genetic context, as suggested by our successful
conjugation experiments involving strains carrying IncN2 plasmids. These conjugation events
would subsequently result in the different bacterial species producing NDM-1 within three of

the four patients.

Chapter 2: Characterisation of plasmids carrying blaNDM within Pakistan and an approach to assess NDM 77
plasmid spread within a facility



Table 12. Strains and their respective sequence type, antimicrobial resistance profile and Plasmid Replicon Typing results

Patient]  Strain characteristics Plasmid replicon types PBRT Antimicrobial resistance determinants via Resfinder
via Plasmidfinder (Inc) - - -
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(bla) resistance resistance resistance
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.| Other 3l .lolm 3 Pl =3I .
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baumannii
Pn4 | Klebsiella | 101 FIBk R N2 SHV-1 aadA5 qnrB66 mph(A)
pneumoniae Fll OgXA dfrA17
ogxB
Pn5 | Citrobacter | 20° HI2A| FIB - qnrB34| mph(E) floR
freundii msr(E) tet(C)
dfrA5
2 |Pnl13| Pseudo- N/A HI2A|  FIBk N2
citrobacter
faecalis
Pnl14| Escherichia | 2598 HI2A|  FIBk 11 N2 11
coli FIB Coliss FIA
FIA FIB
3 |Pn27| Pseudo- N/A HI2A|  FIBk N2
citrobacter
faecalis
Pn28| Escherichia | 1431 HILAHI2A|  FlI Col - AIC CMY-4 msr(E)
coli HI1B (BS512) HI1 OXA-9 dfrA12
4 |Pn66| Escherichia | 10 FIBk Y A/C; Y CMY-6 aadA4
coli
Pn67| Citrobacter | 21° FII(pMET), Flly CMY-73 qnrB54 mph(A)
freundii FII(Yp)
Pn68 | Enterobacter | 171 FIA HI2A AIC; ACT-7 aadA2
cloacae (HI1) CMY-6 aacA4
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Note: Shaded boxes — Indicates the replicon types and genes present in each strain determined by Plasmidfinder and Resfinder, N/A - Indicates
no positive Plasmid Replicon Typing results for Acinetobacter species and no MLST scheme for P. faecalis, - PBRT was performed on
transconjugants carrying the plasmid harbouring blanom, - this enzyme is responsible for aminoglycoside and quinolone resistance. ¢ - Novel

Citrobacter freundii Sequence Types via MLST scheme.
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The IncN2 blanowm-1 genetic context was also found in C. freundii Pn67 in the fourth patient;
however, it was identified on an IncFlly-type plasmid. This genetic context was also
identified in E. coli Pn28, believed to be located on the chromosome or on a non-conjugative
plasmid, as conjugation experiments were unsuccessful after multiple attempts. The blanpm-1
genetic contexts in Pn28 and Pn67 are highly similar to the IncN2 plasmids of our study as
well as in the literature however were not located on IncN2 plasmids. It may be speculated
these “IncN-like” blanpm-1 genetic contexts of Pn28 and Pn67 may have diverged from the
IncN2 plasmids of our study through such events as homologous recombination (60).
Alternatively Pn28 and Pn67 could have been the source from where the IncN2 plasmids
acquired their blanom-1 genetic context prior to horizontal gene transfer amongst the different
species. Further investigation including full plasmid construction will be required to clarify
the nature of these two isolates and the potential of blanpm-1 cassette transfer between

plasmid backbones, IncN2 and IncFlly.

Another blanowm-1 genetic context observed, in 3 of the 11 isolates, involved a longer 6,332 bp
ATn125 structure. In comparison to the aforementioned IncN2 ATn125 structure, this longer
ATnl125 structure was flanked by an ISKpnl4 and truncated ISEcpl upstream, and a
truncated Type IV secretion protein rhs downstream (Fig. 4). This IncA/C blanpm-1 genetic
context was determined to be on IncA/C type plasmids and found in two patients, patient 1:
E. cloacae strain Pn2 (pPN2-ECL-NDM-1) and patient 4: E. coli strain Pn66 (pPN66-EC-
NDM-1) and E. cloacae strain Pn68 (pPN68-ECL-NDM-1). Similar to the aforementioned
IncN2 blanom-1 genetic contexts, the IncA/C blanowm-1 genetic context was also observed
within two different species within the same patient (patient 4). Further it is very similar to
the most frequently reported IncA/C blanpm-1 genetic context amongst the

Enterobacteriaceae family (175, 201, 205). The combination of IncA/C blanpm-1 genetic
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context identification (Figure 4), the previously reported clonal spread of E. cloacae and E.
coli within these hospitals and the identification of IncA/C plasmids as the most prevalent
plasmid type (206), might suggest the contribution of this specific IncA/C plasmid to carry

and transmit carbapenem resistance among Enterobacteriaceae within this clinical setting.

Out of the 11 isolates, two unique genetic contexts for blanom-1 were found in PN3-AB-
NDM-1 (A. baumannii Pn3) and PN5-CF-NDM-1 (C. freundii Pn5) in patient 1. PN3-AB-
NDM-1 carried a context composed of the longest Tn125 structure (7,962 bp), which is very
similar to the Tnl125 lengths frequently described within the Acinetobacter genus i.e.
composed of a full Tn125 structure extending from the left hand 1SAbal25 to the right hand
ISAbal25 (184, 200, 214, 215). PN5-CF-NDM-1 contained a 7,288 bp ATn125 structure
flanked by two 1S3000 (truncated left-hand ISAbal25 to truncated ISCR27) with plasmid
backbone elements in close proximity such as traA. This context has not been previously
reported. Both blanom-1 genetic contexts, PN3-AB-NDM-1 and PN5-CF-NDM-1, may
potentially be located on a non-conjugative plasmid or the chromosome as suggested by
unsuccessful transfers in conjugation experiments. To note, both PN3-AB-NDM-1 and PN5-
CF-NDM-1 were found in patient 1 which carried four different NDM-1 producing species,
i.e. E. cloacae, A. baumannii, K. pneumoniae and C. freundii, each with a different blanpm-1

genetic context (Fig. 4).

The characterized blanom-1 genetic contexts of 11 clinical isolates retrospectively may
suggest interspecies transmission of antimicrobial resistance at an in vivo level via plasmids.
This has been previously described with blakec (216). Initial characterization of our isolates
identified different plasmid replicon profiles with multiple species within the same patient.

Genetic characterization in combination with other molecular typing methods has described,
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clarified and provided an insight into the spread and acquisition of blanpm-1. Apart from the
non-conjugative blanom-1 found on Pn3, Pn5 and Pn28, and the single IncFlly plasmid in
Pn67, the remaining strains have become carbapenem resistant by acquiring IncN2 and

IncA/C type plasmids with the specific aforementioned blanom-1 genetic contexts.

It must be noted however, that due to the nature of PBRT as an assay that targets specific
regions of a plasmid type (e.g. replicons), information that can influence plasmid transfer
such as the number of plasmids within each clinical strain cannot be determined. Many
plasmids can carry multiple replicons but also can form co-integrates with other plasmids to
assist with conjugation. Transconjugants may also contain more than one plasmid. PFGE
with S1 nuclease and southern blotting would have to be applied to both donors and

respective transconjugants to determine the number of plasmids present.

The prevalence of highly similar blanom-1 genetic contexts within different species and
amongst different patients highlights the possible role plasmids are able to provide in inter-
species transmission of carbapenem resistance. We suggest that genetic characterization of
plasmids for blanom-1 could be considered as a tool similar to the Multi-Locus Sequencing
Typing (MLST) approach to investigate the clonal epidemiology of antibiotic resistant
bacteria, which utilizes the typing of conserved regions within the genome for comparison
(42, 217, 218). By considering genetic context characterization in combination with standard
molecular methods (bacterial species identification, resistance mechanism profiling and
clonality via MLST) during epidemiological studies, sophisticated epidemiological links
between patients and genetically unrelated bacterial species can be clarified in the case of
blanom-1 and potentially other plasmid mediated antimicrobial resistance determinants that

have genetic context variation, such as blactx-m-type (219, 220) or blacmy-type (221). Such
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investigation will assist in clarifying whether or not within a specific geographical region and
facility, antimicrobial resistance acquisition by species has occurred via a particular plasmid
with a specific genetic context.

Here we have characterized the genetic nature in which blanpwm-1 resides in different NDM-1
producing bacterial species co-existing in multiple patients, while identifying IncA/C and
IncN2 plasmids as the platform providing carbapenem resistance to otherwise diverse and
unrelated species of Enterobacteriaceae within this clinical setting of two Pakistan hospitals.
The combination of genetic plasmid characterization and epidemiological molecular
investigation methods presented here not only highlights the ability of plasmids to transmit
and provide antimicrobial resistance determinants to various bacterial species and genera, but
also has provided a novel approach for investigating the underlying mechanisms of blanpm-1

related spread associated with hospitalized patients.
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2.3 Chapter summaries and conclusions.

This chapter demonstrated a combined molecular/genetic approach able to assess and provide
a recent account of the basic mechanisms involved in strain acquisition of plasmid-mediated
blanowm. In this case, multiple species of Enterobacteriaceae became carbapenem resistant by
the acquisition of two plasmid types (IncA/C and IncN2) harbouring the blanom gene. This
analysis also describes possible inter-genera and inter-patient spread of blanom. That is, the
possibility of intera-genera spread with the conjugation of an IncA/C plasmid between E. coli
and E. cloacae within a single patient (Patient 4). The inter-patient transmission between two
patients may also be possible as both patients (Patients 1 and 4) carried an E. cloacae ST171
harbouring an IncA/C plasmid with the same NGC. Inter-genera and inter-patient spread was
also possible with an IncN2 plasmid. Highly similar NGCs were observed on the IncN2
plasmids, and an IncFlly plasmid carried by C. freundii Pn67; indicating a potential for gene
exchange between plasmid backbones (IncN2 and IncFlly). This chapter provided a recent
account of the primary mechanisms (IncA/C and IncN2 plasmid types), and their underlying
interplay involved for blanowm to spread between different genera and patients within a single

healthcare facility.
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Chapter 3: Characterisation of NDM plasmids within Enterobacteriaceae in

Australia
3.1 Chapter Introduction

The combined molecular/genetic approach presented in Chapter 2 and the account of blanpm
dissemination via IncA/C and IncN2 presented, was restricted by small sample size but also
restricted to a local geographical region and health-care facility. Characterisation of NDM-
producing Enterobacteriaceae on a national level is sequentially required to understand if this
approach is applicable to assess and provide a recent account of plasmid-mediated blanpm
transmission nation-wide. This chapter investigates 12 NDM producing Enterobacteriaceae
referred to the reference laboratory at University of Queensland Centre of Clinical Research
between 2012 and 2014. The patients who carried these strains, were admitted by Australian
hospitals in different states, and had a mixture between those without travel history and with
international travel history. One strain had its whole genome announced as the first uropathogenic

E. coli carrying the NDM-5 variant in Australia (Appendix A (21)).
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This investigation was summarised and presented in a manuscript format published in

Antimicrobial Agents and Chemotherapy:

Wailan AM, Paterson DL, Kennedy K, Ingram PR, Bursle E, Sidjabat, HE. Genomic
characteristics of NDM-producing Enterobacteriaceae in Australia and their blanom genetic

contexts. Antimicrob. Agents Chemother. 2015 Oct 19;60(1):136-41. doi: 10.1128/AAC.01243-15

The University of Queensland requires the presentation of the submitted or accepted article. The
numbers of the figures, tables and references of the presented article have been amended to suit the
structure of this thesis. The article remains in American English spelling enforced by journal
guidelines.

The statement below is adopted from the journal’s policy to acknowledge copyright reuse

permission:

“Authors in ASM journals retain the right to republish discrete portions of his/her article in any
other publication (including print, CD-ROM, and other electronic formats) of which he or she is
author or editor, provided that proper credit is given to the original ASM publication. ASM authors
also retain the right to reuse the full article in his/her dissertation or thesis.” Statement of Authors’

Right can be found at: http://journals.asm.org/site/misc/ASM_Author_Statement.xh
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Abstract

blanom has been reported in different Enterobacteriaceae species and on numerous plasmid
replicon types (Inc). Plasmid replicon typing in combination with genomic characteristics of
the bacterial host (e.g. sequence typing) is used to infer the spread of antimicrobial resistant
determinants between genetically unrelated bacterial hosts. The genetic context of blanowm is
heterogeneous. In this study, we genomically characterized twelve 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 blanpm genetic context within Tn125 providing insights into the acquisition
of blanom into Enterobacteriaceae. IncFll type (n=7) and IncX3 (n=4) plasmids were the
most common plasmid type found. IncHI1B (n=1) plasmid was also identified. Five different
blanom genetic contexts were identified, indicating five particular plasmids with specific
blanom genetic contexts (NGCs), three of which were IncFIl plasmids (FIl A to C). Of note,

the blanpm genetic context of P. rettgeri was not conjugative to sodium azide-resistant E. coli

J53Azi". Epidemiological links between our NDM producing Enterobacteriaceae were
established by their acquisition of these five particular plasmids. The combination of different
molecular and genetic characterization methods, allowed us to provide an insight into the

spread of plasmids transmitting blanpwm.
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Introduction

Plasmids have received increased attention in the last decade due to their ability to acquire
genes conferring antibiotic resistance and transfer them between different bacterial hosts.
Plasmids of the Enterobacteriaceae family have been categorized into replicon (Inc) types
via PCR-based replicon typing (PBRT) (58, 222, 223). PBRT in combination with other
characteristics of the bacterial host, such as serotype, sequence type via Multi-locus sequence
typing (MLST) and resistance gene profiles are used to demonstrate the spread of

antimicrobial resistance determinants between genetically unrelated bacterial hosts (40).

New Delhi Metallo-B-lactamase gene or blanpm-harboring plasmids have been extensively
characterized. Genetic variations in the accessory regions of plasmids have contributed to the
complexity that underlies the spread of antimicrobial resistant determinants between bacterial
hosts. Since its first report (2), blanom has been reported on various plasmid Inc types (20),
including IncA/C (175, 201), IncF types (202), IncL/M (74), IncH (183), IncN types (125,
203, 224), IncX types (204) and IncHI1 types (171) of the Enterobacteriaceae family.
However, it may be misleading to assume that each plasmid of the same replicon type is
identical, especially amongst the IncA/C (94, 175, 177, 205) and IncFIl plasmids (182, 202).
For Enterobacteriaceae plasmids harboring blanpwm, the variation in the genetic context of
blanom generally involves two features. Firstly, blanowm is frequently observed in the 10,099
bp transposon Tn125 (with two flanking ISAbal25 elements) within NDM producing species
of the Acinetobacter genus (72, 73, 138, 200, 205). The blanom gene was hypothesized to
originate in the Acinetobacter genus (70). In Enterobacteriaceae, the Tnl25 structure
carrying blanpwm is frequently truncated (ATn125) at various lengths (205). Secondly, the
sequence flanking the ATn125 structure involves various mechanisms of gene acquisition

including different ISCR elements (177), Class one integrons (94), flanking insertion
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sequence (IS) elements (177), Miniature Inverted-Repeat Transposable Element (MITES)
(225) and singleton IS elements, present in close proximity (74, 201). The variations
observed concerning these two features have contributed to the different blanom genetic

contexts reported, even on the same plasmid type.

The blanom genetic context of NDM-producers from Singapore, Japan, Hong Kong, Thailand
and Taiwan has been described (74, 125, 177, 203, 224). Additionally, NDM-producing
Enterobacteriaceae have been reported in Australia (42, 226). Limited studies have described
the plasmid features and genetic contexts of NDM-producers from Australia (22, 75, 227).
Here, we analyze the blanom genetic contexts of 12 NDM-producing Enterobacteriaceae
isolated from Australia between 2012 and 2014, for providing insights into their likely

acquisition.

METHODS

Isolates

Twelve clinical or screening isolates producing NDM in this study were referred to
University of Queensland Centre for Clinical Research for detailed molecular
characterization from Queensland, Australian Capital Territory and Western Australia
between 2012 and 2014. These isolates included Escherichia coli (n=6), Klebsiella

pneumoniae (n=3), Enterobacter cloacae (n=2) and Providencia rettgeri (n=1) (Table 1).

Antimicrobial susceptibility testing
Antimicrobial susceptibility and minimum inhibitory concentration (MIC) characterization
was performed by E-test® (bioMerieux Marcy 1’Etoile, France). Antimicrobial agents tested

were: ceftazidime, cefotaxime, ceftriaxone, ceftazidime, cefepime, aztreonam, amikacin,
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doripenem, ertapenem, meropenem, imipenem and tetracycline. Susceptibility results were

interpreted according to 2015 EUCAST clinical breakpoint guidelines (228).

Plasmid experiments

Plasmid transfer experiment by conjugation and transformation was performed on all NDM-
producers using previously described technique (23). Sodium azide-resistant E. coli J53 and
E. coli Topl0 were used as the recipients for conjugation and transformation experiments,
respectively. The transconjugants and transformants acquiring blanom-harbouring plasmids
were examined phenotypically and confirmed by PCR for blanom. PBRT was used to identify

the plasmid Inc type carrying blanpwm as previously described (58, 222, 223).

Whole genome sequencing

Paired-end libraries of whole genomic DNA of all 12 isolates were prepared and sequenced
by Hlumina HiSeq2000 (Illumina, San Diego, USA). All sequences were de novo assembled
using CLC Genomic Workbench v7.5 (CLC Bio, Aarhus, Denmark). Re-annotated sequences
from the Genbank database were used as a reference for manual annotation, which included
pNDM-BJO1 (Genbank accession no. JQ001791) (73). CLC Genomic Workbench was
further used to BLAST (http://blast.ncbi.nim.nih.gov/Blast.cgi), analyze and manually
annotate the blanom-1 genetic context according to the aforementioned reference sequences.
IS element identification within each context was achieved via IS finder (https://www-
is.biotoul.fr/). Contigs containing blanom 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 WAL),
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pWA2-KP-NDM-7 (K. pneumoniae WAZ2), and pACT1-EC-NDM-1 (E. coli ACT1).
pCR694-EC-NDM-5 (E. coli CR694) had previously been submitted to Genbank database
(Genbank accession no. KP178355) (22). Contigs of the entire genome were submitted to the
Center of Genomic Epidemiology (http://www.genomicepidemiology.org/) to identify the
plasmid replicons, resistance genes of each clinical isolate as well as their ST via available
MLST scheme. Specifically to databases, Plasmid finder 1.2 (210), Resfinder 2.1 (209) and

MLST 1.7 (211) were used, respectively.

Nucleotide sequence accession number.

Contigs containing blanom from each isolate where annotated and deposited into the Genbank
database with the following accession number: 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, pWAI1-EC-NDM-4: KP826707, pWAZ2-KP-

NDM-7: KP826708 and pACT1-EC-NDM-1: KP826702.

RESULTS AND DISCUSSION

In comparison to other geographical regions such as the UK, China and the Indian
subcontinent (16, 200, 229-231), there are relatively few reports of NDM producing
Enterobacteriaceae from Australia. In the majority of the cases preceding 2014, patients had
a travel history to high incidence countries (Table 13). Investigations of plasmid-mediated
blanowm involving the description 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 blanowm, through five groups of plasmid each

carrying a specific NGC type.
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Table 13. Specimens, sequence type, resistance determinants and plasmid types of Enterobacteriaceae strains which acquired plasmids
harboring blanowm

blanpm associated

Bacterial and host characterstics

Plasmid types determined via Plasmidfinder (Inc)

Antimicrobial resistance gene determinants via ResFinder

Beta-lactamases (bla)

Aminoglycoside & quinolone resistance
determinants

Other resistance gene determinants

Plasmid
Group X n
Number Specimen Flypes types LI Y a % S o2 2|l 2 =
NDM | Plasmid . . and il B Y ) e <| &= 5| 2 = | &8 w| § 5|8 ol <
NGC variant| type Strains & | Bacterial patient | ST* H o \other] 2| | < s | >| Other 2 % el=2lel 5] S| 8 &= 2l 5|8 E|S
N T 3 E|E| =] = < 2 = Sl 2| &8 S S| S| 5
type (bla) (Inc)* References| Species gender & FIFIA|FIB|FITFIIFIB|FIA x3|xa types ﬁ (2) 3 ||_|_J % 5 53, = - e &5l<|g a3 8| 2 ; = g g
age?® Y| K| K |H1 O < B § £ |8%|g 5 | 2| o
©
0 < NN A
NEZM' Fil WAILZ | E. coli MR29 167 <3 3 23 g =
29) 8§ S £5| 8|8
o~ < < N <
NDM-En | AcTz | Eocol Yo | 410 v = 2 |z
1 F (23) Q1 g 8§ £ 5
1 FII-A
NDM- CR53? . B 2 8 < |z
Fll E. coli 4450 11 bS] =| < IS
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Fll E. coli 410 Y < =k
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!1solates from this study; ? Strains were firstly described in this study; 3 Abbreviations of the patient genders and specimens: M = male, F =

female, R = rectal swab, U = urine, B = blood, S = swab; * ST: Sequence Type, determined by available MLST schemes, N/A = not available;

Responsible for aminoglycoside and quinolone resistance.
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Phenotypic characterization of the NDM-producing Enterobacteriaceae

All isolates were non-susceptible to all tested carbapenems with MICs to meropenem,
ertapenem, imipenem and doripenem of >32 pg/mL. All isolates were resistant to the 3" and
4™ generations of cephalosporins with MICs of >32 pg/mL to cefotaxime and ceftriaxone,
and >256 pg/mL to ceftazidime and cefepime. Interestingly, MICs to aztreonam were
generally >256 pg/mL, except in NDM-5-producing E. coli with MIC of 24 pg/mL.
Variability of the MICs to amikacin was observed and correlated with the presence or
absence of 16S rRNA methylase. The MICs to amikacin of NDM-producing
Enterobacteriaceae possessing 16S rRNA methylase genes were >256 pg/mL. In contrast,

isolates without 16S rRNA methylase genes had amikacin MICs between 1 and 2 pg/mL.

Genotypic characterization of the NDM-producing Enterobacteriaceae

In silico analysis of the molecular characteristics of the isolates, STs, antibiotic resistance
determinant genes, plasmid replicons and blanom genetic context were tabulated in Table 1.
The ST of CR58 as there was no available MLST scheme for P. rettgeri. Common
antimicrobial resistance determinants identified amongst these isolates included the
following: four blanom variants were described here, i.e. blanom-1 in 6 strains, blanpm-4 in 3
strains, blanom-s in 1 strain (21) and blanpm-7 in 2 strains (Table 13). Each clinical isolate
carried blacTx-m-15 except CR53, CR58 and CR694, and at least one aminoglycoside
resistance genes including 16S rRNA methylase genes, rmtB, rmtC, aac(6’)Ib-cr or armA.
CR38 also co-harbored the carbapenemase gene, blaoxa-4s. There was no correlation between
the blanpm variants and the replicon types. Among NDM-producers with FIl plasmids, two
variants of blanpm-1 and -4 were identified. Four variants, blanpm-1, -4, -5 and -7 were identified

on replicon type X3 blanpm-harbouring plasmids. Comparisons of plasmid replicon types and
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their blanom genetic contexts enabled us to identify links between genetically unrelated

bacterial species, regardless of their STs and resistance determinant profile.

Characterization of plasmids harboring blanom

Six blanom-harbouring-plasmids which underwent plasmid transfer experiment by
transformation were successfully transferred into E. coli TOP10. These blanom plasmids of
CR15, CR16, CR37, CR694, WA1 and WA2 were transferred successfully. Multiple attempts
to transfer blanpm-harbouring plasmids by transformation to the rest of NDM-producing
Enterobacteriaceae were not successful. In conjugation experiment, of the 12 NDM-
producing Enterobacteriaceae, 10 blanom-harbouring plasmids were transferred. Of note, the
conjugation experiment of K. pneumoniae CR38 resulted in the transfer of blaoxa-ss-
harboring plasmid into E. coli J53, but not blanom-harboring plasmid. The blanom of P.
rettgeri CR58 was not transferred by conjugation and transformation. This may indicate the
potential location of blanpm 0n a non-conjugative plasmid or potential chromosomal location
of blanom. The replicons of plasmids harboring blanom extracted from transformed E. coli
TOP10 and E. coli J53 transconjugants acquiring blanom-harbouring plasmids were listed on

Table 13.

Utilizing the WGS data, blanom genetic context characterization of each strain identified a
truncated Tn125 (ATn125) structure carrying blanom. pPNDM-BJ01 was used as the reference
sequence (234). The left hand ISAbal25 of ATn125 was truncated and the ATn125 sequence
ends in various lengths downstream of blanom (Fig. 5). The sizes of the ATn125 ranged from
1,769 bp to 8,046 bp. Characterizing the flanking regions of each ATn125 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 blanpm
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genetic contexts (NGC) were determined. Each isolate was categorized into one of five
different blanom-harbouring plasmid type groups, according to the NGC the plasmid carried.
There are three types of NGC within Fll type plasmids (FII-A to C). The other two types
were types X3-A, and HI1B-A (Fig. 5). The strains, NDM plasmid type and the NGC type of

each group are described as follows.
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Figure 5. Schematic representation of all blanom genetic context (NGC) within this study and reference sequence pNDM-BJ01 (Genbank
Accession no. JQ001791)
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blanom genetic contexts and their Genbank Accession number, for IncFll plasmids with NGC type FII-A include pCR53-EC-NDM-4
(KP826711), pWAL-EC-NDM-4 (KP826707), pACT1-EC-NDM-1 (KP826702), pCR7-EC-NDM-1 (KP826713); with NGC type FII-B include
pCR16-ECL-NDM-1 (KP826704), pCR63-KP-NDM-1 (KP826712); and with NGC type FII-C pCR38-KP-NDM-1 (KP826710), IncX3
plasmids with NGC type X3-A include pCR37-ECL-NDM-7 (KP826705); pWA2-KP-NDM-7 (KP826708), pCR15-EC-NDM-4 (KP826709),
IncHI1B plasmids with NGC type HI1B-A include pCR58-PR-NDM-1 (KP826706). A — truncated gene. Insertion Sequence (IS) elements are
represented as a block arrow. Black down arrows indicate insertion of IS element. Bolded names are reference sequence from Genbank for each
genetic context, pGUE-NDM (Genbank Accession no. NC_019089), pECL3-NDM-1 (Genbank Accession no. KC887917), pKOX-NDM-1
(Genbank Accession no. JQ314407), pPNDM_MGR194 (Genbank Accession no. KF220657), pTR3 (Genbank Accession no. JQ349086) and
PittNDMO1 (Genbank Accession no. CP006799). Gray box highlights blanom in each genetic context.
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Strains harboring Fll-type plasmids

IncFIl type was the most frequent Inc type identified in 7 of the 12 plasmids harboring
blanom (Table 13). Three of the five plasmid groups were NGC Fll-type. The strains
harboring IncFIl types were categorized into three different FIl groups according to the three
different FIl blanom genetic contexts (NGC type FlI-A to C). The strains, their FII plasmid
sub-type and corresponding NGC type were identified and described as follows: Those that
carried a FIl sub—type plasmid harboring NGC type FII-A were four E. coli strains CR7,
CR53, WAL and ACT1. The NGC type FlI-A had a 3,328 bp ATn125, flanked upstream by a
truncated ISEcpl and the right end of 1S26 and downstream by an ISCR1 element and is very
similar the blanom genetic context on IncFlIl pGUE-NDM (Genbank Accession no.
NC_019089) of an E. coli ST131 isolated in France (182) and IncFIl pMC-NDM (Genbank

Accession no HG003695) of an E. coli ST410 isolated in Poland (235).

The second plasmid group had strains with a Flly plasmid with NGC type FII-B. Two strains
E. cloacae ST265 strain CR16 and K. pneumoniae ST45 strain CR63 were included in this
group. NGC type FII-B involved a 7,977 bp ATn125 structure with 1S903B and 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 a Flly plasmid with NGC type FII-C with K. pneumoniae ST15 strain
CR38. NGC FII-C type is a 5,947 bp ATn125 structure, flanked by two identical 256 bp
miniature inverted-repeat transposable elements (MITEs). The aminoglycoside resistance
determinant rmtC was also identified upstream of the ATn125 structure of NGC type FII-C
and is very similar to IncFll pKOX_NDM1 (Genbank Accession no. JQ314407) of Klebsiella

oxytoca isolated from Taiwan (225).
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Strains harboring IncX3 and IncHI1B

Similar to the analysis of IncFIl blanom plasmids, blanom genetic context groups were
established with the remaining clinical strains which harbored IncX3 and IncHI1B plasmids.
The fourth plasmid group composed 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 ATn125, flanked by an 1S5 upstream and an 1S26 downstream
and was similar to the IncX3 plasmid pNDM-MGR194 (Accession no. KF220657) of K.

pneumoniae isolated from India (236).

The last remaining plasmid group carried an IncHI1B plasmid with NGC type HI1B
containing P. rettgeri strain CR58. NGC type HI1B-A consists of a 8,046 bp ATnl125
sequence with a partial sequence of ISEc33 upstream and identical to IncHI1B pPKPNL1 of K.
pneumoniae strain PittNDMO1 ST14 (Genbank accession no. CP006799) isolated in

Pittsburgh, US (237).

Although this study had a small sample size, it could indicate further potential wide
dissemination of blanom by IncFIl type and IncX3 plasmids in Australia. Geographical
specific dissemination of blanom by a certain group of plasmid types has been previously
reported with five identical IncN2 plasmids harboring blanom was described in four K.
pneumoniae and one E. coli ST131 in two countries in South East Asia (125, 224). The
characterization presented here would indeed help to track the horizontal movement of

blanom among the Enterobacteriaceae family.
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While the mechanism and factors of how these genetic contexts originated and the nature
(including the source and environment) in which these strains have acquired these plasmids
remains unknown, the five groups of plasmids carrying these specific blanom genetic contexts
within different bacterial species highlights the role of plasmids to transmit mechanisms of
carbapenem resistance. Genetic context characterization was a method allowing us to refine
an epidemiological links between strains, established by the acquisition of plasmids carrying
a specific blanom genetic context. We suggest genetic context characterization as an
additional tool in combination with other molecular methods such plasmids replicon typing
and sequencing typing via MLST when conducting epidemiology studies involving NDM
producers of the Enterobacteriaceae family and possibly other similar promiscuous

antimicrobial resistant determinants.

In conclusion, we have identified five particular plasmids with specific blanom genetic
contexts conferring carbapenem resistance in the Enterobacteriaceae family through genetic
context characterization in combination with other epidemiological molecular methods.
IncFlI-type and IncX3 plasmids were the most frequent plasmids carrying blanom within our
study, with three different blanpm genetic contexts identified amongst the IncFll-type
plasmids. By combining different molecular and genetic characterization methods,
epidemiological investigations can provide a better insight into the spread of plasmids
transmitting blanom and possibility of other similar promiscuous resistance mechanisms to
genetically unrelated bacterial species.
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3.3 Chapter summaries and conclusions

The combined molecular/genetic approach was able to assess the dissemination of plasmid-
mediated blanpm with strains isolated nation-wide. For these strains to confer carbapenem
resistance, this approach clarified the acquisition of plasmids carrying specific NGCs, primarily
IncFII type and IncX3. The spread of plasmid-mediated blanpwm is able to be assessed both at local
and national-wide geographical ranges through this approach. The characterisation of different
NGCs and specific plasmid types spreading the blanom gene, IncA/C and IncN2 plasmid types in
Pakistan (Chapter 2) and the IncFIl type and IncX3 plasmid in Australia, implies a complicated
combination of mechanisms involved for insertion of the blanom gene into a plasmid (inferred by
the blanom different NGCs), plasmid type transfer between genera, and strain transfer between
patients. Additionally, there appears to be gene exchange between plasmid types, with observations
of highly similar NGCs on different plasmid types IncN2 and IncFlly (Fig. 4; Chapter 2 (23)) and
on the same plasmid type with IncFlly carrying three different NGCs, C. freundii Pn67 harboured
the first NGC (Fig. 4; (23)), E. cloacae CR16 and K. pneumoniae CR63 harboured a second NGC
(Fig. 5; (22)) and K. pneumoniae CR38 harboured a third different NGC. The mechanisms
identified in this chapter (observation of plasmid types harbouring additional NGCs) compliment
and add to the mechanisms of acquisition and spread identified in Chapter 2. Collectively these
suggest a complex combination of mechanisms involved for antimicrobial resistance acquisition

and spread.

Chapter 3: Characterisation of NDM plasmids within Enterobacteriaceae in Australia 104



Chapter 4: Complete NDM plasmid backbone analysis and mechanisms for

blanom capture
4.1 Chapter Introduction

Thus far, mechanisms of inter-genera transfer of the blanom gene and possible strain transfer
between patients has been investigated. In the previous chapters, we observed various combinations
of different NGCs and plasmid types, including the same NGC across different plasmid types and
the same Inc type carrying three different NGCs. Plasmids can be considered important vehicles for
capture and accumulation of AMR genes, in addition to their role in AMR gene spread. The initial
gene insertion onto a plasmid allows the possibility for a gene to mobilise and spread to multiple
genera, patients and health-care facilities, similar to situations described in Chapters 2 and 3.
Numerous transposable elements facilitate gene insertion, to give rise to the NGCs previously
described, and to facilitate the gene transfer between plasmid types. These are important concepts to

acknowledge if insights into acquisition and spread of blanom genes is to be achieved.

This chapter constructed and analysed the full sequence of four plasmids harbouring a blanom gene
(two IncA/C; and two IncFlly). The mechanisms leading to insertion of blanowm into different parts
of highly similar plasmid backbones were investigated. Comparison of these four plasmids with
complete plasmids described in the literature was included to define and characterise mechanisms

known at the time of analysis.

This investigation was summarised and presented in a manuscript format which has been accepted
with minor review at Antimicrobial Agents and Chemotherapy. The numbers of the figures, tables

and references of the presented article have been amended to suit the structure of this thesis.
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ABSTRACT

blanom genes confer carbapenem resistance and have been identified on transferable plasmids
belonging to different incompatibility (Inc) groups. Here we present the complete sequences
of four plasmids carrying a blanom gene, pKP1-NDM-1, pEC2-NDM-3, pECL3-NDM-1 and
pEC4-NDM-6, from four clinical samples originating from four different patients. Different
plasmids carry segments that align to different parts of the blanom region found on
Acinetobacter plasmids. pKP1-NDM-1 and pEC2-NDM-3, from Klebsiella pneumoniae and
Escherichia coli, respectively, were identified as type 1 IncA/C, plasmids with almost
identical backbones. Different regions carrying blanom are inserted in different locations in
the antibiotic resistance island known as ARI-A and ISCR1 may have been involved in
acquisition of blanom-z by pEC2-NDM-3. pECL3-NDM-1 and pEC4-NDM-6, from
Enterobacter cloaceae and E. coli, respectively, have similar IncFlly backbones but different
regions carrying blanom are found in different locations. Tn3-derived Inverted-repeat
Transposable Elements (TIME) appear to have been involved in acquisition of blanpm-s by
pEC4-NDM-6 and the rmtC 16S rRNA methylase gene by IncFlly plasmids. Characterisation
of these plasmids further demonstrates that even very closely related plasmids may have
acquired blanom genes by different mechanisms. These findings also illustrate the complex
relationships between antimicrobial resistance genes, transposable elements and plasmids and
provide insights into the possible routes for transmission of blanom genes amongst species of

the Enterobacteriaceae family.
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In Gram-negative bacteria, especially the Enterobacteriaceae family, B-lactamases are a
major mechanism of resistance against p-lactams. A group of pB-lactamases known as
carbapenemases are becoming the most troublesome for antimicrobial therapy, as they can
confer resistance to the carbapenems, the major last-line antimicrobial. The NDM
carbapenemase was first reported in 2009, produced by a Klebsiella pneumoniae isolated
from a Swedish patient recently returned from India (2). There are currently 16 known NDM
variants (http://www.lahey.org/Studies/other.asp#tablel, accessed February 2016) and blanpm
genes have now been reported in strains sourced from every inhabitable continent and in
multiple species of Enterobacteriaceae, including Escherichia coli, K. pneumoniae and
Enterobacter cloacae (20).

Plasmids are important vehicles for the capture, accumulation and spread of various
antimicrobial resistance determinants. Several different types of plasmids associated with the
Enterobacteriaceae family have been reported to harbor blanom genes including IncA/C,
IncF1l sub-types, IncH types, IncL/M, IncN (20, 40, 205), and IncX (238). Some of these
plasmids co-harbour additional antimicrobial resistance genes, including the 16S rRNA
methylase genes armA and rmtC (conferring high-level aminoglycoside resistance),
quinolone resistance genes (gnrB1 and gnrS1) and/or other B-lactamase genes (such as
blacmy-2 and variants, blactx-wm-15) (239).

The original source of blanpm is not known, but Acinetobacter spp. may have acted as an
intermediate between this organism and the Enterobacteriacae family (70, 240, 241). In
Acinetobacter spp. blanom genes have often been observed within the composite transposon
Tn125, a 10,099 bp region bounded by two copies of 1ISAbal25 (70, 72, 184, 242). The
blanom gene starts 93 bp downstream of the right-hand end (IRr) of 1SAbal25, which
provides the -35 region of a promoter (103, 185), and is followed by several genes, including

blemsL (bleomycin resistance), trpF (involved in tryptophan biosynthesis), and the mobile

Chapter 4: Complete NDM plasmid backbone analysis and mechanisms for blaNDM capture 109



element ISCR27. In several Acintetobacter spp. plasmids (e.g. pPNDM-BJ0O1; GenBank
accession no. JQ001791 (73)), ISAbal4 and the aphA6 gene (amikacin resistance) are present
upstream of the ISAbal25 adjacent to blanom-1 (Fig. 6A). In plasmids from the
Enterobacteriaceae, blanom genes are generally found in the same immediate genetic
context, with at least a fragment of ISAbal25 containing the -35 region present upstream,
within different length fragments matching Acinetobacter plasmids and associated with
different mobile elements (22, 23, 74, 205, 225, 243, 244).

We previously reported locally-identified K. pneumoniae (15) and E. cloacae (189) clinical
isolates carrying blanpm-1, E. coli carrying blanom-z (G283A, Asp95Asn) (189) and E. coli
carrying blanom-s (C698T, Ala233Val) (101). The blanom gene could be transferred from all
four isolates by transformation and/or conjugation, indicating a plasmid location in each case,
but replicon types were not determined (15, 101, 189). In this study, we present the complete
sequences of these four plasmids and a comparison of the genetic contexts of blanom with
those in closely related plasmids.

MATERIALS AND METHODS

Bacterial isolates and plasmids. K. pneumoniae KP1 (15) and E. cloacae ECL3 carrying
blanom-1 (189) were isolated in Australia, as was E. coli EC2 carrying blanom-3 (189) while E.
coli EC4 carrying blanom-s (previously designated ARL10/167 (101)) was isolated in New
Zealand. All isolates were from patients recently returned from India. Transconjugants in
sodium-azide resistant E. coli J53Azi" were available and/or were obtained as previously
described (23).

DNA preparation and sequencing. Genomic DNA (gDNA) was extracted from KP1, ECL3
and EC4 using the UltraClean Microbial DNA Isolation kit (Mo Bio Laboratories, Inc.,
Carlsbad, California, USA) and sequenced by Illumina HiSeq 2000 technology (Illumina, San

Diego, USA). lllumina sequences were de novo assembled using CLC genomic workbench
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v8.0 (CLC Bio, Aarhus, Denmark). Initial annotation of contigs was performed using RAST
(245). 1S finder (https://wwwe-is.biotoul.fr/) and the Repository of Antibiotic-resistance
Cassettes (RAC; http://rac.aihi.mqg.edu.au/rac/) were used to identify IS and integron
components, respectively. BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches were
used to identify related plasmids carrying blanpm to guide PCR-based gap closure and Sanger
sequencing (Macrogen, Korea) to assemble contigs into complete plasmids.

gDNA from EC2 was sheared using a g-TUBE (Covaris®) into fragment sizes targeted at 20
Kb. Following purification, SMRTbell template libraries were prepared using the commercial
Template Preparation kit (Pacific Biosciences Inc., Menlo Park, California, USA) and
sequenced on a Pacific Biosciences (PacBio) RSII instrument (University of Queensland
Centre for Clinical Genomics; UQCCG) using the P6 polymerase and C4 sequencing
chemistry. The raw PacBio sequence data were assembled de novo using the hierarchical
genome assembly process (HGAP version 2) and Quiver (246) from the SMRT Analysis
software suite (version 2.3.0; http://www.pacb.com/devnet/) with default parameters and a
seed read cut-off of 17,000 bp. Following assembly, contigs were examined for overlapping
5" and 3' ends (a characteristic feature of the HGAP assembly process) using Contiguity
(https://peerj.com/preprints/1037/) and were manually trimmed to generate circular contigs.
Raw sequence reads were then mapped back onto the assembled circular plasmid contig
(BLASR (247) and Quiver) to validate the assembly and resolve any remaining errors.

RAST, IS finder, RAC, CLC genomic workbench v8.0, Geneious R9 (Biomatters Ltd, New
Zealand, including Mauve (248)) and BLAST were used for manual annotation, alignment,
SNP detection, and other analysis and comparisons of complete plasmid sequences.
Nucleotide sequence accession numbers. Existing GenBank entries for partial sequences of

all four plasmids were updated to include the complete sequences, as follows: pKP1-NDM-1,
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KF992018; pEC2-NDM-3, KC999035; pECL3-NDM-1, KC887917;, pEC4-NDM-6,
KC887916.

RESULTS AND DISCUSSION

General features of plasmids carrying blanom. Isolates KP1, EC2, ECL3, EC4 each
transferred a plasmid carrying blanom to E. coli J53Azi" by conjugation. Plasmids carrying
blanom assembled from whole genome sequences (at least 50 fold coverage) were designated
pKP1-NDM-1, pEC2-NDM-3, pECL3-NDM-1 and pEC4-NDM-6, respectively. pKP1-
NDM-1 (137,552 bp) and pEC2-NDM-3 (160,989 bp) were identified as type 1 IncA/C>
(Table 14). The backbones of pKP1-NDM-1 and pEC2-NDM-3 are very closely related to
those of several other type 1 IncA/C, plasmids (Appendix B; Table S1) and include
characteristic IncA/C> core regions, such as the conjugative transfer (tra) region and parA-
parB required for plasmid partitioning (249). They have identical replication regions, with a
repA gene and fourteen 19 bp direct repeat sequences (iterons), which are binding sites for
the RepA protein (249). pKP1-NDM-1 and pEC2-NDM-3 both have the same ISEcpl
transposition unit carrying a blacwy-2 variant, in this case blacmy-s, inserted in the same
location as in many other type 1 IncA/C> plasmids, between traA and traC, flanked by 5 bp
direct repeats (DR). Neither carries Tn6170 present in some type 1 IncA/C> plasmids (250).
pECL3-NDM-1 (99,435 bp) and pEC4-NDM-6 (110,786 bp) are both IncFlly type plasmids
(Table 14) carrying two replicons, classified as Y4 (repA) and FIB36 (repB) by the replicon
sequence typing (RST) scheme (223). The backbones of both plasmids are closely related to
those of other IncFlly plasmids carrying blanom (Table S2), which have not been well studied
but include a conjugation (tra) region and stability (psi, parAB) and maintenance (ccdAB)

genes (225, 243).
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Table 14. General features of IncA/C2 and IncFI1y plasmids studied here and close relatives

GenBank

Plasmid? NDM  Size (bp) Species STP Country® Year® Source® : Reference
accession no.

AlC,

pKP1-NDM-1 1 137,552 K. pneumoniae 147 India/Australia 2010 Human KF992018.2 This study
pEC2-NDM-3 3 160,989 E.coli 443 IndiaAustralia 2010 Human KC999035.2 This study
pNDM-EcoGN568 1 166,750 E. coli 1289 India/Canada na Human KJ802404.1 (251)
PNDM-PstGN576 1 147,886 P.stuartii N/A India/Canada na Human KJ802405.1 (251)
pNDM102337 1 165,974 E.coli na Canada na na NC_019045.2 -
pNDM10505 1 166,744 E.coli na Canada na na NC_019069.1 -
pNDM10469 1 137,813 K. pneumoniae na Canada na na NC _019158.1 -
pNDM-KN 1 162,746 K. pneumoniae 14 Kenya 2009 Human JN157804.1 (80, 175)
pNDM-US 1 140,825 K. pneumoniae 11 India/USA 2010 Human CP006661.1 (201)
pNDM-US-2 1 140,821 K. pneumoniaed na -9 - - KJ588779.1 -
Flly

pECL3-NDM-1 1 99,435 E.cloacae 265 India/Australia 2011 Human KC887917.2 This study
pEC4-NDM-6 6 110,786 E.coli 101 India/New Zealand 2010 Human KC887916.2 This study
pKOX_NDM1 1 110,781 K. oxytoca na China/Taiwan 2010 Human NC_021501.1 (225)
pNDM1 EC14653 1 109,353 E.cloacae 177 China 2014 Human KP868647.1 (252)
pPNDM-EcIGN574 1 110,786 E. cloacae na India/Canada na Human KJ812998.1 (251)
pP10164-NDM 1 99,276 L. adecarboxylata N/A China 2012 Human KP900016.1 (243)
pRJF866 1 110,786 K. pneumoniae 11 China 2011 Human NC_025184.1 (253)
pYDC644 1 106,844 K. pneumoniae na lran na na KR351290.1 -

4Plasmids with names in bold typeface were sequenced in this study.

bna, not available.

®Travel history is given if available e.g. India/Australia indicates isolation in Australia from a patient recently returned from India.
d GenBank accession no. KJ588779 implies that pPNDM-US-2 was extracted in China from the same strain, ATCC BAA-2146, as pNDM-US.
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Figure 6. ARI-A of type 1 IncA/C: plasmids carrying blanom, and potential routes for blanom insertion

IS are shown as block arrows labelled with their name or number. DR are represented by flags of the same colour. Triangles indicate the insertion sites of
IS elements flanked by DR. Vertical black bars represent the transposon IR of ARI-A and IRi of class 1 In/Tn. Horizontal green and black lines represent
Acinetobacter and IncA/C> plasmid backbones, respectively. Vertical dotted lines indicate boundaries of closely related sequences. Vertical black arrows
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and diagonal dotted lines indicate possible deletion and insertion events. (A) Tn125 in Acinetobacter Iwoffii plasmid pNDM-BJO1. (B) ARI-A of type 1
IncA/C; plasmids closely related to pKP1-NDM-1 and pEC2-NDM-3. (C) Possible derivation of the circular molecule inserted in pEC2-NDM-3. (D)
Insertion of circular molecular carrying blanom into pEC2-NDM-3 and a P. mirabilis genomic island. The sequences used to draw these diagrams are

from GenBank accession numbers listed in Table 14, plus: pPNDM-BJ01, NC_019268; pSAL-1, AJ237702; pKP048, NC_014312 ; SGI1-V, HQ888851,
PGI1-PmPEL, KF856624
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Both IncA/C: plasmids carry blanom in antibiotic resistance island ARI-A. In both
IncA/C, plasmids sequenced here the blanom gene is located within an antibiotic resistance
island known as ARI-A that is common to type 1 IncA/C> plasmids. The prototype ARI-A,
found in pPRMH760, is a complex hybrid transposon structure bounded by 38 bp inverted
repeats (IR) interrupted by 1S4321 and is inserted upstream of the rhs gene (unknown
function) flanked by 5 bp DR (TTGTA) (250, 254). ARI-A in pRMH760 carries a class 1
In/Tn with 1S26-aphAl-1S26 interrupting the Tn402 tni region. Various other resistance
genes and islands carrying blanpm appear to be derived from this structure (205). In
pNDM102337 (Table 14; Fig. 6B) nucleotides 1-1,616 of the 3’-CS of the class 1 integron are
followed by a 3,562 bp region carrying a type Il restriction-modification system and the
rmtC 16S rRNA methylase gene, then 224 bp of the IRr end of ISEcpl. ISEcpl is truncated
by ISKpn14, which is followed by a 198 bp fragment of ISAbal4, then a region found on a
number of different plasmids that contains the aac(3)-11d (gentamicin resistance) gene and
ISCfrl (60). The adjacent fragment of the Tn402 tni region has the same boundary with 1S26
as in ARI-A of pRMH760, but only 217 bp of 1S26 is present. This is followed by an 8,913
bp region matching Acinetobacter plasmids such as pPNDM-BJ01, which includes 662 bp of
the right end of ISAbal4, aphA6, one copy of ISAbal25, blanom-1 and a fragment of ISCR27.
pNDM10505, pNDM-PstGN576 and pNDM-EcoGN568 (Table 14) have a variant of the
pNDM102337 ARI-A with a second ISKpn14 inserted 130 bp upstream of the left end of
ISAbal25 (Fig. 1B). ISKpnl4-mediated deletion may have been responsible for creating the
ARI-A variant present in the other closely-related type 1 IncA/C. plasmids pNDM-US,
pNDM-US-2, pNDM-KN and pNDM10469, which lack the aac(3)-11d region (Table 14; Fig.
6B) (205). pKP1-NDM-1 sequenced here has an almost identical ARI-A except that only 89
bp of ISAbal25 are present adjacent to ISKpnl4 upstream of blanom. This difference was

confirmed, has been seen in other partial sequences (23, 255) and ISKpn14, which is ~89%
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identical to IS1, known to cause adjacent deletions (60). All of these type 1 IncA/C> plasmids
except pPNDM-KN have the same cassette array, consisting of single fused cassette comprised
of the first 87 bp of the blaoxa-30 cassette and position 17 to the end of the aacA4 cassette,
overlapping by a single A (61). The mechanism(s) responsible for insertion of the blanom
region into the proposed pNDM102337-like progenitor plasmid are unclear, but it is possible
that they involved ISCR27 and/or 1S26 and subsequent deletion(s).

The backbone of pEC2-NDM-3 is almost identical to the pNDM102337-like plasmids
described above (Appendix B; Table S1) but ISEc23 is inserted 222 bp upstream of ARI-A,
flanked by 8 bp DR characteristic of this element. ARI-A of pEC2-NDM-3 includes the same
rmtC region as described above except that 1IS3000 is inserted upstream of rmtC, flanked by
characteristic 5 bp DR. The region containing blanom, however, is different from the one in
the other IncA/C> plasmids and is inserted between ISKpn14 and the aac(3)-11d/ISCfr1/tniso.
region. The region matching pNDM-BJO1 encompasses 198 bp of ISAbal4, aphA6, one copy
of 1ISAbal25, blanom, blemsL and trpF. ISKpn25, carrying a restriction-modification system,
is inserted in 1SAbal25 upstream of the -35 promoter region, flanked by characteristic 8 bp
DR (Fig. 6B). The blanom gene has the single nucleotide change giving blanowm-z rather than
blanom-1 and trpF is followed by a truncated blapna gene and the associated ampR gene,
nucleotides 180-1,313 of the 3'-CS and ISCR1. This region is separated from a complete
ISAbal4 by 934 bp matching the region upstream of ISAbal4 in pNDM-BJ01. ARI-A in
pEC2-NDM-3 ends with the aac(3)-11d/ISCfrl/tnis. region but a complete copy of 1S26
truncates the rhs gene in the IncA/C> backbone. The only other known location of the blanpm-
3 variant is on an IncFIl plasmid (256) associated with ISCR1 but not with the truncated
blapna/ampR region present in pPEC2-NDM-3.

This context in pEC2-NDM-3 suggests insertion of blanpm from a circular molecule mediated

by ISCR1. ISCR1 is proposed to transpose by a rolling-circle mechanism, similar to the
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related 1S91 family elements (64), in which replication proceeds from the orilS end, located
downstream of rcr (rolling circle replicase gene), towards the terlS upstream and can
continue into and capture an adjacent region. ISCR1 has generally been found associated with
class 1 integrons, after position 1,313 of the 3'-CS, suggesting integration of circular
molecules by recombination in either the 3’-CS or an existing ISCR1 (64). ISCR1 has
previously been suggested to be associated with movement of blanom (257) and was recently
shown to be responsible for mobilising a region containing blanom and part of the 3'-CS, but
without the blapnaA/ampR region, between plasmids (244).

ISCR1 appears to have been responsible for capturing the blapnaA/ampR region from the
Morganella morganii chromosome and inserting it into a class 1 integron (258) (Fig. 6C).
Generation of a circular molecule by recombination between the two flanking 3'-CS and
reintegration at ISCR1 could create the arrangement seen in e.g. pKP048 (GenBank accession
no. NC_014312), with ISCR1 downstream of the blapnaA/ampR region and the 3'-CS, and
the usual 3'-CS/ISCR1 boundary (Fig. 6C). ISCR1 may then have mobilised this 3'-CS
segment and the blapnaA/ampR region and inserted them downstream of blanpm, before
picking up the blanowm region as part of a circular molecule (Fig. 6C).

The complete ISAbal4 in pEC2-NDM-3 has the same boundary with the aac(3)-11d region as
the 1ISAbal4 fragment in pNDM102337, suggesting that homologous recombination between
the complete and partial copies of ISAbal4 could have been responsible for the insertion of
this circular molecule into pEC2-NDM-3 (Fig. 6D). The same circular molecule carrying
blanom also appears to have inserted in a P. mirabilis genomic island to create PGI-PmPEL
(257) but in this case by recombination in ISCR1 (Fig. 6D), supporting the proposed
mechanism of ISCR1-mediated capture of blanom. Regions containing the same ISCR1, 3'-
CS, blapnaA/ampR region, but adjacent to shorter fragments of the blanom region, are found

in the original blanpm-1 plasmid pKpANDM-1 (FN396876.1) (2) and in plasmids of other Inc
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types (205) (e.g. the IncL/M plasmid pNDM-HK) (74)), suggesting capture of shorter blanpm

regions and/or subsequent deletions.
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Figure 7. Contexts of blanom on IncFlly plasmids

Features are generally shown as in Fig. 6. Solid black lines represent IncFlly plasmid backbone. Grey shaded areas indicate matching plasmid backbone regions,
with their sizes given. (A) Tn125 in Acinetobacter lwoffii plasmid pNDM-BJO1. (B) Comparison of IncFlly plasmids. (C) Comparison of rmtC contexts in IncFlly,
plasmids, IncA/C, ARI-A and Proteus mirabilis. The sequence shown is the spacer between rmtC and the associated transposable element. The pink triangle
indicates the insertion site of the TIME. The sequences used to draw these diagrams are from GenBank accession numbers listed in Table 14 plus: pNDM-BJO1,
NC_019268; pNDM-BJ02, NC_019281.1; ISEcp1 transposition unit in P. mirabilis, AB194779.
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IncFIly plasmids carry blanom flanked by TIMEs. Several very closely related IncFlly
plasmids carrying a blanom gene have now been identified (Table 14). They all have almost
identical backbones with the same insertions of multiple 1S elements in the same places and
minor sequence differences (Appendix B; Table S2), although pYDC644 alone appears to
have a deletion adjacent to one copy of IS1 (Fig. 7B). In all of these plasmids blanom lies
within a 5,945 bp region matching Tn125 that includes 101 bp of ISAbal25 and a fragment
of ISCR27. This region is flanked by two copies of a 256 bp Tn3-derived Inverted-repeat
Transposable Element (TIME), each bounded by inversely oriented 38 bp IRs (259). These
TIMEs, previously described as MITEs (Miniature Inverted-repeat Transposable Element),
may have been responsible for capturing the blanpm region from a pPNDM-BJO1-like plasmid
(225, 243, 252). pEC4A-NDM-6 is very closely related to these plasmids (Appendix B; Table
S2) but has the single nucleotide change giving blanom-s (260) rather than blanpm-1,
suggesting mutation in this context.

In most of these IncFlly plasmids carrying blanom, an 11,029 bp region that includes the
rmtC gene and an ISCR6-like element separates the TIME upstream of blanpwm-1 from a third
copy of this TIME. TIME create 5-6 bp DR on transposition like the Tn3 transposons from
which they appear to be derived (259). In these plasmids the 5 bp sequences adjacent to the
"inside™ of each TIME flanking the rmtC region are identical (TATAA). This configuration
could be explained by insertion of a circular molecule, consisting of this region plus one copy
of the TIME (flanked by these 5 bp sequences as DR), into the TIME upstream of blanpm-1
(Fig. 7B). Gain and loss of the rmtC region in this way is supported by the sequences of the
IncFlly plasmids pP10164-NDM and pNDM-EC14653 (Table 14; Fig. 7B), which lack the
rmtC region. Removing the TIME and one DR of this circular molecule also gives a region
that matches the rmtC region found in ARI-A of the IncA/C plasmids, also supporting this

hypothesis. rmtC was originally identified in a transposition unit flanked by DR with a
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complete copy of ISEcpl that also matches part of this structure (Fig. 7C) (261). The same 30
bp separate rmtC from this complete ISEcpl and the ISEcpl fragment in IncA/C> plasmids,
while an additional 10 bp are present between ISCR6 and rmtC. While these contexts are
clearly related, without additional examples of rmtC contexts it is difficult to say exactly how
each arose.

pECL3-NDM-1 carries the same rmtC region as the other IncFlly plasmids but its backbone
has a number of confirmed nucleotide differences (Appendix B; Table S2) and a different
region carrying blanom-1 has been inserted in a different location (Fig. 7B). This region
matches pPNDM-BJ02, which lacks the copy of ISAbal25 downstream of blanowm (205), rather
than pNDM-BJO01, and also includes 1,369 bp of pNDM-BJ02 backbone. An 1S903-like
element truncates ISAbal25, leaving 83 bp upstream of blanom-1. This 10,411 bp region
replaces a 15,560 bp region present in the other IncFlly plasmids and it is possible that the
IS903-like element was involved in the insertion of this blanowm region into pECL3-NDM-1.
Conclusions. In summary, the analysis presented in this study supplements and complements
the catalogue of previously characterised IncA/Cz and IncFlly plasmids carrying blanom. All
four plasmids studied here carried segments that align to different parts of the blanom regions
found on Acinetobacter plasmids. Different mechanisms appear to have been responsible for
independently transferring different segments of Tn125 into ARI-A in the same IncA/C;
plasmid backbone (giving pKP1-NDM-1-type plasmids or pEC2-NDM-3). Other less
closely-related type 1 IncA/C, plasmids e.g. pNDM-1_Dok01 from E. coli (177) and
pMRO0211 from Providencia stuartii (94), also carry segments matching different parts of
Tn125 and adjacent Acinetobacter plasmid backbone in ARI-A, illustrating further variation
in the ways in which blanom genes appear to have been acquired by similar plasmids.

Different mechanisms also appear to have transferred different segments matching blanpom
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contexts found in A. baumannii to slightly different IncFlly backbones (giving pEC4-NDM-
1-type plasmids or pECL3-NDM-1).

At least theoretically, transfer of blanom segments between Acinetobacter and
Enterobacteriaceae plasmids could have occurred in either the Acinetobacter or in one or
more of the Enterobacteriaceae. Transfer of Acinetobacter plasmids carrying blanpwm into E.
coli J53 by conjugation has been demonstrated (103, 242) and recently a pNDM-BJO1-like
plasmid (p3SP-NDM) was found in an Enterobacter aerogenes isolate (234). IncA/C
plasmids have also been reported in a few A. baumannii clinical isolates on the basis of PCR
(262). While independent transfer from Acinetobacter plasmids to different types of plasmids
found in the Enterobacteriaceae is possible, it may be more likely that blanom regions have
subsequently moved between these plasmids in the Enterobacteriaceae.

The four plasmids in this study were carried by clinical isolates from Australia or New
Zealand, from different patients recently returning from India. We have also recently reported
partial sequences of blanpm contexts matching pKP1-NDM-1 (with the 89 bp ISAbal25
fragment) in IncA/C plasmids harboured by isolates from a hospital in Pakistan (23) and
those matching pECL3-NDM-1 or pEC4-NDM-6 in IncFlly plasmids in isolates from
multiple Australian healthcare facilities (22). The other related IncA/C2 and IncFlly plasmids
harbouring blanom genes discussed here were also isolated in several different countries
(Table 14). This distribution illustrates the geographical spread of blanom genes on these
particular plasmid types.

There appears to be an underlying complex network of interactions between blanpwm, different
mobile elements and different plasmids, but without access to the sequences of additional
intermediate and progenitor plasmids it is difficult to fully understand the contributions that
different factors have to the transmission of blanom genes. The different mechanisms

observed here to capture relevant genes onto different plasmid types emphasizes the
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capability of Enterobacteriaceae to adapt to their environment, especially where

antimicrobial pressure is present.
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4.3 Chapter summaries and conclusions

This chapter described the different transposition mechanisms involved for insertion of the blanom
gene into plasmids of the same Inc type. Mechanisms identified were 1S26 and/or ISCR27 and
ISCR1 (rolling-circle mechanism (64)) for blanom insertion into ARI-A on type 1 IncA/C; plasmids
and TIMEs and 1S903-like elements into IncFlly plasmids. These mechanisms involved the
insertion of blanpm into plasmids described in Chapter 2 (IncA/C of strains Pn2, Pn66 Pn68; (23))
and Chapter 3 (IncFlly of strains CR16, CR38 and CR63; (22)) which had highly similar NGCs.
Identical regions carrying an AMR gene were also observed on two different plasmid types, rmtC
region in IncA/Cz and IncFlly (Similar to Chapter 2; NGC on IncN2 and IncFllv). Suggesting gene
exchange between plasmid types or alternatively acquisition by both plasmid types from a common
source. Also noted and discussed were the different fragment lengths matching the Tn125 region
found on Acinetobacter spp. plasmids, which may be remnants of blanpm transfer from
Acinetobacter plasmids and those in the Enterobacteriaceae. Theoretically, the transfer of these
blanom segments between Acinetobacter and Enterobacteriaceae plasmids could occur either in
Acinetobacter or in one or more Enterobacteriaceae. Discussion of these observations has provided
an insight into mechanisms of blanom acquisition and spread suggesting a complex relationship

between antimicrobial resistance genes, transposable elements and plasmids.
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Chapter 5: The prevalence of plasmids within the Enterobacteriaceae family
5.1 Chapter Introduction

Previous chapters have described numerous NGCs, the transposable element mechanisms involved
for insertion of blanom genes into backbones of different plasmid types, and the gene exchange of
regions between plasmid types, as well as between Enterobacteriaceae and Acinetobacter plasmids.
This collectively suggested complex interactions between the blanom gene, transposable elements
and plasmids types. The blanom gene and other additional AMR genes have the potential to be
acquired by and transferred between each plasmid type. The interaction between plasmid types and
different genera regardless of AMR gene carriage is investigated to complement these discussions,
and place the plasmid types carrying blanpwm into a greater context of AMR acquisition and spread.
This interaction has implications that could affect the direct transfer of blanom between different

genera.

This chapter describes the plasmid content (via in silico plasmid typing) of 1683
Enterobacteriaceae isolated from 53 countries across seven continents, involving both clinical and
environmental samples, starting from early 1980s until 2013. PCA of the shared plasmid sub-types
harboured across different species was also conducted to describe specific routes of gene

transmission between species and genera, facilitated by plasmids.

This investigation was summarised and presented in a manuscript format submitted to Microbial

Genomics. The numbers of the figures, tables and references of the article have been amended to

suit the structure of this thesis.
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Abstract

Treatment options for infections caused by members of the bacterial family the
Enterobacteriaceae are increasingly becoming more limited due to the increase in
antimicrobial resistance. This increase in resistance is partly facilitated by the rapid
horizontal spread of genes carried on mobile genetic elements that confer resistance to
therapeutic antimicrobials. Bacteria can acquire AMR genes from other bacteria via
plasmids which are self-replicating extrachromosomal DNA molecules. Plasmids can
be typed into different Incompatibility (Inc) groups and some of which have been
associated with the dissemination of different AMR genes. However, the general
distribution of AMR-specific plasmids remains largely undefined. Here, we assay the
plasmid content of a broad, avaliable collection of Enterobacteriaceae isolate
genomes, ranging from Klebsiella spp. to Shigella spp., by assessing the plasmid
content of 1683 isolates using an in silico plasmid replicon typing method. Twelve
major plasmid types were identified and allocated into three levels of occurence:
Common, IncF (~65% of strains); Intermediate, IncHI, Incl, IncR (8-10%); and Rare,
IncA/C, B/O/K/Z, LIM N, O, P, Q, X, and Y (0.5-3%). PCA identified specific
plasmid sub-types to represent possible routes of gene exchange between different
species/genera, with species clustering into two primary groups according to their
shared plasmid content. Our findings provide insights into the distribution of
enterobacterial plasmid types and an underlying network of transmission between

bacterial species and genera.
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Introduction

Bacterial pathogens from the Enterobacteriaceae family cause a number of serious infections
including pneumonia, urinary tract, intra-abdominal and blood stream infections, as well as
asymptomatic colonisation (263, 264). Treatment options for these infections are diminishing
with isolates frequently reported as resistant to major last-line antimicrobials, such as
carbapenems and colistin (22, 23). The genes conferring resistance to major classes of
antimicrobials are often carried on extrachromosomal DNA elements, known as plasmids,
which can act to disseminate these genes amongst the broader bacterial population (2, 39, 40,
198). Plasmids are widespread amongst members of the Enterobacteriaceae and have
significantly contributed to the global dissemination of antimicrobial resistance (AMR)
genes, acting as a vehicle to capture, accumulate and transmit AMR genes between different
strains, species and genera (1, 2, 20, 198). A recent example of this is the plasmid-mediated
AMR gene, mcr-1 (confers resistance to colistin), identified in Escherichia coli isolated from
food and food-producing animals in China (198). The plasmid carrying mcr-1 was shown to
be transferable to and maintained by other Gram-negatives, Klebsiella spp. and Pseudomonas
spp. This initial description was followed by reports of mcr-1 found in Asia, the Netherlands,
France, parts of Africa and South America. Since then other plasmids harbouring mcr-1 in
Salmonella enterica serovar Typhimurium have been reported (265-267).

In the 1970s, plasmids associated with the Enterobacteriaceae family were categorised into
different incompatibility (Inc) groups, based on the finding that certain plasmid combinations
are unable to stably propagate and coexist within the bacterial same cell, hence two plasmids
were considered to be “incompatible”. Later, this phenomenon was clarified as the inability
for two plasmids with the same replication system to be co-retained within the same cell line
(40, 56). Incompatibility (Inc) groupings were translated into a molecular Inc typing scheme

in 2005 known as PCR-based replicon typing (PBRT) (58). PBRT used multiplex primer sets
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specific for 18 major plasmid types which allowed plasmids to be categorized into sequence
groups belonging to known Inc families. This typing scheme was based on the premise that
the backbone of each plasmid has regions responsible for core functions that are highly
conserved within Inc groups such as replication (known as the replicon) and/or partitioning.
Identification of these regions would therefore represent the backbone for a plasmid type.
Regions containing additional, non-core functions such as multi-drug resistance regions and
transposable elements inserted into the plasmid backbone can be considered as accessory
regions. These regions can be transferred between plasmid Inc types as well as act as a target
point for additional AMR gene insertion (60), highlighting the potential for each plasmid type
to acquire AMR genes. Recently, as whole genome sequencing (WGS) data has become more
readily available, investigations have used in silico BLAST more routinely to characterise the
plasmid type using sequence identity matching against typed plasmids in public sequence

databases (210).

The distribution of enterobacterial plasmid Inc groups has been briefly investigated during
the development of the PlasmidFinder database, used for in silico Inc typing, which
categorised 559 finished plasmid sequences from the NCBI database (210). Published
plasmid types carrying AMR genes have also been reviewed via literature compilation (39,
40). The presented study aims to gain an initial estimation of the Inc group distribution within
Enterobacteriaceae using, for the first time, a large set of WGS short-read sequence data.
Here, we perform an investigation of 1683 isolates of different species within the
Enterobacteriaceae using an opportunistic and non-selective approach of existing sequencing
data from several global and regional studies (268-274). Three studies were designed to
capture the global diversity of Klebsiella pneumoniae (271), the Yersinia genus (273), and

Enterotoxigenic E. coli (ETEC) (274) were included, as well as five regional studies looking
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at S. Typhimurium in Africa (272), Shigella flexneri outbreak in the U.K. (268), Shigella
sonnei movement in Vietnam(270), Klebsiella pneumoniae associated septicemia in Nepal
(269), and AMR pattern diversity amongst K. pneumoniae and Enterobacter cloacae in an
U.K hospital. A survey of the plasmid content from this broad collective of samples, will
provide a generalised snapshot of Enterobacteriaceae plasmid types and also insights into

their transmission between different species and genera.

Methods

Isolates. Isolates included in this study involve various species of the Enterobacteriaceae
collected for eight different studies (268-274). Each study lies within a ‘global’ or
‘geographical/region specific’ scope according to the list of countries covered by their strain
collection (Appendix C; Table S3). Global studies include a ‘Global Klebsiella pneumoniae’
(271), Yersinia spp. study’ (273) and ‘Enterotoxigenic E. coli (ETEC) study’ (274),
spanning a minimum of four continents. ‘Global K. pneumoniae’ investigated the diversity of
animal and human K. pneumoniae isolates (n=247) from four continents. The ‘Yersinia spp.
study’ investigated the evolution of pathogenicity in pathogenic and non-pathogenic Yersinia
spp. collected from environmental, animal and human sources (n=214) from countries across
each continent. ‘ETEC study’ investigated the phylogeny and evolution of ETEC by analysis
of 353 ETEC isolates collected across 20 different countries from Africa, Asia North, Central
and South America.

Geographically narrow/regional studies where isolates were collected from less than 3
countries, included ‘Nepal K. pneumoniae’ (269), ‘U.K. K. pneumoniae Enterobacter
cloacae’ (Ellington M., Unpublished), ‘MSM Shigella flexneri’ (268), ‘Vietnam Shigella
sonnei’ (270) and ‘Africa/lUK Salmonella Tyhimurium’ (272). ‘Nepal K. pneumoniae’

characterised a hospital K. pneumoniae outbreak in Nepal through the WGS of 87 isolates.
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‘U.K. K. pneumoniae E. cloacae’ analysed 160 K. pneumoniae and 133 E. cloacae routinely
collected clinical isolates to describe the genetic diversity causing human infection within the
region. All isolates of ‘Nepal K. pneumoniae’ and ‘U.K. K. pneumoniae E. cloacae’ were
included in our analysis. The ‘MSM Shigella flexneri’ study investigated 171 S. flexneri
isolates to characterise factors driving the shigellosis U.K. outbreak in men who have sex
with men (MSM). ‘Vietnam S. sonnei’ investigated the evolution of S. sonnei in Vietnam
over a 15-year period. 223 S. sonnei isolates were included in our study. ‘Africa/U.K.
Salmonella Typhimurium’ investigated the population structure of 215 S. Typhimurium in
Africa with comparison to global S. Typhimurium populations, compared the population

structure of 73 African S. Typhimurium strains with 22 U.K. S. Typhimurium strains.

The isolates from each study included in our analysis were composed of Illlumina data
sequenced at the WTSI and were previously published in the European Nucleotide Archive.
Contigs from each isolate were obtained as previously described (268-274). A collective total
of 1683 isolates passed QC based on total alignment length and number of contigs.
Assemblies that were not of expected genome size for that species, indicative of multiple
genomes (2x) were excluded as well as assemblies with more than 1000 contigs. Plasmid Inc
types present in each strain were identified by comparing all contigs against the
PlasmidFinder 1.3 database (accessed: April 14 2015) using the map_resistome script as
described previously (275). >95% identity and >98% length match filter parameters were

applied to reduce redundant positives and false positives.

Plasmid Inc sub-typing. The PlasmidFinder database is comprised of sequence probes

targeting replicon loci specific. However, the plasmid incompatibility type and sub-type in

which these probes belong was not available. To report the Inc sub-type of the plasmids
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carried by isolates, each sequence probe of the PlasmidFinder database was revised with their
correct plasmid Inc sub-type (Appendix C; Table S3). To achieve this, each sequence of the
PlasmidFinder database was submissed to the an online database pMLST
(http://pubmilst.org/) for plasmid Multi-Locus Sequence Typing (MLST) (213), and literature

reviewed (223). Sequence probes which could not be sub-typed were noted as ‘not defined’.

PCA plot analysis. Principal component analysis (PCA) was performed on samples to
identify and visualize specific patterns of plasmid carriage. Plasmid sub-types were used for
this analysis instead of the major plasmid families identified, because analysis of the major
plasmid groups would only describe an ancestral linkage between species that existed prior to
the divergence of plasmid sub-types. IBM® SPSS® Statistics 20.0 was used to perform to

perform this analysis.

Results

General features of the combined enterobacterial data set. A total of 1683 whole genome
sequences were gathered from three focused studies looking at global diversity of K.
pneumoniae, the Yersinia genus, and ETEC, and two regional studies looking at S.
Typhimurium in Africa and the movement of S. sonnei in within specific human populations
in Vietnam (Appendix C; Table S3). Isolates from a studies characterising, the emergence
and flux of multidrug resistant Klebsiella associated septicemia in Nepal, the genetic
diversity of K. pnuaemoniae and E. cloaceae causing human infection within a single U.K.
hospital, and the U.K. S. flexneri outbreak in men who have sex with men (MSM), were also
included (see Chatper 5.2 Methods for more details; Appendix C; Table S3). All isolate
genomes were screened for their plasmid content using in silico PBRT (see Chapter 5.2

Methods; Appendix C; Table S4). In total from all collections, our dataset comprised of K.
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pneumoniae (n=494), S. sonnei (n=223), Yersinia spp. (n=214), S. flexneri (n=171), E. coli
(n=353), E. cloacae (n=133) and S. Typhimurium (n=95). Isolates were collected from a
range of sources including different animal hosts from the environment, human clinical
samples, the community and the environment. Human clinical samples included blood, urine
and stool samples while environmental samples were mainly isolated from water.
Geographically isolates were originally collected from 53 countries. None of the seven
studies used plasmid content as a selection criterion although the U.K. K. pneumoniae E.
cloacae study aimed to understand the diversity of AMR patterns seen over time in this

hospital.

To report the Inc type of the plasmids detected, each replicon sequence probe of the
PlasmidFinder database was revised to provide an plasmid Inc type and sub-type (refer to
Chapter 5.2 methods; Appendix C; Table S4). Using this revised PlasmidFinder database we
were able to detect the presence of at least one plasmid in 75.1% (1267/1683) of all isolates
included in this study. Our total collection of plasmid replicons identified by the
PlasmidFinder database were identified to reside within 12 major Inc groups, included A/C,
B/O/K/Z, F, HI, I, LIM, N, P, Q, R, X, Y. These Inc groups described 99.63% of all plasmids
detected. Although a further 10 plasmid replicons were detected, these replicons have not
been assigned to an Inc group, so were denoted ‘novel Inc groups’ (Appendix C; Table S2).
Over a quarter of all isolates (26.6%; 448/1683) showed the presence of multiple Inc groups
with only 406/1683 isolates lacking any known Inc-type. The distribution of the Inc types
across all species in our collection is summarised in Table 15. The ‘general
Enterobacteriaceae plasmid type distribution’ of the 12 plasmid types could be categorised
into three main levels of occurence according to the percentage of isolates carrying the

plasmid type: Common, the IncF plasmid group at 64.6%; Intermediate, IncHI, Incl and IncR
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at ~9-11%; and Rare, the remaining plasmid types harboured by approximately 0.5-3% of
isolates (Fig. 8).

Since these isolates were not sequenced for this study and to understand if the bacterium or
the study was more important to the distribution of the Inc types, we performed a PCA
analysis of all isolates and revealed that the major determinant for the carriage of specific
plasmid types was the species of the isolate (Appendix C; Fig. S1), not the study itself,
suggesting that study variables such as isolation technique did not confound our analysis and

allows for comparison across studies.
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Table 15. Number of detected plasmid types across bacterial species of this study

Species No. Plasmid type (Inc)*
isolates F HI | IR A/C B/O/K/Z LM N P Q X Y Novel

Klebsiella pneumoniae 494 323 129 3 139 15 1 7 23 4 13 10 0 1
Enterobacter cloaceae 133 45 36 0 14 4 0 1 1 1 0 1 0 O
Shigella flexneri 171 169 O 0 0 0 0 0 0 0 0 0O 0 O
Salmonella enterica serovar Typhimurium 95 89 6 4 0 0 0 1 0 1 28 0 0O O
Yersinia spp. 214 60 0 0 0 0 0 0 5 0 1 2 0 6
Shigella sonnei 223 91 0 85 0 1 0 0 0 0 0 0 0 O
Escherichia coli 353 310 8 56 4 0 15 0 4 30 8 19 9 3

* Plasmid Incompatibility (Inc) type determined by in silico plasmid typing using the PlasmidFinder database (see methods).
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Three levels of occurence represent the general Enterobacteriaceae plasmid type

distribution.
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Figure 8. Distribution of the 12 major plasmid Inc groups and novel plasmids across
1683 isolates.

Distribution is represented as percentage of strains harbouring each plasmid Incompatibility
(Inc) type. Common, intermediate and rare occurence plasmid types are represented by green,
yellow and red respectively.

Common Inc types

The IncF group (FIA, FIB, FIlI) were the most frequently identified in our collection,
harboured by 64.6% of all isolates tested (1087/1683) (Fig. 8). IncF plasmids can carry one to
three replicons FIA, FIB and FII, and can be termed “multireplicon”. IncFII plasmid
(primarily carrying the FII replicon; varies in co-harbouring FIA and FIB replicons) was the
most frequent type amongst IncF plasmids, harboured by over half of all isolates (54.9%;
925/1683). IncF plasmids in several instances have become restricted to different genera and

maintained by most members of that genera. The plasmids of this type usually also carry

genes essentially for virulence of lifestyle and are referred to as ‘virulence plasmids’. The
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IncF virulence plasmids in our collection include the IncFlik for Klebsiella spp., IncFlls for
Salmonella spp. and IncFlly for Yersinia spp. (223). The FII ‘virulence’ sub-type plasmids
for Salmonella spp., and Yersinia spp. were only observed in their native species. IncFlls was
observed in 93.7% of S. Typhimurium (89/95), and IncFlly was observed in 24.8% of
Yersinia spp. (53/214). IncFllk was observed in 38.5% of its native species, K. pneumoniae
(190/494), however were observed in 8/133 E. cloacae isolates. The remaining IncFllI
plasmids are not associated with any one genera and are disseminated across multiple
different genera (39, 40, 223). The FII replicon of the IncFll; plasmid sub-type was the most
frequently acquired plasmid replicon, identified in 30.6% of plasmid carriers (388/1267) and
harboured by K. pneumoniae, E. coli, S. flexneri, S. sonnei species but not in E. cloacae, S.

Typhimurium and Yersinia spp.

IncHI, Incl and IncR represent the Intermediate occurrence Inc types. Intermediate
occurance Inc types included IncHI, IncR and Incl types which were detected in between 8-
10% of isolates (Fig. 8). The IncHI group is split into subtypes IncHI1 and IncHI2 both
associated with emerging resistance genes due to their large plasmid backbone enabling
ample space for gene integration (276). The multireplicon IncHI plasmids are detected using
the replicons, HI1A and HI1B with a non-essential FIA replicon (276), and HI2 (for IncHI2s
only). The IncHI plasmid group was observed in 10.6% of strains (179/1683) including S.
Typhimurium, K. pneumoniae, E. cloacae and E. coli. IncR was detected in 9.3% (157/1683)
of isolates being found most commonly in K. pneumoniae, E. cloacae but seldom in E. coli.
Incl types were observed in 8.8% (148/1683) of isolates, but largely in E. coli and Shigella
spp. but were also in K. pneumoniae, S. Typhimurium and Yersinia spp. in isolated cases

(Table 15).
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Rare Inc types are widely distributed. Plasmids Inc types A/C, B/O/K/Z, LIM, Q, N, P, X,
Y, and plasmids within the novel group were detected in 0.5-3.1% of isolates (Fig. 8). K.
pneumoniae harboured all of the rare Inc types except IncY (only found in E. coli). IncX was
the highest shared plasmid type harboured by K. pneumoniae, E. cloacae, Shigella spp., E.
coli and Yersinia spp. but these were in isolated cases (Table 15). Plasmids Inc types A/C,

B/O/K/Z, N, X, Y were not detected in S. Typhimurium.

Certain “portal” plasmid sub-types act as a connection between genera. Each major Inc
type was observed across multiple genera. Principal component analysis outlined a network
of bacterial species/genera linked by specific Inc-types we called these promiscuous Inc-
types. These promiscuous Inc-types likely represent "portal” plasmids, offering possible
routes of gene exchange between genera facilitated by plasmid transfer (Appendix C; Fig. 9).
These promiscuous Inc-types were defined as being present in more than 1% of a particular
genus as well as at least two other bacterial genera. The plasmid sub-type network details a
comparatively simple and recent account of possible exchange events between species.
Divided according to the general Inc type distribution, IncF replicons in addition to being the
most abundant were detected in all six genera we included in this study: IncFll, were found
in E. coli, S. sonnei and S. flexneri and IncFlly in E. coli and S. flexneri. Of the intermediate
and low occurrence Inc types: IncHI1 sub-type were detected in: E. coli, S. Typhimurium, E.
cloacae and K. pneumoniae. IncR and IncA/C, were detected in K. pneumoniae and E.
cloacae, while both Incl; and Inclz were present in E. coli and S. sonnei. IncQ were found in
E. coli, S. Typhimurium, and K. pneumoniae. Yersinia spp. had comparatively fewer Inc
types shared with other genera, with only one plasmid type (IncN1) present outside of the

Yersinia, also found in K. pneumoniae. This may be expected considering Yersinia spp. is the
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most genetically diverse species amongst this data set (Appendix C; Fig. S2). Yersinia spp.

mostly harboured its own genera-specific plasmid type IncFlly.
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Figure 9. A network of bacterial species connected by plasmid sub-types.
Principal component analysis identified ‘portal’ plasmid Incompatibility (Inc) sub-types

representing potential gene transmission routes between bacterial species. Species clustering
according to shared plasmid content identified two groups. Group 1: Enterobacter cloacae

and Klebsiella pneumoniae; Group 2: Escherchia coli, Shigella sonnei and Shigella flexneri.

The clustering of species into two primary groups based on their shared plasmid sub-type
content was observed by PCA (Fig. 9; Appendix C Fig. S1). These groups were Group 1: K.
pneumoniae and E. cloacae, encompassed plasmid sub-types A/C», Fllk, HI1, N1, R and an
undefined IncF plasmid; and Group 2: E. coli, S. sonnei and S. flexneri with plasmid sub-
types Fllc, Fll1, Fllo, Flls, Fllzs, Fllxo, 11, 12 and P. Species clustered together were also

observed to be phylogenetically related (Appendix C; Fig. S2) (277, 278).
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Plasmid types reside across multiple countries and their general distribution remains
the same in both a global scale and local regions. IncF plasmids types were observed in 41
countries (out of total of 53; Appendix C; Fig. S3). The intermediate Inc types IncHI, Incl
and IncR were found in 15, 17 and 12 countries, respectively. Although infrequently detected
the Rare Inc types were detected in between five and thirteen countries. The eight studies in
which isolates were originally collected were categorised according to them having a ‘global’
or ‘regional’ scope (Appendix C; Table S3). 87.1% of isolates from the global studies were
plasmid carriers and 34.8% carried more than one type. 66.6% of isolates collected within a
regional studies carried at least one plasmid and 20.9% carrying more than one type. The
plasmid type distribution of both types of study was similar to the general Inc type
distribution. For the global and regional studies, 77.0% and 55.9% isolates carried IncF types,
followed by ~8-14% and ~9-10% for intermediate IncHI, Incl and IncR plasmids types. Less

than 4% of isolates in either the global or regional studies carried a low prevalence plasmid.

Discussion

This study using existing published genome sequence data sets to bench mark the relative
abundance of different plasmid Inc types carried as part of their hosts genomes. Plasmid Inc
types are used as a proxy for different plasmid backbones, and so unlike most studies which
focus on the cargo genes carried by plasmids, for example antimicrobial resistance genes, we
have provided insight into one of the most important vehicles of the spread of antimicrobial
resistance in Enterobacteriaceae. We showed there were three major levels of abundance
with IncF being highly abundant, IncH, Incl and IncR showing intermediate abundance and ;
Inc types A/C, B/O/K/Z, LIM Q, N, O, P, X, Y and some novel Inc types, being rare in our

collection (Fig. 8).
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IncF replicons were the most abundant Inc types amongst the Enterobacteriaceae included in
this study (39, 40, 210). This in consistent with previous work on IncF plasmids which can
carry multiple replicons FIA, FIB and FIl. This is thought to represent an advantage,
compared to single replicon plasmids, because it avoids plasmid incompatibility with other
plasmids replicating in the same cell, by having alternative replicons (223). The multireplicon
status is also associated with a higher level of sequence divergence in the FII replicon
through functional redundancy (279, 280) and a broader host range. Intermediate plasmid
type IncHI also carry multiple replicons. No multi-replicon plasmids were described as rare
Inc types. Geographically, all plasmid types were observed in bacterial isolates collected
from multiple countries (except IncY) and present in at least three different genera. The latter
are likely to define important plasmid sub-types able to shuttle genes across various species
and genera (Fig. 9). This is consistant with the different genera described to carry these

plasmid sub-types (22, 39, 40, 125, 249, 276).

It is also clear that the relative abundance of Inc types observed in this study are somewhat
consistent with previous studies looking at plasmids associated with AMR (39, 40). For
example the common Inc type, IncF, and rare plasmids type IncB/O, IncK and IncT have
been previously described as most prevalent and rare, repectively, when associated with
AMR (39, 40). In constrast, intermediate level IncHI types and Incl are described as the one
of the most prevalent plasmid families (http://pubmlst.org/plasmid/; (39, 40)). The IncR
plasmids described here at intermediate levels, are seldomly reported carrying AMR genes
until recently where they have emerged (circa 2010) as a prominent resistance plasmid type
carrying various genes conferring resistance to the front line therapeutic antimicrobial
carbapenem (39, 40, 210, 281-284). IncA/C, IncL/M, and IncN plasmid types also described

at most prevalent when associated with AMR (20, 39, 40, 210), are found here at a low
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abundance across our collection. These data give the first glimpses into the relative flux in
the plasmid population and that an understanding of this flux may be important for
identifying the barriers and the facilitators affecting the dissemination of genes associated
with AMR which warrants further investigation.

As stated, this study highlights the value of reanalysis of existing sequencing data, to answer
broader scientific questions. However, the nature of Illumina data, the PlasmidFinder
database and the variability of non-standardised metadata collection, limits several aspects of
this study. For example the PlasmidFinder database used in this study will inherently miss
new plasmid types, and we could not directly associate Inc types to a comparable AMR gene
or phenotype profile. To provide a comprehensive overview of the plasmid prevalence within
the Enterobacteriaceae family requires samples with even distribution across countries,
genera and species, including those within environmental and animal samples (especially
within agriculture and farming), standardised meta data, full plasmid assembly as well as a
complete plasmid replicon typing scheme including sub-typing of all plasmid Inc types.
Many replicons have been identified but have yet to be assigned to an Inc group or sub-
group, many of which remain undefined and noted as ‘novel” (Appendix C; Table S4).

In summary, we provide an insight into the general distribution of plasmid Inc types across
members of the Enterobacteriaceae, observed in three levels of abundance where IncF
plasmid were most common followed by IncHI, Incl and IncR (intermediate). A handful of
sub-types were identified with the potential to facilitate gene exchange between genera.
There may be a limiting degree of compatibility between plasmid type and species
influencing these interactions. These data show a complex network of interactions between
the bacterial hosts, and the geographic and temporal distribution of plasmid Inc types. These
data also highlights the need for a more detailed understanding of the factors that affect this

flux and the need for a more systematic and detailed understanding of the drivers which
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affect their relative distribution inorder for us to fully understand the dissemination of AMR

genes globally.
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AMR, Antimicrobial resistance; Inc, Incompatibility.
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5.3 Chapter summaries and conclusions.

The investigation of Chapter 5 observed 12 major plasmid types at three levels of occurence:
Common, IncF; Intermediate, IncHI, Incl, IncR; and Rare, IncA/C, B/O/K/Z, LIM N, O, P, Q, X,
and Y. Those that are frequently associated with AMR genes such as IncF, IncHI and IncA/C (39,
40), were observed at each level of occurence within this population, High: IncF; Int: IncHI; Low:
IncA/C. ‘Portal’ plasmid sub-types e.g. IncHI types, were also identified to represent possible route
of gene transmission between different genera. In retrospect, this is not unexpected considering
there appears to be a degree of compatibility that was identified between plasmid sub-type and the
species/genera of the strain. Two primary groups were identified according to their shared plasmid
sub-type content, E. cloacae with K. pneumoniae, and E. coli with S. flexneri and S. sonnei (Fig. 9).
Species of these groups were also observed to be phylogenetically similar (Appendix C; Fig. S2).
This possible plasmid type/genera compatibility would indeed be a large factor with the inter-
genera transmission of AMR genes. Conjugation would have to involve a plasmid type that
complements the recipient strain based on their genera or possibly species, in order for the strain to
retain the plasmid and particular plasmid-mediated AMR genes. Consequently this would suggest a

requirement for an exchange of AMR genes between plasmid types.
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Chapter 6: General Discussion: The blanom gene may have transferred through

a network of AMR gene acqusition and spread
6.1. Overview

Plasmids have been identified to be present prior to the emergence of AMR genes (Appendix D;
(285)). It is clear that investigations into the acquisition and spread of the blanom gene indicate an
underlying network of interactions between antimicrobial resistance determinants, transposable
elements, plasmid types and bacterial genera. This possible network of AMR gene acquisition and
spread may have been existent prior to the transfer of the blanom genes from Acinetobacter spp. into
Enterobacteriaceae plasmids (241). The blanom gene would transfer along this network following
its interactions and limitations, leading to its association with numerous transposable elements,
genetic contexts, different Enterobacteriaceae plasmids types and consequently the spread into the
various species of the Enterobacteriaceae family (Chapter 1-4; (20, 22, 23)). The components of
the proposed network and their interactions, have in part been previously characterised for other
AMR genes (39, 40, 60, 62, 64, 286, 287), however, they will not be discussed in full here. The
insights into plasmid-mediated blanom acquisition and spread described in this thesis raise many
scientific questions and unknown avenues for further investigation. The following chapter will
discuss the proposed network, its components, their interactions and compatibilities to explain and
place into context, the mechanisms of blanom gene acquisition and spread observed within this

thesis.

6.2 Interactions of Antimicrobial Resistance Determinants

Dissemination of AMR genes also transfers the immediate sequence flanking the target gene during
their interaction with transposable elements. Regions frequently co-transferred with AMR genes,
include regulatory genes, promoters and passenger genes that lie in close proximity. Regulatory
genes can mediate AMR gene expression, for example the ampR gene, a negative regulator of

expression for blapna gene (288). Promoters are small regions able to enhance the expression of the
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AMR gene by promoting transcription initiation (289), and can be provided by an IS element
upstream of an AMR gene. The ISAbal25 upstream of blanom provided the -35 promoter region
(185, 290) and ISEcpl provided the overexpression of blacTx-m-55 (291) and blacmy-2-iike (37) genes.
Passenger genes are co-transferred depending on the mechanism of the transposable element. The
trpF, dct, groEL, groES genes appear to be co-transferred with blanom by the mechanism of Tn125
transposon within Acinetobacter spp. These genes are also observed on occasion within

Enterobacteriaceae plasmids carrying blanom genes (21-23, 205).

6.3 Interactions of Transposable Elements

Establishment of a transposable element in close proximity to an AMR gene provides an
opportunity for dissemination to other plasmid types and chromosomal locations. Mobilisation of a
region via transposable elements is dependent on multiple factors including separate recognizable
start and stop sequences in its vicinity (60). The transposition of genes adjacent to a transposable
element for example occurs when the enzyme of the IS element (e.g. transposase) recognises a
sequence downstream, with a high similarity with its IRr. The enzyme would recognized the IR.
and highly similar IRr and mobilise the sequence between these two points, essentially between
skipping its own IRr. A well-known example of this mechanism is the one-ended mobilisation of
blacmv-2 by ISEcpl (60, 71). Another example of a transposition mechanism is the rolling circle
mechanism via ISCR1 mobilising large regions upstream (64). Numerous IS elements are
associated with mobilisation of blanom genes within the Enterobacteriaceae. Comparison between
Tn125 on Acinetobacter plasmids e.g. pPNDM-BJO1 (Genbank accession no. JQ001791; (73)) and
the ATn125 segments on Enterobacteriaceae plasmids was able to identify co-transferred regions,
but also able to identify possible associated mechanisms, inferred from the elements truncating
Tn125 or the 1SAbal25 upstream of blanom. Transposition mechanisms that mobilise large
segments encompassing Tn125, such as ISCR1, were inferred with the co-presence of ISCR1,
Acinetobacter plasmid backbone and Tn125 on the Enterobacteriaceae plasmid (Chapter 4). This

however has yet to be proven. This thesis identified eight different IS elements associated with
Chapter 6: General Discussion: The blaNDM gene may have transferred through a network of AMR gene 149
acqusition and spread



blanowm, inferring its mobilisation mechanisms. The transposable elements and their respective
plasmid types are, ISCR27 and/or 1S26 on type 1 IncA/C,, ISCR1 on IncN2 (23), IncA/C, (Chapter
4) and IncFll; (22), ISCR-6-like (Chapter 4), 1S903-like (22), and TIMEs on IncFlly (22), 1S26
and/or 1S3000 on IncX3 (22), and 1S26 composite transposon on IncH1B (22). Alternatively,
homologous recombination of the Tn125 fragment into Enterobacteriaceae plasmids may also be a
possible transfer mechanism, especially when DRs cannot be identified flanking the Tn125

fragment.

To contrast, the other major AMR genes (identified prior to blanom) are associated with the
mechanisms of specific IS elements or transpositional units for mobilisation and insertion, because
of their frequently observed genetic contexts and importantly new direct repeats of the target site
found at either end of the transposable unit. The blacmy-2 (37), blactx-m types (292), and blaoxa-1s1
(293) genes are frequently associated with the one-ended transposition of ISEcpl. The blactx-m
types are also associated with ISCR1 and their insertion into class 1 integrons (294, 295). blawe,
blakec and blaoxa-4s (296) frequently lie within a cassette of a class 1 integron, a Tn3-based
transposon Tn4401 (297) and its variants, and Tn1999 bound by two 1S1999, respectively. These
associated transposable elements are significant for dissemination of AMR genes as they facilitate
their transfer and insertion into different plasmid types (297-299). Examples of possible gene
exchange between plasmids types via ISCR rolling-circle mechanism was also described during
studies of this thesis; in Chapter 2 with a blanpm-1 genetic context of 3'-aacAl|Ablagxa.io] ATn125-
5" on both IncN2 and IncFlly plasmid types (23), and in Chapter 4 with the same rmtC segment on

both type 1 IncA/C and IncFlly plasmid types.

An additional factor for AMR gene insertion can also depend on whether the transposable element
is able to recognise a suitable sequence for insertion. Common insertion sites lie within intergenetic

regions, other transposable elements, class 1 integrons or antimicrobial resistance islands. These
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insertion sites are catalogued in databases such as the IS finder database (https://www-

is.biotoul.fr/).

6.4 Interactions of Plasmid Types

Plasmids facilitate the exchange of AMR genes between bacterial hosts but also interact with the
transposable elements within the bacterial host itself. Each plasmid type has the potential to acquire
an AMR gene. A common feature of those plasmid types is the establishment of a ‘founder
element’. That is the insertion of a mobile element into a location with no deleterious effect, which
can act as a target for further insertions (60, 300). These have been described as an exceptionally
rare event but the structures which derive from these are able to widely disseminate (60). An
example of this is the antibiotic island ARI-A of IncA/C; plasmids (249), which has accumulated a
range of different AMR genes (refer to Chapter 4). These islands will be more than likely continue
to accumulate additional insertions of AMR genes via transposable elements. Other plasmid types
such as IncX and IncFlly that have recently become associated with AMR genes tend to have less
complicated AMR regions (225, 238, 243, 252), suggesting relatively recent establishment of their
founder element. Within this thesis, IncX and IncFlly plasmid backbone was observed either side of
the blanpm genetic context (22), suggesting insertion of the blanom gene was either involved in the
initial insertion of the founder element (e.g. TIMES/MITEs, 1S903B for IncFlly) or inserted

sequentially afterwards.

6.5 Interactions of a Bacterial Host

The exchange of AMR genes between species and genera is primarily provided by plasmids. This
interaction is partly dependent on various genes of a plasmid type such as those responsible for
conjugation and replication. The interactions between plasmids, transposable elements, and AMR
genes (including the genes within the genetic context) may potentially be governed and influenced
by the bacterial strain, based on genus. The components of the network model may have an

underlying degree of compatibility (as discussed in Chapter 5) on the interactions between bacterial
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strain and plasmid type, and bacterial strain with transposable elements located on the plasmid.
Those that are not compatible may be replaced by another compatible transposable elements or

plasmid types.

6.5.1 Interaction and compatibility between Bacterial Strain and Plasmids Types

The genus of a strain was observed as a major determinant for carriage of specifc Inc type (Chapter
5), which may indicate a compatibility between the strain and plasmid type. This would have
implications on plasmid-mediated gene exchange between different genera, where only certain
plasmid sub-types are frequently shared between phylogenetic-related genera. Chapter 5 identified
the clustering of two primary groups according to their shared plasmid content, Group 1: E. cloacae
and K. pneumoniae and Group 2: E. coli, S. sonnei and S. flexneri. Group 1 encompassed plasmid
sub-types A/C», Fllk, HI1, N1, R and an undefined IncF plasmid; Group 2 encompassed plasmid
sub-types Flic, Fll, Fllz, Fllis, Fllsz, Fllz, 11, 12 and P. Although it must be noted there may be
missing information in this in silico study, as it is dependant on the available species carrying
certain plasmid types and detection of plasmid types. Nevertheless, species within each group were
also observed to be phylogenetically related (Appendix C, Figure S2). The IncF ‘virulence’ sub-
types in constrast were frequently carried by their native genera (223), K. penumoniae (IncFllk),
Salmonella spp. (IncFlls), and Yersinia spp. (IncFlly) (Chapter 5). An exception was the IncFllk
sub-type plasmids carried by E. cloaceae isolates, which was seen in the same cluster group as K.
pneumoniae (Group 1). Compatibility between plasmid types and genera would limit the direct

exchange of blanpm or any other AMR gene between genera that are phylogenetically different.

Gene exchange events between plasmid types would be a mechanism to avert the plasmid
types/genera compatibility. This event would possibly occur after a strain received a plasmid type
that cannot be retained, where the AMR gene and any adjacent sequence would be transferred from
said incompatible plasmid onto a plasmid type already co-resident and established within the strain.

Such events would result in the observation of the same genetic context on two different plasmid
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types, such as the blanom genetic context on IncNz and IncFlly (Fig. 4; Chapter 2), and rmtC
genetic context on IncA/C. and IncFlly (Fig. 7C; Chapter 4). Gene exchange between plasmid types
may have been a mechanism involved to overcome the plasmid type/genera compatibility during
transfer of blanom from its progenitor via Acinetobacter spp. as an intermediate species, into the
Enterobacteriaceae family (241). The source of blanom would be a transferred Acinetobacter
plasmid into an Enterobacteriaceae strain, such as the Acinetobacter pBJ01-NDM-1-like plasmid,
p3SP-NDM, observed in Enterobacter aerogenes (234). Another possibility may include transfer
into E. coli, as there are examples where plasmids carrying blanom have been transferred from
Acinetobacter spp. to E. coli (72, 301, 302). Those strains that could not retain the Acinetobacter
plasmid, would hypothetically transfer blanom into a stable Enterobacteriaceae plasmid via

available transposable elements.

6.5.2 Interactions between Bacterial Host and Transposable Elements

Analysis of Enterobacteriaceae plasmids has highlighted numerous transposable elements can be
involved in the transposition a single AMR gene. ISAbal25 and ISAbal4 native to Acinetobacter
spp. (303, 304) are frequently truncated by insertion of another IS element on Enterobacteriaceae
plasmids (21-23, 205), by numerous IS elements including 1S903B, ISKpn14, IS5, and 1S26. The
blanom genes reported in Acinetobacter spp. to constrast, are frequently observed within Tn125
(184, 200, 241). It may be speculated that transposable elements have a degree of compatibility
within a strain depending on their genera. Truncation of an IS element sequence for example could
respresent the inability of that genera to transcribe the DNA sequence of that transposable element.
The DNA sequence of these incompatible elements may be regarded as foreign DNA, available for
insertion of a compatible transposable element when transfer of DNA regions is required.
Additionally, if transposable elements have an influence on the length of the target sequence to be
transferred, for example the recognition of a similar IRr other than their own (similar to the
mechanism of ISEcpl), this may partially explain the different lengths of truncated Tn125 structure

observed on Enterobacteriaceae plasmids.
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6.6 Interactions and compatibilities for other AMR genes

The acquisition and spread of other AMR genes such as the blakec genes appears to follow the
discussed network, and the interactions and limitations described. The blakpc genes are associated
but not limited to K. pneumoniae ST258 and the transposable element/genetic context of Tn3-based
transposon Tn4401 and other slight variants/isoforms (a, b, ¢, d and e) (305-308). blakrc genes
(within the Tn4401 isoform) are frequently carried on IncFllk plasmids as well as other plasmid
types to a lesser extent Incl2, IncA/Cz, IncR, IncL/M, IncN, and IncX (309-311). Plasmid types
reported to carry a Tn4401 isoform in K. pneumoniae are, IncFllk (the most frequent), Incl2, IncN,
and IncX (311, 312), and in E. cloacae are, IncHI2 and IncN plasmids types. In context of the
proposed network, this indicates IncFllk, Incl2, IncN, IncL/M and IncX can be retained by K.
pneumoniae, and Tn4401 is a compatible transposable element within K. pneumoniae and other
Enterobacteriaceae such as E. cloacae. The network components associated with acquisition and
spread of the blakec genes and other prominent AMR genes have less variability than the blanom
genes, where the plasmid types are the most variable component for blakec genes. This distinction
between the blanom genes and other prominent AMR genes e.g blakec, may be due to the

compatibility described, and also the difference in their progenitors.

The degree of variation in associated genetic contexts, transposable elements and plasmid types for
the blanom gene is not observed for other prominent AMR genes within the Enterobacteriaceae.
These AMR genes have constant genetic contexts only with slight variations, ISEcpl
transpositional unit (blacmy-2-ike and blactx-m-15 as well as many other antimicrobial resistant
determinants) and Tn1999 (blaoxa-ss-ike). Their progenitors have been identified within the
Enterobacteriaceae, Citrobacter freundii (blacmy-2-ike (313)), Kluyvera ascorbata (blactx-m-15
(314)) and Shewanella spp. (blaoxa-s (315) and blaoxa-1s1 (316)). This would suggest these
transposable elements were involved during their early mobilisation from their chromosomal
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location onto Enterobacteriaceae plasmids and were not required to change, as well as indicating a
compatibility within the Enterobacteriaceae. The progenitor for the blakec genes has yet to be
identified, however its constant genetic context Tn4401 was determined as likely to be at the origin
of blakec mobilisation (299). AMR genes highly associated with plasmid types, e.g. blacmy-2-like
carriage on IncA/C plasmids, are usually upon plasmid types that are compatible with the genera of
the strain and would not require gene exchange between plasmid types. Observations of plasmid-
mediated AMR genes and their associated transposable elements, genetic contexts, plasmid types
and species provide pieces of information that if collectively placed together can form this proposed

underlying network of AMR acquisition and spread.

6.7 Antimicrobial Pressure on the Network Model and other Factors

There are numerous factors that are outside of the proposed network and cannot be identified
specifically for each AMR gene capture event. These factors however are important to characterise
in future investigations to clarify several discrepancies identified during this thesis. Two examples
include plasmids types IncFlly and IncA/C. The IncFlly plasmid sub-type was observed in different
species (C. freundii (Chapter 2 (23)), E. cloacae and K. pneumoniae (Chapter 3 (22)), Yersinia spp.
(Chapter 5) and has acquired blanpm in different locations in its backbone via separate events
(Chapter 3 and 4). The IncFlly plasmid sub-type was observed and reported as highly prevalent
amongst Yersinia spp. (Chapter 5) (223). This plasmid sub-type was carried by species outside of
the Yersinia genus only when the plasmid type harboured the blanom gene (225, 243, 251-253). In
contrast, the IncA/C plasmid type is highly associated with many AMR genes (39) and has acquired
blanowm Vvia different mechanisms (Chapter 4) (205). However, like many AMR associated plasmid
types, it was observed as a low prevalent plasmid type (1%) amongst 1683 strains (Chapter 5).
These discrepancies cannot be explained here, however candidates for influencing factors such as
antimicrobial pressure may be suggested. The presence of antimicrobials has been observed to
induce the SOS response and affect the rate of transposition and conjugation (317). There are

limited studies investigating the influence of antimicrobial presence on transposition of blanowm or
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its associated transposable elements. Plasmids carrying blanom however, have been observed to
conjugate at a rate ~40 fold higher (from 9.1 x 10 to 3.9 x 107 transconjugants per recipient) in the
presence of sub-MIC concentrations of ciprofloxacin (Wailan 2012, Unpublished data, Appendix J).
The presence of antimicrobials may have played a role in the transmission of plasmid types or the
transposition of AMR genes, or even both. International travel including medical tourism,
community acquisition and stool colonisation are also factors involved in the international
dissemination of AMR genes, facilitating the spread of strains carrying plasmids as discussed in

Chapter 1 (20, 46, 49).

6.8 Future directions

6.8.1 Approaches to access the network

The bioinformatic analysis of Enterobacteriaceae plasmids presented in this thesis is retrospective
and has limited sample size. It does not necessarily reflect how widespread the blanom genes, other
AMR genes and plasmid types have disseminated. A survey of samples of the environment and
community/general public would be recommended as reports for plasmid types, AMR genes and
blanowm are generally limited to medical health care facilities and outbreaks, representing the tip of
the iceberg and not the underlying dissemination of these genes via the proposed network. In order
to evaluate the complex dissemination of plasmid-mediated AMR genes for epidemiological
purposes, the combined molecular/genetic approach demonstrated in Chapters 2 and 3, at this
present time should be incorporated as a screening method. That is, combining the information of
clonal molecular characterisation that includes bacterial species identification, Sequence Typing via
MLST, PCR-based plasmid typing and resistance determinant characterisation with the WGS
characterisation of the target antimicrobial resistance determinant. Through this approach, the
plasmid types providing blanom-related carbapenem resistance and perhaps other plasmid-mediated
AMR genes can be surveyed and traced across a population, in multiple medical facilities (Chapters

2, 3) and potentially within community and environmental reservoirs. Sequentially, as WGS
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becomes increasingly cost effective, construction of complete plasmid sequences and their
comparative analysis as demonstrated in Chapter 4, would compliment and provide further
resolution of the network used for AMR genes to be acquired and spread throughout a bacterial

population.

6.8.2 Additional investigations

The insights presented here for acquisition and spread of the blanom genes, provide other avenues
for further investigation. The interactions between AMR genes, transposable elements, plasmid
types and bacterial species/genera require further definition. This includes the factors that influence
them, such as the degree of compatibility between them and the presence of antimicrobials. Also S1
nuclease PFGE should be implemented to complete molecular plasmid analysis for description of
plasmids replicon numbers and sizes. The combination of detailed surveillance, molecular typing,
whole genome sequencing and in-depth bioinformatics analysis of Enterobacteriaceae and other
Gram-negatives with a standardised meta-data, would complement and build upon those
components characterised within this thesis and the literature. Also as novel plasmid types,
resistance determinants and even transposition elements are described and updated in databases, it is
important for investigators to also reassess previously published isolate collections to also provide
the most comprehensive description available for novel resistance determinants, plasmid types and
transposition element. This is important as investigators have to be aware that databases such as
resfinder and plasmidfinder which are reasonable for strain and plasmid characterisation, always
have a chance in not identifying novel plasmids types and resistance determinants. Further, a
database of the components of the network encompassing AMR genes, transposable elements,
plasmid types and bacterial strains (including environmental, community and clinical samples),
detailing their mechanisms, interactions and the factors which affect these interactions will begin to
clarify the details of this proposed network. A network which blanom and other AMR genes have

passed through to be acquired by various Enterobacteriaceae.
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6.9 Thesis conclusion

The detailed bioinformatic analysis of Enterobacteriaceae plasmids provided insights into the
acquisition and spread of blanom genes amongst the Enterobacteriaceae. This thesis characterised
numerous combinations of species, plasmid type, genetic context and transposable elements
associated with the blanom gene, as well as an indication of compatibility between plasmid types
and the bacterial host, based on genus. The insights provided by these investigations, collectively
identified an underlying network encompassing interactions between AMR genes, transposable
elements, plasmid types and the bacterial host. The blanom gene appears to have transferred along
this network following its interactions, compatibilities and limitations, resulting in numerous
species of Enterobacteriaceae carrying their blanom gene in different plasmid types, NGCs and
associated with numerous transposable elements. A database listing the network’s components and
their interactions is required for proper definition of the proposed network. Surveillance of
Enterobacteriaceae strains with the combined genetic/ molecular approach and subsequently full
plasmid construction and analysis demonstrated in this thesis are recommended as approaches to
continue compilation for this database and define this complex network. A complex network that
may have been used for the rapid spread of carbapenems resistance amongst the Enterobacteriaceae

family.

6.9 Thesis conclusion 158



References

10.
11.

12.

13.

14.

15.

16.

Yigit H, Queenan AM, Anderson GJ, Domenech-Sanchez A, Biddle JW, Steward CD, Alberti
S, Bush K, Tenover FC. 2001. Novel carbapenem-hydrolyzing B-lactamase, KPC-1, from a
carbapenem-resistant strain of Klebsiella pneumoniae. Antimicrob Agents Chemother
45:1151-1161.

Yong D, Toleman MA, Giske CG, Cho HS, Sundman K, Lee K, Walsh TR. 2009.
Characterization of a new metallo-B-lactamase gene, blanom-1, and a novel erythromycin
esterase gene carried on a unique genetic structure in Klebsiella pneumoniae sequence
type 14 from India. Antimicrob Agents Chemother 53:5046-5054.

Nordmann P, Naas T, Poirel L. 2011. Global spread of Carbapenemase-producing
Enterobacteriaceae. Emerg Infect Dis 17:1791-1798.

Nordmann P, Poirel L. 2013. Strategies for identification of carbapenemase-producing
Enterobacteriaceae. ) Antimicrob Chemother 68:487-489.

Sarma JB, Bhattacharya PK, Kalita D, Rajbangshi M. 2011. Multidrug-resistant
Enterobacteriaceae including metallo-beta-lactamase producers are predominant
pathogens of healthcare-associated infections in an Indian teaching hospital. Indian J Med
Microbiol 29:22-27.

Ambler RP. 1980. The structure of beta-lactamases. Philos Trans R Soc Lond B Biol Sci
289:321-331.

Martinez-Martinez L, Gonzalez-Lopez JJ. 2014. Carbapenemases in Enterobacteriaceae:
types and molecular epidemiology. Enferm Infecc Microbiol Clin 32 Suppl 4:4-9.

Sidjabat HE, Paterson DL, Qureshi ZA, Adams-Haduch JM, O'Keefe A, Pascual A,
Rodriguez-Bano J, Doi Y. 2009. Clinical features and molecular epidemiology of CMY-type
B-lactamase-producing Escherichia coli. Clin Infect Dis 48:739-744.

Sidjabat HE, Paterson DL, Adams-Haduch JM, Ewan L, Pasculle AW, Muto CA, Tian GB, Doi
Y. 2009. Molecular epidemiology of CTX-M-producing Escherichia coli isolates at a tertiary
medical center in western Pennsylvania. Antimicrob Agents Chemother 53:4733-4739.
Jacoby GA. 2009. AmpC B-lactamases. Clin Microbiol Rev 22:161-182, Table of Contents.
Baughman RP. 2009. The use of carbapenems in the treatment of serious infections. J
Intensive Care Med 24:230-241.

Paterson DL, Bonomo RA. 2005. Extended-spectrum B-lactamases: a clinical update. Clin
Microbiol Rev 18:657-686.

Johnson AP, Woodford N. 2013. Global spread of antibiotic resistance: the example of
New Delhi metallo-B-lactamase (NDM)-mediated carbapenem resistance. ] Med Microbiol
62:499-513.

Patel G, Bonomo RA. 2013. "Stormy waters ahead": global emergence of carbapenemases.
Front Microbiol 4:48.

Sidjabat H, Nimmo GR, Walsh TR, Binotto E, Htin A, Hayashi Y, Li J, Nation RL, George N,
Paterson DL. 2011. Carbapenem resistance in Klebsiella pneumoniae due to the New Delhi
Metallo-B-lactamase. Clin Infect Dis 52:481-484.

Kumarasamy KK, Toleman MA, Walsh TR, Bagaria J, Butt F, Balakrishnan R, Chaudhary U,
Doumith M, Giske CG, Irfan S, Krishnan P, Kumar AV, Maharjan S, Mushtaq S, Noorie T,
Paterson DL, Pearson A, Perry C, Pike R, Rao B, Ray U, Sarma JB, Sharma M, Sheridan E,
Thirunarayan MA, Turton J, Upadhyay S, Warner M, Welfare W, Livermore DM,
Woodford N. 2010. Emergence of a new antibiotic resistance mechanism in India, Pakistan,
and the UK: a molecular, biological, and epidemiological study. Lancet Infect Dis 10:597-
602.

References 159



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Walsh TR, Toleman MA. 2011. The new medical challenge: why NDM-1? Why Indian?
Expert Rev Anti Infect Ther 9:137-141.

Khan AU, Nordmann P. 2012. Spread of carbapenemase NDM-1 producers: the situation in
India and what may be proposed. Scand J Infect Dis 44:531-535.

Nordmann P, Poirel L, Walsh TR, Livermore DM. 2011. The emerging NDM
carbapenemases. Trends Microbiol 19:588-595.

Wailan AM, Paterson DL. 2014. The spread and acquisition of NDM-1: a multifactorial
problem. Expert Rev Anti Infect Ther 12:91-115.

Wailan AM, Paterson DL, Caffery M, Sowden D, Sidjabat HE. 2015. Draft genome
sequence of NDM-5-producing Escherichia coli sequence type 648 and genetic context of
blanpm-s in Australia. Genome Announc 3:e00194-00115.

Wailan AM, Paterson DL, Kennedy K, Ingram PR, Bursle E, Sidjabat HE. 2015. Genomic
characteristics of NDM-producing Enterobacteriaceae in Australia and their blanom genetic
contexts. Antimicrob Agents Chemother 60.

Wailan AM, Sartor AL, Zowawi HM, Perry JD, Paterson DL, Sidjabat HE. 2015. The genetic
contexts of blanpm-1 in patients carrying multiple NDM-producing strains. Antimicrob
Agents Chemother 59:7405-7410.

Dortet L, Poirel L, Nordmann P. 2014. Worldwide dissemination of the NDM-type
carbapenemases in Gram-negative bacteria. Biomed Res Int 2014:249856.

Doi Y, Paterson DL. 2015. Carbapenemase-producing Enterobacteriaceae. Semin Respir
Crit Care Med 36:74-84.

Cornaglia G, Giamarellou H, Rossolini GM. 2011. Metallo-B-lactamases: a last frontier for
B-lactams? Lancet Infect Dis 11:381-393.

Tumbarello M, Viale P, Viscoli C, Trecarichi EM, Tumietto F, Marchese A, Spanu T,
Ambretti S, Ginocchio F, Cristini F, Losito AR, Tedeschi S, Cauda R, Bassetti M. 2012.
Predictors of mortality in bloodstream infections caused by Klebsiella pneumoniae
carbapenemase-producing K. pneumoniae: importance of combination therapy. Clin Infect
Dis 55:943-950.

Zarkotou O, Pournaras S, Tselioti P, Dragoumanos V, Pitiriga V, Ranellou K, Prekates A,
Themeli-Digalaki K, Tsakris A. 2011. Predictors of mortality in patients with bloodstream
infections caused by KPC-producing Klebsiella pneumoniae and impact of appropriate
antimicrobial treatment. Clin Microbiol Infect 17:1798-1803.

Qureshi ZA, Paterson DL, Potoski BA, Kilayko MC, Sandovsky G, Sordillo E, Polsky B,
Adams-Haduch JM, Doi Y. 2012. Treatment outcome of bacteremia due to KPC-producing
Klebsiella pneumoniae: superiority of combination antimicrobial regimens. Antimicrob
Agents Chemother 56:2108-2113.

Tzouvelekis LS, Markogiannakis A, Psichogiou M, Tassios PT, Daikos GL. 2012.
Carbapenemases in Klebsiella pneumoniae and other Enterobacteriaceae: an evolving crisis
of global dimensions. Clin Microbiol Rev 25:682-707.

Zhao JY, Zhu YQ, Li YN, Mu XD, You LP, Xu C, Qin P, Ma JL. 2015. Coexistence of SFO-1 and
NDM-1 beta-lactamase genes and fosfomycin resistance gene fosA3 in an Escherichia coli
clinical isolate. FEMS Microbiol Lett 362:1-7.

Jamal W, Rotimi VO, Albert MJ, Khodakhast F, Udo EE, Poirel L. 2012. Emergence of
nosocomial New Delhi metallo-B-lactamase-1 (NDM-1)-producing Klebsiella pneumoniae in
patients admitted to a tertiary care hospital in Kuwait. Int J Antimicrob Agents 39:183-184.
Arpin C, Noury P, Boraud D, Coulange L, Manetti A, Andre C, M'Zali F, Quentin C. 2012.
NDM-1-producing Klebsiella pneumoniae resistant to colistin in a French community
patient without history of foreign travel. Antimicrob Agents Chemother 56:3432-3434.

References 160



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

Stone NR, Woodford N, Livermore DM, Howard J, Pike R, Mushtaq S, Perry C, Hopkins S.
2011. Breakthrough bacteraemia due to tigecycline-resistant Escherichia coli with New
Delhi metallo-B-lactamase (NDM)-1 successfully treated with colistin in a patient with
calciphylaxis. J Antimicrob Chemother 66:2677-2678.

Struelens MJ, Monnet DL, Magiorakos AP, Santos OCF, Giesecke J. 2010. New Delhi
metallo-B-lactamase 1-producing Enterobacteriaceae: emergence and response in Europe.
Euro Surveill 15.

Eckert C, Gautier V, Arlet G. 2006. DNA sequence analysis of the genetic environment of
various blacrx-m genes. J Antimicrob Chemother 57:14-23.

Verdet C, Gautier V, Chachaty E, Ronco E, Hidri N, Decre D, Arlet G. 2009. Genetic context
of plasmid-carried blacmv-2-iike genes in Enterobacteriaceae. Antimicrob Agents Chemother
53:4002-4006.

Lindsey RL, Fedorka-Cray PJ, Frye JG, Meinersmann RJ. 2009. Inc A/C plasmids are
prevalent in multidrug-resistant Salmonella enterica isolates. Appl Environ Microbiol
75:1908-1915.

Carattoli A. 2009. Resistance plasmid families in Enterobacteriaceae. Antimicrob Agents
Chemother 53:2227-2238.

Carattoli A. 2013. Plasmids and the spread of resistance. Int J Med Microbiol 303:298-304.
Peirano G, Pitout JD. 2010. Molecular epidemiology of Escherichia coli producing CTX-M -
lactamases: the worldwide emergence of clone ST131 025:H4. Int J Antimicrob Agents
35:316-321.

Rogers BA, Sidjabat HE, Paterson DL. 2011. Escherichia coli 025b-ST131: a pandemic,
multiresistant, community-associated strain. J Antimicrob Chemother 66:1-14.

Pfeifer Y, Cullik A, Witte W. 2010. Resistance to cephalosporins and carbapenems in Gram-
negative bacterial pathogens. Int ] Med Microbiol 300:371-379.

Bonnin RA, Nordmann P, Poirel L. 2013. Screening and deciphering antibiotic resistance in
Acinetobacter baumannii: a state of the art. Expert Rev Anti Infect Ther 11:571-583.
Zowawi HM, Balkhy HH, Walsh TR, Paterson DL. 2013. B-Lactamase production in key
gram-negative pathogen isolates from the Arabian Peninsula. Clin Microbiol Rev 26:361-
380.

Rogers BA, Kennedy KJ, Sidjabat HE, Jones M, Collignon P, Paterson DL. 2012. Prolonged
carriage of resistant E. coli by returned travellers: clonality, risk factors and bacterial
characteristics. Eur J Clin Microbiol Infect Dis 31:2413-2420.

Epelboin L, Robert J, Tsyrina-Kouyoumdjian E, Laouira S, Meyssonnier V, Caumes E,
Group M-GTW. 2015. High Rate of Multidrug-Resistant Gram-Negative Bacilli Carriage and
Infection in Hospitalized Returning Travelers: A Cross-Sectional Cohort Study. J Travel Med
22:292-299.

Ruppe E, Armand-Lefevre L, Estellat C, EI-Mniai A, Boussadia Y, Consigny PH, Girard PM,
Vittecoq D, Bouchaud O, Pialoux G, Esposito-Farese M, Coignard B, Lucet JC, Andremont
A, Matheron S. 2014. Acquisition of carbapenemase-producing Enterobacteriaceae by
healthy travellers to India, France, February 2012 to March 2013. Euro Surveill 19.

Kuenzli E, Jaeger VK, Frei R, Neumayr A, DeCrom S, Haller S, Blum J, Widmer AF, Furrer H,
Battegay M, Endimiani A, Hatz C. 2014. High colonization rates of extended-spectrum -
lactamase (ESBL)-producing Escherichia coli in Swiss travellers to South Asia- a prospective
observational multicentre cohort study looking at epidemiology, microbiology and risk
factors. BMC Infect Dis 14:528.

Levy SB, Marshall B. 2004. Antibacterial resistance worldwide: causes, challenges and
responses. Nat Med 10:5122-129.

References 161



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

Maiden MC, Bygraves JA, Feil E, Morelli G, Russell JE, Urwin R, Zhang Q, Zhou J, Zurth K,
Caugant DA, Feavers IM, Achtman M, Spratt BG. 1998. Multilocus sequence typing: a
portable approach to the identification of clones within populations of pathogenic
microorganisms. Proc Natl Acad Sci USA 95:3140-3145.

Turton JF, Woodford N, Glover J, Yarde S, Kaufmann ME, Pitt TL. 2006. Identification of
Acinetobacter baumannii by detection of the blaoxa-si-ike Carbapenemase gene intrinsic to
this species. J Clin Microbiol 44:2974-2976.

Woodford N, Turton JF, Livermore DM. 2011. Multiresistant Gram-negative bacteria: the
role of high-risk clones in the dissemination of antibiotic resistance. FEMS Microbiol Rev
35:736-755.

Ruan Z, Chen Y, lJiang Y, Zhou H, Zhou Z, Fu Y, Wang H, Wang Y, Yu Y. 2013. Wide
distribution of CC92 carbapenem-resistant and OXA-23-producing Acinetobacter
baumannii in multiple provinces of China. Int J Antimicrob Agents 42:322-328.

Actis LA, Tolmasky ME, Crosa JH. 1999. Bacterial plasmids: replication of
extrachromosomal genetic elements encoding resistance to antimicrobial compounds.
Front Biosci 4:D43-62.

Novick RP. 1987. Plasmid incompatibility. Microbiol Rev 51:381-395.

Maas CS, Gnepp DR, Rosenblum BN, Friedman WH, Herrmann V. 1988. Breast cancer
within a pectoralis major myocutaneous flap. Otolaryngol Head Neck Surg 99:594-596.
Carattoli A, Bertini A, Villa L, Falbo V, Hopkins KL, Threlfall EJ. 2005. Identification of
plasmids by PCR-based replicon typing. J Microbiol Methods 63:219-228.

Potron A, Poirel L, Nordmann P. 2011. Plasmid-mediated transfer of the blanom-1 gene in
Gram-negative rods. FEMS Microbiol Lett 324:111-116.

Partridge SR. 2011. Analysis of antibiotic resistance regions in Gram-negative bacteria.
FEMS Microbiol Rev 35:820-855.

Partridge SR, Tsafnat G, Coiera E, Iredell JR. 2009. Gene cassettes and cassette arrays in
mobile resistance integrons. FEMS Microbiol Rev 33:757-784.

Toleman MA, Walsh TR. 2011. Combinatorial events of insertion sequences and ICE in
Gram-negative bacteria. FEMS Microbiol Rev 35:912-935.

Mahillon J, Chandler M. 1998. Insertion sequences. Microbiol Mol Biol Rev 62:725-774.
Toleman MA, Bennett PM, Walsh TR. 2006. ISCR elements: novel gene-capturing systems
of the 21st century? Microbiol Mol Biol Rev 70:296-316.

Tavakoli N, Comanducci A, Dodd HM, Lett MC, Albiger B, Bennett P. 2000. 1S1294, a DNA
element that transposes by RC transposition. Plasmid 44:66-84.

Toleman MA, Bennett PM, Walsh TR. 2006. ISCR elements: novel gene-capturing systems
of the 21st century? Microbiol Mol Biol Rev 70:296-316.

Roberts AP, Chandler M, Courvalin P, Guedon G, Mullany P, Pembroke T, Rood JI, Smith
CJ, Summers AO, Tsuda M, Berg DE. 2008. Revised nomenclature for transposable genetic
elements. Plasmid 60:167-173.

Gillings M, Boucher Y, Labbate M, Holmes A, Krishnan S, Holley M, Stokes HW. 2008. The
evolution of class 1 integrons and the rise of antibiotic resistance. J Bacteriol 190:5095-
5100.

Stalder T, Barraud O, Casellas M, Dagot C, Ploy MC. 2012. Integron involvement in
environmental spread of antibiotic resistance. Front Microbiol 3:119.

Toleman MA, Spencer J, Jones L, Walsh TR. 2012. blanpom-1 is @ chimera likely constructed
in Acinetobacter baumannii. Antimicrob Agents Chemother 56:2773-2776.

Zhao WH, Hu ZQ. 2013. Epidemiology and genetics of CTX-M extended-spectrum [-
lactamases in Gram-negative bacteria. Crit Rev Microbiol 39:79-101.

References 162



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Pfeifer Y, Wilharm G, Zander E, Wichelhaus TA, Gottig S, Hunfeld KP, Seifert H, Witte W,
Higgins PG. 2011. Molecular characterization of blanowm-1 in an Acinetobacter baumannii
strain isolated in Germany in 2007. J Antimicrob Chemother 66:1998-2001.

Hu H, Hu Y, Pan Y, Liang H, Wang H, Wang X, Hao Q, Yang X, Yang X, Xiao X, Luan C, Yang
Y, Cui Y, Yang R, Gao GF, Song Y, Zhu B. 2012. Novel plasmid and its variant harboring both
a blanom-1 gene and type IV secretion system in clinical isolates of Acinetobacter Iwoffii.
Antimicrob Agents Chemother 56:1698-1702.

Ho PL, Lo WU, Yeung MK, Lin CH, Chow KH, Ang I, Tong AH, Bao JY, Lok S, Lo JY. 2011.
Complete sequencing of pNDM-HK encoding NDM-1 carbapenemase from a multidrug-
resistant Escherichia coli strain isolated in Hong Kong. PLoS One 6:e17989.

Poirel L, Lagrutta E, Taylor P, Pham J, Nordmann P. 2010. Emergence of metallo-3-
lactamase NDM-1-producing multidrug-resistant Escherichia coli in Australia. Antimicrob
Agents Chemother 54:4914-4916.

Alekshun MN, Levy SB. 2007. Molecular mechanisms of antibacterial multidrug resistance.
Cell 128:1037-1050.

Mingeot-Leclercq MP, Glupczynski Y, Tulkens PM. 1999. Aminoglycosides: activity and
resistance. Antimicrob Agents Chemother 43:727-737.

Walish TR, Weeks J, Livermore DM, Toleman MA. 2011. Dissemination of NDM-1 positive
bacteria in the New Delhi environment and its implications for human health: an
environmental point prevalence study. Lancet Infect Dis 11:355-362.

Escobar PJA, Olarte ENM, Castro-Cardozo B, Valderrama MIA, Garzon AMI, Martinez dIBL,
Barrero BER, Marquez-Ortiz RA, Moncada GMV, Vanegas GN. 2013. Outbreak of NDM-1-
Producing Klebsiella pneumoniae in a Neonatal Unit in Colombia. Antimicrob Agents
Chemother 57:1957-1960.

Poirel L, Revathi G, Bernabeu S, Nordmann P. 2011. Detection of NDM-1-producing
Klebsiella pneumoniae in Kenya. Antimicrob Agents Chemother 55:934-936.

Chen Y, Zhou Z, Jiang Y, Yu Y. 2011. Emergence of NDM-1-producing Acinetobacter
baumannii in China. Antimicrob Agents Chemother 66:1255-1259.

Sole M, Pitart C, Roca |, Fabrega A, Salvador P, Munoz L, Oliveira |, Gascon J, Marco F, Vila
J. 2011. First description of an Escherichia coli strain producing NDM-1 carbapenemase in
Spain. Antimicrob Agents Chemother 55:4402-4404.

Bogaerts P, Bouchahrouf W, de CRR, Deplano A, Berhin C, Pierard D, Denis O, Glupczynski
Y. 2011. Emergence of NDM-1-producing Enterobacteriaceae in Belgium. Antimicrob
Agents Chemother 55:3036-3038.

Poirel L, Ros A, Carricajo A, Berthelot P, Pozzetto B, Bernabeu S, Nordmann P. 2011.
Extremely drug-resistant Citrobacter freundii isolate producing NDM-1 and other
carbapenemases identified in a patient returning from India. Antimicrob Agents Chemother
55:447-448.

Samuelsen O, Naseer U, Karah N, Lindemann PC, Kanestrom A, Leegaard TM, Sundsfjord
A. 2013. Identification of Enterobacteriaceae isolates with OXA-48 and coproduction of
OXA-181 and NDM-1 in Norway. J Antimicrob Chemother doi:10.1093/jac/dkt058.

Poirel L, Benouda A, Hays C, Nordmann P. 2011. Emergence of NDM-1-producing
Klebsiella pneumoniae in Morocco. J Antimicrob Chemother 66:2781-2783.

Bogaerts P, Rezende dCR, Roisin S, Deplano A, Huang TD, Hallin M, Denis O, Glupczynski
Y. 2012. Emergence of NDM-1-producing Acinetobacter baumannii in Belgium. J
Antimicrob Chemother 67:1552-1553.

Birgy A, Doit C, Mariani-Kurkdjian P, Genel N, Faye A, Arlet G, Bingen E. 2011. Early
detection of colonization by VIM-1-producing Klebsiella pneumoniae and NDM-1-producing
Escherichia coli in two children returning to France. J Clin Microbiol 49:3085-3087.

References 163



89.

90.

Hrabak J, Stolbova M, Studentova V, Fridrichova M, Chudackova E, Zemlickova H. 2012.
NDM-1 producing Acinetobacter baumannii isolated from a patient repatriated to the
Czech Republic from Egypt, July 2011. Euro Surveill 17.

Poirel L, Fortineau N, Nordmann P. 2011. International transfer of NDM-1-producing
Klebsiella pneumoniae from Iraq to France. Antimicrob Agents Chemother doi:AAC.01761-
10 [pii]

10.1128/AAC.01761-10.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

El-Herte RI, Araj GF, Matar GM, Baroud M, Kanafani ZA, Kanj SS. 2012. Detection of
carbapenem-resistant Escherichia coli and Klebsiella pneumoniae producing NDM-1 in
Lebanon. J Infect Dev Ctries 6:457-461.

Dortet L, Poirel L, Al YF, Nordmann P. 2012. NDM-1, OXA-48 and OXA-181
carbapenemase-producing Enterobacteriaceae in Sultanate of Oman. Clin Microbiol Infect
18:E144-148.

Baroud M, Dandache |, Araj GF, Wakim R, Kanj S, Kanafani Z, Khairallah M, Sabra A,
Shehab M, Dbaibo G, Matar GM. 2013. Underlying mechanisms of carbapenem resistance
in extended-spectrum beta-lactamase-producing Klebsiella pneumoniae and Escherichia
coli isolates at a tertiary care centre in Lebanon: role of OXA-48 and NDM-1
carbapenemases. Int J Antimicrob Agents 41:75-79.

McGann P, Hang J, Clifford RJ, Yang Y, Kwak YI, Kuschner RA, Lesho EP, Waterman PE.
2012. Complete sequence of a novel 178-kilobase plasmid carrying blanom-1 in @ Providencia
stuartii strain isolated in Afghanistan. Antimicrob Agents Chemother 56:1673-1679.

Kim MN, Yong D, An D, Chung HS, Woo JH, Lee K, Chong Y. 2012. Nosocomial clustering of
NDM-1-producing Klebsiella pneumoniae sequence type 340 strains in four patients at a
South Korean tertiary care hospital. J Clin Microbiol 50:1433-1436.

Chien JM, Koh TH, Chan KS, Chuah TH, Tan TT. 2012. Successful treatment of NDM-1
Klebsiella pneumoniae bacteraemia in a neutropenic patient. Scand J Infect Dis 44:312-314.
Denis C, Poirel L, Carricajo A, Grattard F, Fascia P, Verhoeven P, Gay P, Nuti C, Nordmann
P, Pozzetto B, Berthelot P. 2012. Nosocomial transmission of NDM-1-producing Escherichia
coli within a non-endemic area in France. Clin Microbiol Infect 18:£128-130.

Gaibani P, Ambretti S, Berlingeri A, Cordovana M, Farruggia P, Panico M, Landini MP,
Sambri V. 2011. Outbreak of NDM-1-producing Enterobacteriaceae in northern lItaly, July
to August 2011. Euro Surveill 16:20027.

Barantsevich EP, Churkina IV, Barantsevich NE, Pelkonen J, Schlyakhto EV, Woodford N.
2013. Emergence of Klebsiella pneumoniae producing NDM-1 carbapenemase in Saint
Petersburg, Russia. J Antimicrob Chemother doi:10.1093/jac/dks503.

Pasteran F, Albornoz E, Faccone D, Gomez S, Valenzuela C, Morales M, Estrada P,
Valenzuela L, Matheu J, Guerriero L, Arbizu E, Calderon Y, Ramon-Pardo P, Corso A. 2012.
Emergence of NDM-1-producing Klebsiella pneumoniae in Guatemala. J Antimicrob
Chemother 67:1795-1797.

Williamson DA, Sidjabat HE, Freeman JT, Roberts SA, Silvey A, Woodhouse R, Mowat E,
Dyet K, Paterson DL, Blackmore T, Burns A, Heffernan H. 2012. Identification and
molecular characterisation of New Delhi metallo-B-lactamase-1 (NDM-1)- and NDM-6-
producing Enterobacteriaceae from New Zealand hospitals. Int J Antimicrob Agents 39:529-
533.

Mochon AB, Garner OB, Hindler JA, Krogstad P, Ward KW, Lewinski MA, Rasheed JK,
Anderson KF, Limbago BM, Humphries RM. 2011. New Delhi metallo-B-lactamase (NDM-
1)-producing Klebsiella pneumoniae: case report and laboratory detection strategies. J Clin
Microbiol 49:1667-1670.

References 164



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Wang Y, Wu C, Zhang Q, Qi J, Liu H, Wang Y, He T, Ma L, Lai J, Shen Z, Liu Y, Shen J. 2012.
Identification of New Delhi metallo-B-lactamase 1 in Acinetobacter Iwoffii of food animal
origin. PLoS One 7:e37152.

Cabanes F, Lemant J, Picot S, Simac C, Cousty J, Jalin L, Naze F, Boisson V, Cresta MP,
Andre H, Thibault L, Tixier F, Winer A, Antok E, Michault A. 2012. Emergence of Klebsiella
pneumoniae and Salmonella metallo-B-lactamase (NDM-1) producers on reunion island. J
Clin Microbiol 50:3812.

Poirel L, Dortet L, Bernabeu S, Nordmann P. 2011. Genetic features of blanpm-1-Positive
Enterobacteriaceae. Antimicrob Agents Chemother 55:5403-5407.

Poirel L, Al Maskari Z, Al Rashdi F, Bernabeu S, Nordmann P. 2011. NDM-1-producing
Klebsiella pneumoniae isolated in the Sultanate of Oman. J Antimicrob Chemother 66:304-
306.

Darley E, Weeks J, Jones L, Daniels V, Wootton M, MacGowan A, Walsh T. 2012. NDM-1
polymicrobial infections including Vibrio cholerae. Lancet 380:1358.

D'Andrea MM, Venturelli C, Giani T, Arena F, Conte V, Bresciani P, Rumpianesi F, Pantosti
A, Narni F, Rossolini GM. 2011. Persistent carriage and infection by multidrug-resistant
Escherichia coli ST405 producing NDM-1 carbapenemase: report on the first Italian cases. J
Clin Microbiol 49:2755-2758.

Samuelsen O, Thilesen CM, Heggelund L, Vada AN, Kummel A, Sundsfjord A. 2011.
Identification of NDM-1-producing Enterobacteriaceae in Norway. J Antimicrob Chemother
66:670-672.

Oteo J, Domingo-Garcia D, Fernandez-Romero S, Saez D, Guiu A, Cuevas O, Lopez-Brea M,
Campos J. 2012. Abdominal abscess due to NDM-1-producing Klebsiella pneumoniae in
Spain. J Med Microbiol 61:864-867.

Peirano G, Ahmed-Bentley J, Woodford N, Pitout JD. 2011. New Delhi metallo-B-
lactamase from traveler returning to Canada. Emerg Infect Dis 17:242-244.

Ahmed-Bentley J, Chandran AU, Joffe AM, French D, Peirano G, Pitout JD. 2013. Gram-
negative bacteria that produce carbapenemases causing death attributed to recent foreign
hospitalization. Antimicrob Agents Chemother 57:3085-3091.

Pfeifer Y, Witte W, Holfelder M, Busch J, Nordmann P, Poirel L. 2011. NDM-1-producing
Escherichia coli in Germany. Antimicrob Agents Chemother 55:1318-1319.

Tsang KY, Luk S, Lo JY, Tsang TY, Lai ST, Ng TK. 2012. Hong Kong experiences the 'Ultimate
superbug': NDM-1 Enterobacteriaceae. Hong Kong Med J 18:439-441.

Nakazawa Y, li R, Tamura T, Hoshina T, Tamura K, Kawano S, Kato T, Sato F, Horino T,
Yoshida M, Hori S, Sanui M, Ishii Y, Tateda K. 2012. A case of NDM-1-producing
Acinetobacter baumannii transferred from India to Japan. J Infect Chemother
d0i:10.1007/s10156-012-0469-5.

Peirano G, Schreckenberger PC, Pitout JD. 2011. Characteristics of NDM-1-producing
Escherichia coli isolates that belong to the successful and virulent clone ST131. Antimicrob
Agents Chemother 55:2986-2988.

Poirel L, Schrenzel J, Cherkaoui A, Bernabeu S, Renzi G, Nordmann P. 2011. Molecular
analysis of NDM-1-producing enterobacterial isolates from Geneva, Switzerland. J
Antimicrob Chemother 66:1730-1733.

Chan HL, Poon LM, Chan SG, Teo JW. 2011. The perils of medical tourism: NDM-1-positive
Escherichia coli causing febrile neutropenia in a medical tourist. Singapore Med J 52:299-
302.

Nielsen JB, Hansen F, Littauer P, Schonning K, Hammerum AM. 2012. An NDM-1-
producing Escherichia coli obtained in Denmark has a genetic profile similar to an NDM-1-
producing E. coli isolate from the UK. J Antimicrob Chemother 67:2049-2051.

References 165



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Papagiannitsis CC, Studentova V, Chudackova E, Bergerova T, Hrabak J, Radej J, Novak I.
2013. Identification of a New Delhi metallo-B-lactamase-4 (NDM-4)-producing Enterobacter
cloacae from a Czech patient previously hospitalized in Sri Lanka. Folia Microbiol 58:547-
549.

Halaby T, Reuland AE, Al NN, Potron A, Savelkoul PH, Vandenbroucke-Grauls CM,
Nordmann P. 2012. A case of New Delhi metallo-B-lactamase 1 (NDM-1)-producing
Klebsiella pneumoniae with putative secondary transmission from the Balkan region in the
Netherlands. Antimicrob Agents Chemother 56:2790-2791.

Flateau C, Janvier F, Delacour H, Males S, Ficko C, Andriamanantena D, Jeannot K, Merens
A, Rapp C. 2012. Recurrent pyelonephritis due to NDM-1 metallo-B-lactamase producing
Pseudomonas aeruginosa in a patient returning from Serbia, France, 2012. Euro Surveill 17.
Mazzariol A, Bosnjak Z, Ballarini P, Budimir A, Bedenic B, Kalenic S, Cornaglia G. 2012.
NDM-1-producing Klebsiella pneumoniae, Croatia. Emerg Infect Dis 18:532-534.

Poirel L, Ozdamar M, Ocampo-Sosa AA, Turkoglu S, Ozer UG, Nordmann P. 2012. NDM-1-
producing Klebsiella pneumoniae now in Turkey. Antimicrob Agents Chemother 56:2784-
2785.

Chen YT, Lin AC, Siu LK, Koh TH. 2012. Sequence of closely related plasmids encoding
blanow-1 in two unrelated Klebsiella pneumoniae isolates in Singapore. PLoS One 7:e48737.
Roy S, Singh AK, Viswanathan R, Nandy RK, Basu S. 2011. Transmission of imipenem
resistance determinants during the course of an outbreak of NDM-1 Escherichia coli in a
sick newborn care unit. J Antimicrob Chemother 66:2773-2780.

Castanheira M, Deshpande LM, Farrell SE, Shetye S, Shah N, Jones RN. 2013. Update on
the prevalence and genetic characterization of NDM-1-producing Enterobacteriaceae in
Indian hospitals during 2010. Diagn Microbiol Infect Dis 75:210-213.

Hidalgo L, Hopkins KL, Gutierrez B, Ovejero CM, Shukla S, Douthwaite S, Prasad KN,
Woodford N, Gonzalez-Zorn B. 2013. Association of the novel aminoglycoside resistance
determinant RmtF with NDM carbapenemase in Enterobacteriaceae isolated in India and
the UK. J Antimicrob Chemother 68:1543-1550.

Islam MA, Talukdar PK, Hoque A, Huq M, Nabi A, Ahmed D, Talukder KA, Pietroni MA,
Hays JP, Cravioto A, Endtz HP. 2012. Emergence of multidrug-resistant NDM-1-producing
Gram-negative bacteria in Bangladesh. Eur J Clin Microbiol Infect Dis 31:2593-2600.

Yang J, Chen Y, Jia X, Luo Y, Song Q, Zhao W, Wang Y, Liu H, Zheng D, Xia Y, Yu R, Han X,
Jiang G, Zhou Y, Zhou W, Hu X, Liang L, Han L. 2012. Dissemination and characterization of
NDM-1-producing Acinetobacter pittii in an intensive care unit in China. Clin Microbiol
Infect 18:E506-513.

Poirel L, Herve V, Hombrouck-Alet C, Nordmann P. 2011. Long-term carriage of NDM-1-
producing Escherichia coli. J Antimicrob Chemother 66:2185-2186.

Yamamoto T, Takano T, Iwao Y, Hishinuma A. 2011. Emergence of NDM-1-positive
capsulated Escherichia coli with high resistance to serum killing in Japan. J Infect
Chemother 17:435-439.

Sidjabat H, Nimmo GR, Walsh TR, Binotto E, Htin A, Hayashi Y, Li J, Nation RL, George N,
Paterson DL. 2011. Carbapenem resistance in Klebsiella pneumoniae due to the New Delhi
Metallo-beta-lactamase. Clin Infect Dis 52:481-484.

Hammerum AM, Larsen AR, Hansen F, Justesen US, Friis-Moller A, Lemming LE, Fuursted
K, Littauer P, Schonning K, Gahrn-Hansen B, Ellermann-Eriksen S, Kristensen B. 2012.
Patients transferred from Libya to Denmark carried OXA-48-producing Klebsiella
pneumoniae, NDM-1-producing Acinetobacter baumannii and meticillin-resistant
Staphylococcus aureus. Int J Antimicrob Agents 40:191-192.

References 166



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

McDermott H, Morris D, McArdle E, O'Mahony G, Kelly S, Cormican M, Cunney R. 2012.
Isolation of NDM-1-producing Klebsiella pnemoniae in Ireland, July 2011. Euro Surveill 17.
Nordmann P, Couard JP, Sansot D, Poirel L. 2012. Emergence of an autochthonous and
community-acquired NDM-1-producing Klebsiella pneumoniae in Europe. Clin Infect Dis
54:150-151.

Murali S, Jambulingam M, Tiru V, Kulanthai LT, Rajagopal R, Padmanaban P, Madhavan
HN. 2012. A study on isolation rate and prevalence of drug resistance among
microorganisms isolated from multiorgan donor and donor corneal rim along with a report
on existence of bla NDM-1 among Indian population. Curr Eye Res 37:195-203.

Zong Z, Zhang X. 2013. blanpm-1-carrying Acinetobacter johnsonii detected in hospital
sewage. ] Antimicrob Chemother 68:1007-1010.

Isozumi R, Yoshimatsu K, Yamashiro T, Hasebe F, Nguyen BM, Ngo TC, Yasuda SP, Koma
T, Shimizu K, Arikawa J. 2012. blanpm-1-positive Klebsiella pneumoniae from environment,
Vietnam. Emerg Infect DIs 18:1383-1385.

Roy S, Viswanathan R, Singh AK, Das P, Basu S. 2011. Sepsis in neonates due to imipenem-
resistant Klebsiella pneumoniae producing NDM-1 in India. J Antimicrob Chemother
66:1411-1413.

Kumarasamy K, Kalyanasundaram A. 2012. Emergence of Klebsiella pneumoniae isolate
co-producing NDM-1 with KPC-2 from India. J Antimicrob Chemother 67:243-244.

Seema K, Ranjan SM, Upadhyay S, Bhattacharjee A. 2011. Dissemination of the New Delhi
metallo-B-lactamase-1 (NDM-1) among Enterobacteriaceae in a tertiary referral hospital in
north India. J Antimicrob Chemother 66:1646-1647.

Castanheira M, Deshpande LM, Mathai D, Bell JM, Jones RN, Mendes RE. 2011. Early
Dissemination of NDM-1- and OXA-181-Producing Enterobacteriaceae in Indian Hospitals:
Report from the SENTRY Antimicrobial Surveillance Program, 2006-2007. Antimicrob
Agents Chemother 55:1274-1278.

Lascols C, Hackel M, Marshall SH, Hujer AM, Bouchillon S, Badal R, Hoban D, Bonomo RA.
2011. Increasing prevalence and dissemination of NDM-1 metallo-B-lactamase in India:
data from the SMART study (2009). J Antimicrob Chemother 66:1992-1997.

Sarma JB, Bhattacharya PK, Kalita D, Rajbangshi M. 2011. Multidrug-resistant
Enterobacteriaceae including metallo-B-lactamase producers are predominant pathogens
of healthcare-associated infections in an Indian teaching hospital. Indian J Med Microbiol
29:22-27.

Bharadwaj R, Joshi S, Dohe V, Gaikwad V, Kulkarni G, Shouche Y. 2012. Prevalence of New
Delhi metallo-B-lactamase (NDM-1)-positive bacteria in a tertiary care centre in Pune,
India. Int J Antimicrob Agents 39:265-266.

Janvier F, Jeannot K, Tesse S, Robert-Nicoud M, Delacour H, Rapp C, Merens A. 2013.
Molecular characterization of blanom-1 in a sequence type 235 Pseudomonas aeruginosa
isolate from France. Antimicrob Agents Chemother 57:3408-3411.

Perry JD, Naqvi SH, Mirza IA, Alizai SA, Hussain A, Ghirardi S, Orenga S, Wilkinson K,
Woodford N, Zhang J, Livermore DM, Abbasi SA, Raza MW. 2011. Prevalence of faecal
carriage of Enterobacteriaceae with NDM-1 carbapenemase at military hospitals in
Pakistan, and evaluation of two chromogenic media. J Antimicrob Chemother 66:2288-
2294,

Islam MA, Huq M, Nabi A, Talukdar PK, Ahmed D, Talukder KA, Cravioto A, Endtz HP.
2013. Occurrence and characterization of multidrug-resistant New Delhi metallo-B-
lactamase-1-producing bacteria isolated between 2003 and 2010 in Bangladesh. J Med
Microbiol 62:62-68.

References 167



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Ho PL, Li Z, Lai EL, Chiu SS, Cheng VC. 2012. Emergence of NDM-1-producing
Enterobacteriaceae in China. J Antimicrob Chemother 67:1553-1555.

Zhou Z, Guan R, Yang Y, Chen L, Fu J, Deng Q, Xie Y, Huang Y, Wang J, Wang D, Liao C,
Gong S, Xia H. 2012. Identification of New Delhi metallo-B-lactamase gene (NDM-1) from a
clinical isolate of Acinetobacter junii in China. Can J Microbiol 58:112-115.

Jovcic B, Lepsanovic Z, Suljagic V, Rackov G, Begovic J, Topisirovic L, Kojic M. 2011.
Emergence of NDM-1 metallo-B-lactamase in Pseudomonas aeruginosa clinical isolates
from Serbia. Antimicrob Agents Chemother 55:3929-3931.

Mirovic V, Tomanovic B, Lepsanovic Z, Jovcic B, Kojic M. 2012. Isolation of Klebsiella
pneumoniae producing NDM-1 metallo-B-lactamase from the urine of an outpatient baby
boy receiving antibiotic prophylaxis. Antimicrob Agents Chemother 56:6062-6063.

Rimrang B, Chanawong A, Lulitanond A, Wilailuckana C, Charoensri N, Sribenjalux P,
Phumsrikaew W, Wonglakorn L, Kerdsin A, Chetchotisakd P. 2012. Emergence of NDM-1-
and IMP-14a-producing Enterobacteriaceae in Thailand. J Antimicrob Chemother 67:2626-
2630.

Boulanger A, Naas T, Fortineau N, Figueiredo S, Nordmann P. 2012. NDM-1-producing
Acinetobacter baumannii from Algeria. Antimicrob Agents Chemother 56:2214-2215.
Carvalho-Assef AP, Pereira PS, Albano RM, Beriao GC, Chagas TP, Timm LN, Da Silva RC,
Falci DR, Asensi MD. 2013. Isolation of NDM-producing Providencia rettgeri in Brazil. )
Antimicrob Chemother 68:2956-2957.

Dortet L, Poirel L, Anguel N, Nordmann P. 2012. New Delhi metallo-B-lactamase 4-
producing Escherichia coli in Cameroon. Emerg Infect Dis 18:1540-1542.

Yamamoto T, Takano T, Fusegawa T, Shibuya T, Hung WC, Higuchi W, Iwao Y, Khokhlova
O, Reva I. 2013. Electron microscopic structures, serum resistance, and plasmid
restructuring of New Delhi metallo-B-lactamase-1 (NDM-1)-producing ST42 Klebsiella
pneumoniae emerging in Japan. J Infect Chemother 19:118-127.

Poirel L, Lascols C, Bernabeu S, Nordmann P. 2012. NDM-1-producing Klebsiella
pneumoniae in Mauritius. Antimicrob Agents Chemother 56:598-599.

Brink AJ, Coetzee J, Clay CG, Sithole S, Richards GA, Poirel L, Nordmann P. 2012.
Emergence of New Delhi metallo-B-lactamase (NDM-1) and Klebsiella pneumoniae
carbapenemase (KPC-2) in South Africa. J Clin Microbiol 50:525-527.

Leski T, Vora GJ, Taitt CR. 2012. Multidrug resistance determinants from NDM-1-producing
Klebsiella pneumoniae in the USA. Int J Antimicrob Agents 40:282-284.

Giske CG, Froding I, Hasan CM, Turlej-Rogacka A, Toleman M, Livermore D, Woodford N,
Walsh TR. 2012. Diverse sequence types of Klebsiella pneumoniae contribute to the
dissemination of blanom-1 in India, Sweden, and the United Kingdom. Antimicrob Agents
Chemother 56:2735-2738.

Mushtaq S, Irfan S, Sarma JB, Doumith M, Pike R, Pitout J, Livermore DM, Woodford N.
2011. Phylogenetic diversity of Escherichia coli strains producing NDM-type
carbapenemases. ] Antimicrob Chemother 66:2002-2005.

Totsika M, Beatson SA, Sarkar S, Phan MD, Petty NK, Bachmann N, Szubert M, Sidjabat
HE, Paterson DL, Upton M, Schembri MA. 2011. Insights into a multidrug resistant
Escherichia coli pathogen of the globally disseminated ST131 lineage: genome analysis and
virulence mechanisms. PLoS One 6:e26578.

Lai CC, Lin TL, Tseng SP, Huang YT, Wang JT, Chang SC, Teng LJ, Wang JT, Hsueh PR. 2011.
Pelvic abscess caused by New Delhi metallo-B-lactamase-1-producing Klebsiella oxytoca in
Taiwan in a patient who underwent renal transplantation in China. Diagn Microbiol Infect
Dis 71:474-475.

References 168



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Bogaerts P, Huang TD, Rezende de Castro R, Bouchahrouf W, Glupczynski Y. 2013. Could
Acinetobacter pittii act as an NDM-1 reservoir for Enterobacteriaceae? J Antimicrob
Chemother 68:2414-2415.

Maatallah M, Cheriaa J, Backhrouf A, Iversen A, Grundmann H, Do T, Lanotte P, Mastouri
M, Elghmati MS, Rojo F, Mejdi S, Giske CG. 2011. Population structure of Pseudomonas
aeruginosa from five Mediterranean countries: evidence for frequent recombination and
epidemic occurrence of CC235. PLoS One 6:e25617.

Zhang C, Qiu S, Wang Y, Qi L, Hao R, Liu X, Shi Y, Hu X, An D, Li Z, Li P, Wang L, Cui J, Wang
P, Huang L, Klena JD, Song H. 2014. Higher isolation of NDM-1 producing Acinetobacter
baumannii from the sewage of the hospitals in Beijing. PLoS One 8:64857.

Libisch B, Poirel L, Lepsanovic Z, Mirovic V, Balogh B, Paszti J, Hunyadi Z, Dobak A, Fuzi M,
Nordmann P. 2008. Identification of PER-1 extended-spectrum p-lactamase producing
Pseudomonas aeruginosa clinical isolates of the international clonal complex CC11 from
Hungary and Serbia. FEMS Immunol Med Microbiol 54:330-338.

Lanka E, Barth PT. 1981. Plasmid RP4 specifies a deoxyribonucleic acid primase involved in
its conjugal transfer and maintenance. J Bacteriol 148:769-781.

Dolejska M, Villa L, Poirel L, Nordmann P, Carattoli A. 2013. Complete sequencing of an
IncHI1 plasmid encoding the carbapenemase NDM-1, the ArmA 16S RNA methylase and a
resistance-nodulation-cell division/multidrug efflux pump. J Antimicrob Chemother 68:34-
39.

Han SH, Kim YA, Wang M, Lee Y, Chung HS, Yum JH, Yong D, Lee K, Kim JM. 2012.
Comparison of the genetic structures surrounding gnrA1 in Korean Enterobacter cloacae
and Chinese Escherichia coli strains isolated in the early 2000s: evidence for gnrA
mobilization via Inc HI2 type plasmid. J Microbiol 50:166-169.

Chatfield LK, Orr E, Boulnois GJ, Wilkins BM. 1982. DNA primase of plasmid Collb is
involved in conjugal DnA synthesis in donor and recipient bacteria. J Bacteriol 152:1188-
1195.

Garcillan-Barcia MP, Alvarado A, de ICF. 2011. Identification of bacterial plasmids based
on mobility and plasmid population biology. FEMS Microbiol Rev 35:936-956.

Carattoli A, Villa L, Poirel L, Bonnin RA, Nordmann P. 2012. Evolution of IncA/C blacmy-2-
carrying plasmids by acquisition of the blanom-1 carbapenemase gene. Antimicrob Agents
Chemother 56:783-786.

Chihara S, Okuzumi K, Yamamoto Y, Oikawa S, Hishinuma A. 2011. First case of New Delhi
metallo-B-lactamase 1-producing Escherichia coli infection in Japan. Clin Infect Dis 52:153-
154.

Sekizuka T, Matsui M, Yamane K, Takeuchi F, Ohnishi M, Hishinuma A, Arakawa Y,
Kuroda M. 2011. Complete sequencing of the blanpwm-1-positive IncA/C plasmid from
Escherichia coli ST38 isolate suggests a possible origin from plant pathogens. PLoS One
6:225334,

Bonnin RA, Poirel L, Naas T, Pirs M, Seme K, Schrenzel J, Nordmann P. 2012.
Dissemination of New Delhi metallo-B-lactamase-1-producing Acinetobacter baumannii in
Europe. Clin Microbiol Infect 18:E362-365.

Tijet N, Alexander DC, Richardson D, Lastovetska O, Low DE, Patel SN, Melano RG. 2011.
New Delhi metallo-B-lactamase, Ontario, Canada. Emerg Infect Dis 17:306-307.

Peirano G, Pillai DR, Pitondo-Silva A, Richardson D, Pitout JD. 2011. The characteristics of
NDM-producing Klebsiella pneumoniae from Canada. Diagn Microbiol Infect Dis 71:106-
109.

References 169



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Poirel L, Bonnin RA, Nordmann P. 2011. Analysis of the resistome of a multidrug-resistant
NDM-1-producing Escherichia coli strain by high-throughput genome sequencing.
Antimicrob Agents Chemother 55:4224-4229.

Bonnin RA, Poirel L, Carattoli A, Nordmann P. 2012. Characterization of an IncFll plasmid
encoding NDM-1 from Escherichia coli ST131. PLoS One 7:e34752.

Villa L, Poirel L, Nordmann P, Carta C, Carattoli A. 2012. Complete sequencing of an IncH
plasmid carrying the blanom-1, blactx-m-1s and gnrB1 genes. J Antimicrob Chemother
67:1645-1650.

Poirel L, Bonnin RA, Boulanger A, Schrenzel J, Kaase M, Nordmann P. 2012. Tn125-related
acquisition of blanpm-like genes in Acinetobacter baumannii. Antimicrob Agents Chemother
56:1087-1089.

Dortet L, Nordmann P, Poirel L. 2012. Association of the emerging carbapenemase NDM-1
with a bleomycin resistance protein in Enterobacteriaceae and Acinetobacter baumannii.
Antimicrob Agents Chemother 56:1693-1697.

Nordmann P, Boulanger AE, Poirel L. 2012. NDM-4 metallo-B-lactamase with increased
carbapenemase activity from Escherichia coli. Antimicrob Agents Chemother 56:2184-
2186.

Tada T, Miyoshi-Akiyama T, Dahal RK, Sah MK, Ohara H, Kirikae T, Pokhrel BM. 2013.
NDM-8 Metallo-B-Lactamase in a Multidrug-Resistant Escherichia coli Strain lIsolated in
Nepal. Antimicrob Agents Chemother doi:10.1128/AAC.02553-12.

Kaase M, Nordmann P, Wichelhaus TA, Gatermann SG, Bonnin RA, Poirel L. 2011. NDM-2
carbapenemase in Acinetobacter baumannii from Egypt. J Antimicrob Chemother 66:1260-
1262.

Rogers BA, Sidjabat HE, Silvey A, Anderson TL, Perera S, Li J, Paterson DL. 2013.
Treatment options for New Delhi metallo-B-lactamase-harboring Enterobacteriaceae.
Microb Drug Resist 19:100-103.

Hornsey M, Phee L, Wareham DW. 2011. A novel variant, NDM-5, of the New Delhi
metallo-beta-lactamase in a multidrug-resistant Escherichia coli ST648 isolate recovered
from a patient in the United Kingdom. Antimicrob Agents Chemother 55:5952-5954.
Espedido BA, Steen JA, Ziochos H, Grimmond SM, Cooper MA, Gosbell IB, van Hal SJ,
Jensen SO. 2013. Whole genome sequence analysis of the first Australian OXA-48-
producing outbreak-associated Klebsiella pneumoniae isolates: the resistome and in vivo
evolution. PLoS One 8:€59920.

Tenaillon O, Skurnik D, Picard B, Denamur E. 2010. The population genetics of commensal
Escherichia coli. Nat Rev Microbiol 8:207-217.

Hayden MK, Lin MY, Lolans K, Weiner S, Blom D, Moore NM, Fogg L, Henry D, Lyles R,
Thurlow C, Sikka M, Hines D, Weinstein RA, Centers for Disease C, Prevention Epicenters
P. 2015. Prevention of colonization and infection by Klebsiella pneumoniae
carbapenemase-producing enterobacteriaceae in long-term acute-care hospitals. Clin
Infect Dis 60:1153-1161.

Ebrahimi F, Mozes J, Meszaros J, Juhasz A, Majoros L, Szarka K, Kardos G. 2016.
Asymptomatic faecal carriage of ESBL producing enterobacteriaceae in Hungarian healthy
individuals and in long-term care applicants: A shift towards CTX-M producers in the
community. Infect Dis (Lond) doi:10.3109/23744235.2016.1155734:1-3.

Walsh TR, Toleman MA. 2012. The emergence of pan-resistant Gram-negative pathogens
merits a rapid global political response. J Antimicrob Chemother 67:1-3.

Nordmann P, Poirel L, Dortet L. 2012. Rapid detection of carbapenemase-producing
Enterobacteriaceae. Emerg Infect Dis 18:1503-1507.

References 170



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

Garonzik SM, Li J, Thamlikitkul V, Paterson DL, Shoham S, Jacob J, Silveira FP, Forrest A,
Nation RL. 2011. Population pharmacokinetics of colistin methanesulfonate and formed
colistin in critically ill patients from a multicenter study provide dosing suggestions for
various categories of patients. Antimicrob Agents Chemother 55:3284-3294.

Liu YY, Wang Y, Walsh TR, Yi LX, Zhang R, Spencer J, Doi Y, Tian G, Dong B, Huang X, Yu LF,
Gu D, Ren H, Chen X, Lv L, He D, Zhou H, Liang Z, Liu JH, Shen J. 2015. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in
China: a microbiological and molecular biological study. Lancet Infect Dis
d0i:10.1016/51473-3099(15)00424-7.

Nordmann P, Poirel L, Walsh TR, Livermore DM. 2011. The emerging NDM
carbapenemases. Trends Microbiol 19:588-595.

Jones LS, Toleman MA, Weeks JL, Howe RA, Walsh TR, Kumarasamy KK. 2014. Plasmid
carriage of blanpm-1 in clinical Acinetobacter baumannii isolates from India. Antimicrob
Agents Chemother 58:4211-4213.

Hudson CM, Bent ZW, Meagher RJ, Williams KP. 2014. Resistance determinants and
mobile genetic elements of an NDM-1-encoding Klebsiella pneumoniae strain. PLoS One
9:2992009.

Hishinuma A, Yoshida A, Suzuki H, Okuzumi K, Ishida T. 2013. Complete sequencing of an
IncFlIl NDM-1 plasmid in Klebsiella pneumoniae shows structural features shared with other
multidrug resistance plasmids. J Antimicrob Chemother 68:2415-2417.

Chen CJ, Wu TL, Lu PL, Chen YT, Fung CP, Chuang YC, Lin JC, Siu LK. 2014. Closely related
NDM-1-encoding plasmids from Escherichia coli and Klebsiella pneumoniae in Taiwan. PLoS
One 9:104899.

Wang X, Xu X, Li Z, Chen H, Wang Q, Yang P, Zhao C, Ni M, Wang H. 2014. An outbreak of
a nosocomial NDM-1-producing Klebsiella pneumoniae ST147 at a teaching hospital in
mainland China. Microb Drug Resist 20:144-149.

Partridge SR, Iredell JR. 2012. Genetic contexts of blanpm-1. Antimicrob Agents Chemother
56:6065-6067.

Sartor AL, Raza MW, Abbasi SA, Day KM, Perry JD, Paterson DL, Sidjabat HE. 2014.
Molecular epidemiology of NDM-1-producing Enterobacteriaceae and Acinetobacter
baumannii isolates from Pakistan. Antimicrob Agents Chemother 58:5589-5593.

Jacoby GA, Han P. 1996. Detection of extended-spectrum B-lactamases in clinical isolates
of Klebsiella pneumoniae and Escherichia coli. ) Clin Microbiol 34:908-911.

Zong Z, Zhang X. 2013. blanpm-1-carrying Acinetobacter johnsonii detected in hospital
sewage. ] Antimicrob Chemother 68:1007-1010.

Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, Aarestrup FM,
Larsen MV. 2012. Identification of acquired antimicrobial resistance genes. J Antimicrob
Chemother 67:2640-2644.

Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa L, Moller
Aarestrup F, Hasman H. 2014. In silico detection and typing of plasmids using
PlasmidFinder and plasmid multilocus sequence typing. Antimicrob Agents Chemother
58:3895-3903.

Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H, Marvig RL, Jelsbak L, Sicheritz-
Ponten T, Ussery DW, Aarestrup FM, Lund O. 2012. Multilocus sequence typing of total-
genome-sequenced bacteria. J Clin Microbiol 50:1355-1361.

Kampfer P, Glaeser SP, Raza MW, Abbasi SA, Perry JD. 2014. Pseudocitrobacter gen. nov.,
a novel genus of the Enterobacteriaceae with two new species Pseudocitrobacter faecalis
sp. nov., and Pseudocitrobacter anthropi sp. nov, isolated from fecal samples from
hospitalized patients in Pakistan. Syst Appl Microbiol 37:17-22.

References 171



213.

214,

215.

216.

217.

218.

2109.

220.

221.

222.

223.

224,

225.

226.

227.

228.

Jolley KA, Maiden MC. 2010. BIGSdb: Scalable analysis of bacterial genome variation at the
population level. BMC Bioinformatics 11:595.

Hu H, Hu Y, Pan Y, Liang H, Wang H, Wang X, Hao Q, Yang X, Yang X, Xiao X, Luan C, Yang
Y, Cui Y, Yang R, Gao GF, Song Y, Zhu B. 2012. Novel plasmid and its variant harboring both
a blanom-1 gene and type IV secretion system in clinical isolates of Acinetobacter Iwoffii.
Antimicrob Agents Chemother 56:1698-1702.

Wang X, Zhang Z, Hao Q, Wu J, Xiao J, Jing H. 2014. Complete Genome Sequence of
Acinetobacter baumannii ZW85-1. Genome Announc 2.

Sidjabat HE, Silveira FP, Potoski BA, Abu-Elmagd KM, Adams-Haduch JM, Paterson DL,
Doi Y. 2009. Interspecies spread of Klebsiella pneumoniae carbapenemase gene in a single
patient. Clin Infect Dis 49:1736-1738.

Bartual SG, Seifert H, Hippler C, Luzon MA, Wisplinghoff H, Rodriguez-Valera F. 2005.
Development of a multilocus sequence typing scheme for characterization of clinical
isolates of Acinetobacter baumannii. ) Clin Microbiol 43:4382-4390.

Diancourt L, Passet V, Verhoef J, Grimont PA, Brisse S. 2005. Multilocus sequence typing
of Klebsiella pneumoniae nosocomial isolates. J Clin Microbiol 43:4178-4182.

Tian GB, Huang YM, Fang ZL, Qing Y, Zhang XF, Huang X. 2014. CTX-M-137, a hybrid of
CTX-M-14-like and CTX-M-15-like B-lactamases identified in an Escherichia coli clinical
isolate. J Antimicrob Chemother 69:2081-2085.

Timofte D, Maciuca IE, Evans NJ, Williams H, Wattret A, Fick JC, Williams NJ. 2014.
Detection and molecular characterization of Escherichia coli CTX-M-15 and Klebsiella
pneumoniae SHV-12 B-lactamases from bovine mastitis isolates in the United Kingdom.
Antimicrob Agents Chemother 58:789-794.

Mata C, Navarro F, Miro E, Walsh TR, Mirelis B, Toleman M. 2011. Prevalence of
SXT/R391-like integrative and conjugative elements carrying blacmy-2 in Proteus mirabilis. )
Antimicrob Chemother 66:2266-2270.

Johnson TJ, Bielak EM, Fortini D, Hansen LH, Hasman H, Debroy C, Nolan LK, Carattoli A.
2012. Expansion of the IncX plasmid family for improved identification and typing of novel
plasmids in drug-resistant Enterobacteriaceae. Plasmid 68:43-50.

Villa L, Garcia-Fernandez A, Fortini D, Carattoli A. 2010. Replicon sequence typing of IncF
plasmids carrying virulence and resistance determinants. J Antimicrob Chemother 65:2518-
2529.

Netikul T, Sidjabat HE, Paterson DL, Kamolvit W, Tantisiriwat W, Steen JA, Kiratisin P.
2014. Characterization of an IncN2-type blanpwm-1-carrying plasmid in Escherichia coli ST131
and Klebsiella pneumoniae ST11 and ST15 isolates in Thailand. J Antimicrob Chemother
69:3161-3163.

Huang TW, Wang JT, Lauderdale TL, Liao TL, Lai JF, Tan MC, Lin AC, Chen YT, Tsai SF,
Chang SC. 2013. Complete sequences of two plasmids in a blanom-1-positive Klebsiella
oxytoca isolate from Taiwan. Antimicrob Agents Chemother 57:4072-4076.

Shoma S, Kamruzzaman M, Ginn AN, Iredell JR, Partridge SR. 2014. Characterization of
multidrug-resistant Klebsiella pneumoniae from Australia carrying blanom-1. Diagn Microbiol
Infect Dis 78:93-97.

Espedido BA, Dimitrijovski B, van Hal SJ, Jensen SO. 2015. The use of whole-genome
sequencing for molecular epidemiology and antimicrobial surveillance: identifying the role
of IncX3 plasmids and the spread of blaNDM-4-like genes in the Enterobacteriaceae. J Clin
Pathol doi:10.1136/jclinpath-2015-203044.

EUCAST Breakpoint tables for interpretation of MICs and zone diameters. Available at:
http://www.eucast.org/clinical_breakpoints/.

References 172


http://www.eucast.org/clinical_breakpoints/

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242,

243,

Day KM, Salman M, Kazi B, Sidjabat HE, Silvey A, Lanyon CV, Cummings SP, Ali MN, Raza
MW, Paterson DL, Perry JD. 2013. Prevalence of NDM-1 carbapenemase in patients with
diarrhoea in Pakistan and evaluation of two chromogenic culture media. J Appl Microbiol
114:1810-1816.

Qin S, FuY, Zhang Q, Qi H, Wen JG, Xu H, Xu L, Zeng L, Tian H, Rong L, Li Y, Shan L, Xu H,
Yu Y, Feng X, Liu HM. 2014. High incidence and endemic spread of NDM-1-positive
Enterobacteriaceae in Henan Province, China. Antimicrob Agents Chemother 58:4275-
4282.

Nordmann P, Poirel L, Toleman MA, Walsh TR. 2011. Does broad-spectrum B-lactam
resistance due to NDM-1 herald the end of the antibiotic era for treatment of infections
caused by Gram-negative bacteria? J Antimicrob Chemother 66:689-692.

Sidjabat HE, Townell N, Nimmo GR, George NM, Robson J, Vohra R, Davis L, Heney C,
Paterson DL. 2015. Dominance of IMP-4-producing enterobacter cloacae among
carbapenemase-producing Enterobacteriaceae in Australia. Antimicrob Agents Chemother
59:4059-4066.

Wailan AM, Paterson DL, Caffery M, Sowden D, Sidjabat HE. 2015. Draft Genome
Sequence of NDM-5-Producing Escherichia coli Sequence Type 648 and Genetic Context of
blaNDM-5 in Australia. Genome Announc 3.

Chen Z, Li H, Feng J, Li Y, Chen X, Guo X, Chen W, Wang L, Lin L, Yang H, Yang W, Wang J,
Zhou D, Liu C, Yin Z. 2015. NDM-1 encoded by a pNDM-BJO1-like plasmid p3SP-NDM in
clinical Enterobacter aerogenes. Front Microbiol 6:294.

Fiett J, Baraniak A, lzdebski R, Sitkiewicz |, Zabicka D, Meler A, Filczak K, Hryniewicz W,
Gniadkowski M. 2014. The first NDM metallo-B-lactamase-producing Enterobacteriaceae
isolate in Poland: evolution of IncFll-type plasmids carrying the blanpm-1 gene. Antimicrob
Agents Chemother 58:1203-1207.

Krishnaraju M, Kamatchi C, Jha AK, Devasena N, Vennila R, Sumathi G, Vaidyanathan R.
2015. Complete sequencing of an IncX3 plasmid carrying blanom-s allele reveals an early
stage in the dissemination of the blanom gene. Indian J Med Microbiol 33:30-38.

Doi Y, Hazen TH, Boitano M, Tsai YC, Clark TA, Korlach J, Rasko DA. 2014. Whole-genome
assembly of Klebsiella pneumoniae coproducing NDM-1 and OXA-232 carbapenemases
using single-molecule, real-time sequencing. Antimicrob Agents Chemother 58:5947-5953.

Ho PL, Li Z, Lo WU, Cheung YY, Lin CH, Sham PC, Cheng VC, Ng TK, Que TL, Chow KH. 2012.
Identification and characterization of a novel incompatibility group X3 plasmid carrying
blanom-1 in Enterobacteriaceae isolates with epidemiological links to multiple geographical
areas in China. Emerg Microbes Infect 1:e39.

Nordmann P, Dortet L, Poirel L. 2012. Carbapenem resistance in Enterobacteriaceae: here
is the storm! Trends Mol Med 18:263-272.

Bonnin RA, Poirel L, Naas T, Pirs M, Seme K, Schrenzel J, Nordmann P. 2012.
Dissemination of New Delhi metallo-B-lactamase-1-producing Acinetobacter baumannii in
Europe. Clin Microbiol Infect 18:362-365.

Bonnin RA, Poirel L, Nordmann P. 2014. New Delhi metallo-B-lactamase-producing
Acinetobacter baumannii: a novel paradigm for spreading antibiotic resistance genes.
Future Microbiol 9:33-41.

FuY, Du X, Ji J, Chen Y, Jiang Y, Yu Y. 2012. Epidemiological characteristics and genetic
structure of blanom-1 in non-baumannii Acinetobacter spp. in China. J Antimicrob
Chemother 67:2114-2122.

Sun F, Yin Z, Feng J, Qiu Y, Zhang D, Luo W, Yang H, Yang W, Wang J, Chen W, Xia P, Zhou
D. 2015. Production of plasmid-encoding NDM-1 in clinical Raoultella ornithinolytica and
Leclercia adecarboxylata from China. Front Microbiol 6:458.

References 173



244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

Li J, Lan R, Xiong Y, Ye C, Yuan M, Liu X, Chen X, Yu D, Liu B, Lin W, Bai X, Wang Y, Sun Q,
Wang Y, Zhao H, Meng Q, Chen Q, Zhao A, Xu J. 2014. Sequential isolation in a patient of
Raoultella planticola and Escherichia coli bearing a novel ISCR1 element carrying blanpm-1.
PLoS One 9:e89893.

Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, Edwards RA, Gerdes S, Parrello
B, Shukla M, Vonstein V, Wattam AR, Xia F, Stevens R. 2014. The SEED and the Rapid
Annotation of microbial genomes using Subsystems Technology (RAST). Nucleic Acids Res
42:D206-214.

Chin CS, Alexander DH, Marks P, Klammer AA, Drake J, Heiner C, Clum A, Copeland A,
Huddleston J, Eichler EE, Turner SW, Korlach J. 2013. Nonhybrid, finished microbial
genome assemblies from long-read SMRT sequencing data. Nat Methods 10:563-569.
Chaisson MJ, Tesler G. 2012. Mapping single molecule sequencing reads using basic local
alignment with successive refinement (BLASR): application and theory. BMC Bioinformatics
13:238.

Darling AC, Mau B, Blattner FR, Perna NT. 2004. Mauve: multiple alignment of conserved
genomic sequence with rearrangements. Genome Res 14:1394-1403.

Harmer CJ, Hall RM. 2015. The A to Z of A/C plasmids. Plasmid 80:63-82.

Harmer CJ, Hall RM. 2014. pRMH760, a precursor of A/C, plasmids carrying blacmy and
blanom genes. Microb Drug Resist 20:416-423.

Tijet N, Richardson D, MacMullin G, Patel SN, Melano RG. 2015. Characterization of
multiple NDM-1-producing Enterobacteriaceae isolates from the same patient. Antimicrob
Agents Chemother 59:3648-3651.

Wu W, Feng Y, Carattoli A, Zong Z. 2015. Characterization of an Enterobacter cloacae
strain producing both KPC and NDM carbapenemases by whole-genome sequencing.
Antimicrob Agents Chemother 59:6625-6628.

Qu H, Wang X, Ni Y, Liu J, Tan R, Huang J, Li L, Sun J. 2015. NDM-1-producing
Enterobacteriaceae in a teaching hospital in Shanghai, China: IncX3-type plasmids may
contribute to the dissemination of blanpm-1. Int J Infect Dis 34:8-13.

Partridge SR, Hall RM. 2004. Complex multiple antibiotic and mercury resistance region
derived from the r-det of NR1 (R100). Antimicrob Agents Chemother 48:4250-4255.

Gruber TM, Gottig S, Mark L, Christ S, Kempf VA, Wichelhaus TA, Hamprecht A. 2015.
Pathogenicity of pan-drug-resistant Serratia marcescens harbouring blanpm-1. J Antimicrob
Chemother 70:1026-1030.

Tada T, Miyoshi-Akiyama T, Shimada K, Kirikae T. 2014. Biochemical analysis of metallo-B-
lactamase NDM-3 from a multidrug-resistant Escherichia coli strain isolated in Japan.
Antimicrob Agents Chemother 58:3538-3540.

Girlich D, Dortet L, Poirel L, Nordmann P. 2015. Integration of the blanom-1 carbapenemase
gene into Proteus genomic island 1 (PGI1-PmPEL) in a Proteus mirabilis clinical isolate. J
Antimicrob Chemother 70:98-102.

Verdet C, Arlet G, Barnaud G, Lagrange PH, Philippon A. 2000. A novel integron in
Salmonella enterica serovar Enteritidis, carrying the blapna-1 gene and its regulator gene
ampR, originated from Morganella morganii. Antimicrob Agents Chemother 44:222-225.
Szuplewska M, Ludwiczak M, Lyzwa K, Czarnecki J, Bartosik D. 2014. Mobility and
generation of mosaic non-autonomous transposons by Tn3-derived inverted-repeat
miniature elements (TIMEs). PLoS One 9:e105010.

Rasheed JK, Kitchel B, Zhu W, Anderson KF, Clark NC, Ferraro MJ, Savard P, Humphries
RM, Kallen AJ, Limbago BM. 2013. New Delhi metallo-B-lactamase-producing
Enterobacteriaceae, United States. Emerg Infect Dis 19:870-878.

References 174



261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Wachino J, Yamane K, Shibayama K, Kurokawa H, Shibata N, Suzuki S, Doi Y, Kimura K,
lke Y, Arakawa Y. 2006. Novel plasmid-mediated 16S rRNA methylase, RmtC, found in a
Proteus mirabilis isolate demonstrating extraordinary high-level resistance against various
aminoglycosides. Antimicrob Agents Chemother 50:178-184.

Zhang GQ, Yao YH, Yu XL, Niu JJ. 2014. A survey of five broad-host-range plasmids in gram-
negative bacilli isolated from patients. Plasmid 74:9-14.

Zowawi HM, Harris PN, Roberts MJ, Tambyah PA, Schembri MA, Pezzani MD, Williamson
DA, Paterson DL. 2015. The emerging threat of multidrug-resistant Gram-negative bacteria
in urology. Nat Rev Urol 12:570-584.

Mathers AJ, Peirano G, Pitout JD. 2015. The role of epidemic resistance plasmids and
international high-risk clones in the spread of multidrug-resistant Enterobacteriaceae. Clin
Microbiol Rev 28:565-591.

Tse H, Yuen KY. 2015. Dissemination of the mcr-1 colistin resistance gene. Lancet Infect Dis
doi:10.1016/51473-3099(15)00532-0.

Arcilla MS, van Hattem JM, Matamoros S, Melles DC, Penders J, de Jong MD, Schultsz C,
consortium C. 2015. Dissemination of the mcr-1 colistin resistance gene. Lancet Infect Dis
16.

Olaitan AO, Chabou S, Okdah L, Morand S, Rolain JM. 2015. Dissemination of the mcr-1
colistin resistance gene. Lancet Infect Dis 16:161-168.

Baker KS, Dallman TJ, Ashton PM, Day M, Hughes G, Crook PD, Gilbart VL, Zittermann S,
Allen VG, Howden BP, Tomita T, Valcanis M, Harris SR, Connor TR, Sintchenko V, Howard
P, Brown JD, Petty NK, Gouali M, Thanh DP, Keddy KH, Smith AM, Talukder KA, Faruque
SM, Parkhill J, Baker S, Weill FX, Jenkins C, Thomson NR. 2015. Intercontinental
dissemination of azithromycin-resistant shigellosis through sexual transmission: a cross-
sectional study. Lancet Infect Dis 15:913-921.

Chung The H, Karkey A, Pham Thanh D, Boinett CJ, Cain AK, Ellington M, Baker KS, Dongol
S, Thompson C, Harris SR, Jombart T, Le Thi Phuong T, Tran Do Hoang N, Ha Thanh T,
Shretha S, Joshi S, Basnyat B, Thwaites G, Thomson NR, Rabaa MA, Baker S. 2015. A high-
resolution genomic analysis of multidrug-resistant hospital outbreaks of Klebsiella
pneumoniae. EMBO Mol Med 7:227-239.

Holt KE, Thieu Nga TV, Thanh DP, Vinh H, Kim DW, Vu Tra MP, Campbell JI, Hoang NV,
Vinh NT, Minh PV, Thuy CT, Nga TT, Thompson C, Dung TT, Nhu NT, Vinh PV, Tuyet PT,
Phuc HL, Lien NT, Phu BD, Ai NT, Tien NM, Dong N, Parry CM, Hien TT, Farrar JJ, Parkhill J,
Dougan G, Thomson NR, Baker S. 2013. Tracking the establishment of local endemic
populations of an emergent enteric pathogen. Proc Natl Acad Sci USA 110:17522-17527.
Holt KE, Wertheim H, Zadoks RN, Baker S, Whitehouse CA, Dance D, Jenney A, Connor TR,
Hsu LY, Severin J, Brisse S, Cao H, Wilksch J, Gorrie C, Schultz MB, Edwards DJ, Nguyen
KV, Nguyen TV, Dao TT, Mensink M, Minh VL, Nhu NT, Schultsz C, Kuntaman K, Newton
PN, Moore CE, Strugnell RA, Thomson NR. 2015. Genomic analysis of diversity, population
structure, virulence, and antimicrobial resistance in Klebsiella pneumoniae, an urgent
threat to public health. Proc Natl Acad Sci USA 112:E3574-3581.

Okoro CK, Kingsley RA, Connor TR, Harris SR, Parry CM, Al-Mashhadani MN, Kariuki S,
Msefula CL, Gordon MA, de Pinna E, Wain J, Heyderman RS, Obaro S, Alonso PL,
Mandomando |, MacLennan CA, Tapia MD, Levine MM, Tennant SM, Parkhill J, Dougan
G. 2012. Intracontinental spread of human invasive Salmonella Typhimurium pathovariants
in sub-Saharan Africa. Nat Genet 44:1215-1221.

Reuter S, Connor TR, Barquist L, Walker D, Feltwell T, Harris SR, Fookes M, Hall ME, Petty
NK, Fuchs TM, Corander J, Dufour M, Ringwood T, Savin C, Bouchier C, Martin L,
Miettinen M, Shubin M, Riehm JM, Laukkanen-Ninios R, Sihvonen LM, Siitonen A, Skurnik

References 175



274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

M, Falcao JP, Fukushima H, Scholz HC, Prentice MB, Wren BW, Parkhill J, Carniel E,
Achtman M, McNally A, Thomson NR. 2014. Parallel independent evolution of
pathogenicity within the genus Yersinia. Proc Natl Acad Sci USA 111:6768-6773.

von Mentzer A, Connor TR, Wieler LH, Semmler T, Iguchi A, Thomson NR, Rasko DA,
Joffre E, Corander J, Pickard D, Wiklund G, Svennerholm AM, Sjoling A, Dougan G. 2014.
Identification of enterotoxigenic Escherichia coli (ETEC) clades with long-term global
distribution. Nat Genet 46:1321-1326.

Wong VK, Baker S, Pickard DJ, Parkhill J, Page AJ, Feasey NA, Kingsley RA, Thomson NR,
Keane JA, Weill FX, Edwards DJ, Hawkey J, Harris SR, Mather AE, Cain AK, Hadfield J, Hart
PJ, Thieu NT, Klemm EJ, Glinos DA, Breiman RF, Watson CH, Kariuki S, Gordon MA,
Heyderman RS, Okoro C, Jacobs J, Lunguya O, Edmunds WJ, Msefula C, Chabalgoity JA,
Kama M, Jenkins K, Dutta S, Marks F, Campos J, Thompson C, Obaro S, MacLennan CA,
Dolecek C, Keddy KH, Smith AM, Parry CM, Karkey A, Mulholland EK, Campbell JI, Dongol
S, Basnyat B, Dufour M, Bandaranayake D, et al. 2015. Phylogeographical analysis of the
dominant multidrug-resistant H58 clade of Salmonella Typhi identifies inter- and
intracontinental transmission events. Nat Genet 47:632-639.

Cain AK, Hall RM. 2013. Evolution of IncHI1 plasmids: two distinct lineages. Plasmid
70:201-208.

Sims GE, Kim SH. 2011. Whole-genome phylogeny of Escherichia coli/Shigella group by
feature frequency profiles (FFPs). Proc Natl Acad Sci USA 108:8329-8334.

Lan R, Reeves PR. 2002. Escherichia coli in disguise: molecular origins of Shigella. Microbes
Infect 4:1125-1132.

Osborn AM, da Silva Tatley FM, Steyn LM, Pickup RW, Saunders JR. 2000. Mosaic
plasmids and mosaic replicons: evolutionary lessons from the analysis of genetic diversity
in IncFll-related replicons. Microbiology 146 ( Pt 9):2267-2275.

Sykora P. 1992. Macroevolution of plasmids: a model for plasmid speciation. J Theor Biol
159:53-65.

Compain F, Frangeul L, Drieux L, Verdet C, Brisse S, Arlet G, Decre D. 2014. Complete
nucleotide sequence of two multidrug-resistant IncR plasmids from Klebsiella pneumoniae.
Antimicrob Agents Chemother 58:4207-4210.

Drieux L, Decre D, Frangeul L, Arlet G, Jarlier V, Sougakoff W. 2013. Complete nucleotide
sequence of the large conjugative pTC2 multireplicon plasmid encoding the VIM-1 metallo-
B-lactamase. J Antimicrob Chemother 68:97-100.

Xiang DR, Li JJ, Sheng ZK, Yu HY, Deng M, Bi S, Hu FS, Chen W, Xue XW, Zhou ZB, Doi Y,
Sheng JF, Li LJ. 2015. Complete Sequence of a Novel IncR-F33:A-:B- Plasmid pKP1034
Harboring fosA3, blakec-2, blactx-m-es, blasuv-12, and rmtB from an Epidemic Klebsiella
pneumoniae Sequence Type 11 Strain in China. Antimicrob Agents Chemother
doi:10.1128/AAC.01488-15.

Rodrigues C, Machado E, Ramos H, Peixe L, Novais A. 2014. Expansion of ESBL-producing
Klebsiella pneumoniae in hospitalized patients: a successful story of international clones
(ST15, ST147, ST336) and epidemic plasmids (IncR, IncFlIK). Int J] Med Microbiol 304:1100-
1108.

Baker KS, Burnett E, McGregor H, Deheer-Graham A, Boinett C, Langridge GC, Wailan AM,
Cain AK, Thomson NR, Russell JE, Parkhill J. 2015. The Murray collection of pre-antibiotic
era Enterobacteriacae: a unique research resource. Genome Med 7:97.

Espedido BA, Partridge SR, Iredell JR. 2008. blawmp-4 in different genetic contexts in
Enterobacteriaceae isolates from Australia. Antimicrob Agents Chemother 52:2984-2987.

References 176



287.

288.

289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

Ramirez MS, Traglia GM, Lin DL, Tran T, Tolmasky ME. 2014. Plasmid-Mediated Antibiotic
Resistance and Virulence in Gram-Negatives: the Klebsiella pneumoniae Paradigm.
Microbiol Spectr 2.

Hanson ND, Sanders CC. 1999. Regulation of inducible AmpC beta-lactamase expression
among Enterobacteriaceae. Curr Pharm Des 5:881-894.

Haugen SP, Ross W, Gourse RL. 2008. Advances in bacterial promoter recognition and its
control by factors that do not bind DNA. Nat Rev Microbiol 6:507-519.

Zhou S, Chen X, Meng X, Zhang G, Wang J, Zhou D, Guo X. 2015. "Roar" of blanpm-1 and
"silence" of blaoxa-ss co-exist in Acinetobacter pittii. Sci Rep 5:8976.

Wang Y, Song C, Duan G, Zhu J, Yang H, Xi Y, Fan Q. 2013. Transposition of ISEcp1
modulates blacrx-m-ss-mediated Shigella flexneri resistance to cefalothin. Int J Antimicrob
Agents 42:507-512.

Poirel L, Decousser JW, Nordmann P. 2003. Insertion sequence ISEcp1B is involved in
expression and mobilization of a blacrx-m B-lactamase gene. Antimicrob Agents Chemother
47:2938-2945.

Poirel L, Potron A, Nordmann P. 2012. OXA-48-like carbapenemases: the phantom
menace. J Antimicrob Chemother 67:1597-1606.

Poirel L, Bonnin RA, Nordmann P. 2012. Genetic support and diversity of acquired
extended-spectrum B-lactamases in Gram-negative rods. Infect Genet Evol 12:883-893.
Poirel L, Naas T, Nordmann P. 2008. Genetic support of extended-spectrum B-lactamases.
Clin Microbiol Infect 14 Suppl 1:75-81.

Poirel L, Bonnin RA, Nordmann P. 2012. Genetic features of the widespread plasmid
coding for the carbapenemase OXA-48. Antimicrob Agents Chemother 56:559-562.

Wang L, Fang H, Feng J, Yin Z, Xie X, Zhu X, Wang J, Chen W, Yang R, Du H, Zhou D. 2015.
Complete sequences of KPC-2-encoding plasmid p628-KPC and CTX-M-55-encoding p628-
CTXM coexisted in Klebsiella pneumoniae. Front Microbiol 6:838.

Fortini D, Villa L, Feudi C, Pires J, Bonura C, Mammina C, Endimiani A, Carattoli A. 2015.
Double Copies of blakpc-3::Tn4401a on an IncX3 Plasmid in Klebsiella pneumoniae Successful
Clone ST512 from Italy. Antimicrob Agents Chemother 60:646-649.

Naas T, Cuzon G, Villegas MV, Lartigue MF, Quinn JP, Nordmann P. 2008. Genetic
structures at the origin of acquisition of the B-lactamase blakpc gene. Antimicrob Agents
Chemother 52:1257-1263.

Parks AR, Peters JE. 2007. Transposon Tn7 is widespread in diverse bacteria and forms
genomic islands. J Bacteriol 189:2170-2173.

Jones LS, Carvalho MJ, Toleman MA, White PL, Connor TR, Mushtaq A, Weeks JL,
Kumarasamy KK, Raven KE, Torok ME, Peacock SJ, Howe RA, Walsh TR. 2015.
Characterization of plasmids in extensively drug-resistant Acinetobacter strains isolated in
India and Pakistan. Antimicrob Agents Chemother 59:923-929.

Sun Y, Liu Q, Chen S, Song Y, Liu J, Guo X, Zhu L, Ji X, Xu L, Zhou W, Qian J, Feng S. 2014.
Characterization and plasmid elimination of NDM-1-producing Acinetobacter calcoaceticus
from China. PLoS One 9:e106555.

Bonnin RA, Poirel L, Nordmann P. 2012. A novel and hybrid composite transposon at the
origin of acquisition of blarre-s in Acinetobacter baumannii. Int J AntimicrobAgents 40:257-
259.

Nigro SJ, Post V, Hall RM. 2011. Aminoglycoside resistance in multiply antibiotic-resistant
Acinetobacter baumannii belonging to global clone 2 from Australian hospitals. J
Antimicrob Chemother 66:1504-1509.

Gootz TD, Lescoe MK, Dib-Hajj F, Dougherty BA, He W, Della-Latta P, Huard RC. 2009.
Genetic organization of transposase regions surrounding blaxpc carbapenemase genes on

References 177



306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

plasmids from Klebsiella strains isolated in a New York City hospital. Antimicrob Agents
Chemother 53:1998-2004.

Garbari L, Busetti M, Dolzani L, Petix V, Knezevich A, Bressan R, Gionechetti F, Tonin EA,
Lagatolla C. 2015. pKBuS13, a KPC-2-encoding plasmid from Klebsiella pneumoniae
sequence type 833, carrying Tn4401b inserted into an Xer site-specific recombination
locus. Antimicrob Agents Chemother 59:5226-5231.

Chen L, Chavda KD, Mediavilla JR, Jacobs MR, Levi MH, Bonomo RA, Kreiswirth BN. 2012.
Partial excision of blakec from Tn4401 in carbapenem-resistant Klebsiella pneumoniae.
Antimicrob Agents Chemother 56:1635-1638.

Pecora ND, Li N, Allard M, Li C, Albano E, Delaney M, Dubois A, Onderdonk AB, Bry L.
2015. Genomically Informed Surveillance for Carbapenem-Resistant Enterobacteriaceae in
a Health Care System. MBio 6:e01030.

Chen L, Chavda KD, Fraimow HS, Mediavilla JR, Melano RG, Jacobs MR, Bonomo RA,
Kreiswirth BN. 2013. Complete nucleotide sequences of blakpc.a- and blakpcs-harboring
IncN and IncX plasmids from Klebsiella pneumoniae strains isolated in New Jersey.
Antimicrob Agents Chemother 57:269-276.

Bryant KA, Van Schooneveld TC, Thapa I, Bastola D, Williams LO, Safranek TJ, Hinrichs SH,
Rupp ME, Fey PD. 2013. KPC-4 Is encoded within a truncated Tn4401 in an IncL/M plasmid,
pNE1280, isolated from Enterobacter cloacae and Serratia marcescens. Antimicrob Agents
Chemother 57:37-41.

Chen L, Chavda KD, Al Laham N, Melano RG, Jacobs MR, Bonomo RA, Kreiswirth BN.
2013. Complete nucleotide sequence of a blakec-harboring Incl2 plasmid and its
dissemination in New Jersey and New York hospitals. Antimicrob Agents Chemother
57:5019-5025.

Findlay J, Hopkins KL, Doumith M, Meunier D, Wiuff C, Hill R, Pike R, Loy R, Mustafa N,
Livermore DM, Woodford N. 2016. KPC enzymes in the UK: an analysis of the first 160
cases outside the North-West region. J Antimicrob Chemother doi:10.1093/jac/dkv476.

Wu SW, Dornbusch K, Kronvall G, Norgren M. 1999. Characterization and nucleotide
sequence of a Klebsiella oxytoca cryptic plasmid encoding a CMY-type B-lactamase:
confirmation that the plasmid-mediated cephamycinase originated from the Citrobacter
freundii AmpC B-lactamase. Antimicrob Agents Chemother 43:1350-1357.

Humeniuk C, Arlet G, Gautier V, Grimont P, Labia R, Philippon A. 2002. B-lactamases of
Kluyvera ascorbata, probable progenitors of some plasmid-encoded CTX-M types.
Antimicrob Agents Chemother 46:3045-3049.

Poirel L, Heritier C, Nordmann P. 2004. Chromosome-encoded ambler class D B-lactamase
of Shewanella oneidensis as a progenitor of carbapenem-hydrolyzing oxacillinase.
Antimicrob Agents Chemother 48:348-351.

Potron A, Poirel L, Nordmann P. 2011. Origin of OXA-181, an emerging carbapenem-
hydrolyzing oxacillinase, as a chromosomal gene in Shewanella xiamenensis. Antimicrob
Agents Chemother 55:4405-4407.

Beaber JW, Hochhut B, Waldor MK. 2004. SOS response promotes horizontal
dissemination of antibiotic resistance genes. Nature 427:72-74.

178



Appendices

Appendix A: Supplementary Original Manuscript related to Chapter 3

The following appendix, published manuscript, has been provided to supplement Chapter 3. This

manuscript described the genome of an NDM-5 producing E. coli isolated in Australia.

Wailan AM, Paterson DL, Caffery M, Sowden D, Sidjabat HE. Draft Genome Sequence of NDM-
5-Producing Escherichia coli Sequence Type 648 and Genetic Context of blanom-s in Australia.

Genome Announc. 2015 Apr 9;3(2). PMID: 25858833

The University of Queensland requires the presentation of the submitted or accepted article. The
presented article remains in American English spelling enforced by journal guidelines.
The statement below is adopted from the journal’s policy to acknowledge copyright reuse

permission:

“Authors in ASM journals retain the right to republish discrete portions of his/her article in any
other publication (including print, CD-ROM, and other electronic formats) of which he or she is
author or editor, provided that proper credit is given to the original ASM publication. ASM authors
also retain the right to reuse the full article in his/her dissertation or thesis.” Statement of Authors’

Right can be found at: http://journals.asm.org/site/misc/ASM_Author_Statement.xhtml
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ABSTRACT

We report the draft genome of uropathogenic E. coli ST648 possessing blanom-s from a 55-year-old
female in Australia with travel history to India. The plasmid-mediated blanpm-s was in a genetic
context nearly identical to the GenBank entry of IncX3 blanpom-s plasmid previously reported from

India (K. pneumoniae MGR-K194).
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MANUSCRIPT

The Indian sub-continent has been reported as a geographical reservoir for acquisition of NDM-
producing Enterobacteriaceae (1). A 55-year-old female with chronic diarrhoea had a carbapenem-
resistant Escherichia coli isolated from her urine in January 2014. She travelled to India in late
2013 and developed diarrhoea without admission to medical facility. Upon her return to Australia,
ongoing diarrhoea prompted multiple hospital admissions. She was diagnosed with Crohn’s
Disease. During admission, a mid-stream urine sample was collected wherein the carbapenem-

resistant E. coli CR694 was identified.

Whole genomic DNA of E. coli CR694 was prepared using the Nextera XT DNA sample
preparation kit (Illumina, USA) and sequenced using the Illumina HiSeq 2000 (Illumina) at the
Australian Genome Research Facility. De novo assembly was performed using CLC genomic
workbench version 7.5 (CLC Bio, Denmark). The draft genome consisted of 5,523,407 base pairs.
Contigs were initially annotated using RAST (http://rast.nmpdr.org/). BLAST analysis and manual
annotation utilized previously re-annotated reference sequences and IS finder (http://www-
is.biotoulfr). Databases MLST, ResFinder and PlasmidFinder
(http://www.genomicepidemiology.org/) were used to characterize Sequence Typing (ST),
antibiotic resistance mechanisms and plasmid Inc types of E. coli CR694, respectively. ST 648,
plasmid Inc types of IncFll, IncFIB, IncX3, Incll and IncX4 and blanpwm-s, blacmy-s2, aac-6-Ib-cr,

aadA5, erm(B) and mph(A), sull, tet(B) and dfrA17 were identified.

Additionally, the annotation through RAST identified type 1 fimbriae fimA-H, virulence
determinants relevant for urinary tract adhesion (2). Further, five other types of fimbriae identified
as a membrane transport type VII protein secretion system, namely (i) htrE fimbriae cluster, (ii) stf
fimbriae cluster, (iii) alpha-fimbriae, (iv) colonization factor antigen I fimbriae (CFA/I fimbriae)

and (v) sfm fimbrial cluster. Cluster responsible for Curli production or type VIII secretion was
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identified. Siderophore enterobactin, aerobactin and other hemin transport systems for iron
acquisition were identified. In addition, type IV pilus and IncF conjugal transfer system were
identified. Gene for serum survival (iss) was also identified. The identified virulence determinants

may have contributed to the infection and or colonization in the urinary tract of CR694 (2).

The contig pCR694-EC-NDM-5 carried the blanom-s genetic context. blaNDM has been reported to
reside within a 10,099bp transposon known as Tn125 (3). blanoms on pCR694-EC-NDM-5 was
located within a truncated 3,167bp Tn125 structure, flanked by an IS5 upstream and an 1S26
downstream. pCR694-EC-NDM-5 was identical to an NDM-5 IncX3 plasmid, pPNDM-MGR194 (as
direct submission with GenBank accession no. KF220657). Both blanom-s genetic contexts did not
possess Tn125 genes groES, groEL and ISCR27. Both pCR694-EC-NDM-5 and pNDM-MGR194
were also highly similar to NDM-1 IncX plasmid, pKPN5047 (GenBank accession no.

NC_020811), containing a longer Tn125 structure where groES, groEL and ISCR27 were present.

The blanom-s genetic context of pCR694-EC-NDM-5 has not been reported within E. coli and
within Australia. NDM-5-producing Enterobacteriaceae have been reported in Japan, Algeria,
United Kingdom and India, of which an E. coli ST648 harbored blanpowm-s in both aforementioned
United Kingdom and Japan reports (4-7). This case of a NDM-5-producing typical uropathogenic E.
coli highlights further inter-continental acquisition of carbapenemase-producing Enterobacteriaceae

through travel to geographical reservoirs.

Nucleotide sequence accession numbers. This project is registered as BioProject PRINA268254
and BioSample SAMNO03217331. The blanowm-s genetic context, pPCR694-EC-NDM-5 was
submitted to the GenBank database and assigned the following accession number KP178355. The

draft genome of NDM-5-producing E. coli ST648 GenBank accession number is JTGI00000000.
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Appendix B: Supplementary Material related to Chapter 4

The following supplementary material is complementary information for the manuscript presented
in Chapter 4. This material lists the differences between sequences of IncA/C, (Table S1) and

IncFlly (Table S2) plasmids harbouring blanpm.

Appendix B: Supplementary Material related to Chapter 4 186



TABLE S1 Differences between closely-related IncA/C type 1 plasmids carrying blanom®

Position? Location® pNDM pNDM- pNDM- pNDM pNDM pNDM- pKP1- pNDM pNDM- pEC2-
10505 PstGN574 EcoGN568 102337 -Us uUs-2 NDM-14 10469 KN NDM-3¢
Method not stated IHlumina Ilumina not stated mixed® not stated Ilumina not stated IHlumina PacBio
955-7 HP 3xC 3xC 2xC 3xC 3xC 3xC 3xC 3xC 3xC 3xC
3898-905 HP 8xT 8xT 8xT 8xT 8xT 8xT 8xT 8xT XT 8xT
8746 peptidase C C C C C C C C C T
9613 HP T T T T T T T T T C
19333 - C T T C C Cc Cc Cc c Cc
38111 HP C C C C T T C Cc Cc Cc
52042-8 - T xXT 7xXT 7xXT 7xXT T T T 6xT 7XT
57990-1 ISEcpl IRR 2xG 2xG 2xG 2xG 2xG 2xG 2xG 2xG 3xG 2xG
60543-4 blacmy.s TU - - - - - - - - ISEc23 -
94439-40 HP - - - - - - - - - ISEc23
95218-96931 1S4321-Tn1696 - - - - - ~88% identity - - - -
95959 1S4321 A A A A A G A A A G
97817-23 Tn1696 2XGCGT 2xGCGTAG  2xGCGTA 2xGCGTA 1IxGCGTA 1xGCGTA 2XGCGTA  2xGCGTA 2xGCGTA 2xGCGTAG
tnpA AGCG CG GCG GCG GCG GCG GCG GCG GCG CG
100771 Pc TGN G G G G G G G G Cc G
102934 sull T T T T T T T T A T
103029-30 3'-CS 2xC 2xC 2xC 2xC 2xC 2xC 2xC 2xC 3xC 2xC
104316-7 dem - - - - - - - +217 bp - -
104534-5 dem 2xC 2xC 2xC 2xC 2xC 1xC 2xC 2xC 2xC
105989-90 - - - - - - - - - - 1S3000
107113-4 ISKpn14 IR 2xG 2xG 2xG 2xG 2xG 2xG 2xG 2xG 3xG 2xG
107881-117385  aac(3)-1l region - 6 indels - - not present  not present not present  not present not present -
117386-118153  ISKpnl4 ISKpnl14 ISKpnl4 ISKpn14 not present  not present  not present not present  not present not present  not present
118154-118383  ISAbal25 130 bp 130 bp 130 bp 130 bp 130 bp 130 bp 89 bp 124 bp 129 bp 83 bp
128810 - T T T T T T T T T A
128916-147793  Tn6170+5bp DR Tn6170 - Tn6170 Tn6170 - - - - Tn6170 -
150874 - A A A A A A A A A C
152608-9 - 2XATTA  2xXATTA 2XATTA 2XATTA 2XATTA 2XATTA 2XATTA 3XATTA 2XATTA -
TCGTA  TCGTA TCGTA TCGTA TCGTA TCGTA TCGTA TCGTA TCGTA
152560-1 - - - - - 1S3000 1S3000 - - - -
161161 traG G G G A G G G G G G
162413-4 - 2xC 2xC 2xC 2xC 1xC 1xC 2xC 2xC 2xC 2xC

@ Accession numbers and references are given in Table 1 in the main manuscript.:
bPosition in pNDM10505. Differences from pNDM10505 are highlighted in red and at least some (e.g. different numbers of bases in homopolymer regions) may be errors. There are no differences between any parts

of the AISAbal4-aphA6-AISAbal25-blemsL-trpF-tat dct groESL-ISCR27A region found in different plasmids, except for the G to A change giving blanom-3 in pEC2-NDM-3.

¢HP, hypothetical protein; -, intergenic region.
d Any differences in plasmids sequenced here (names in bold) have been confirmed by checking the raw sequence data.
¢ Combination of Illumina and PacBio.
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TABLE S2 Differences between IncFlly plasmids carrying blanom®

Position® Location® pEC4-NDM-6 pKOX-NDM-1  pRJF866 pNDM-EcIGN574  pYDC644 pP10164-NDM  pNDM1 EC14653 pECL3-NDM-1¢
Method Ilumina 454 ABI Sanger  Illumina 454 Ilumina Illumina Ilumina
2834 ISSen4 T T T T T T C T

2905 ISSen4 G G G G G G A G

3621 ISSen4 A A A A A A G A

4398 IS5 A A A A A G A A
5211-5390 ygbN - - - - - 180 bp A - -

6833-8441 ced - - - - 55% identity - - -

8329-8332 - 4xG 4xG 4xG 4xG 4xG 4xG 4xG 3XG
8976-8977 IS1 2xC 2xC 2xC 2xC 2xC 2xC 3xC 2xC

8992 IS1 T T T T T C T T

13572-8 - xXT XT T T xT 6XT xXT not present
15042-17318 kpsSC - - - - - 94% identity - not present
18607-23459 IS1 & adjacent - - - 99% identity 4085 bp A 95% identity 98% identity not present
20412-20418 HP XT 6xT xXT xXT not present xXT xXT not present
22951-22957 HP XT 6xT xXT xXT not present 8xT xXT not present
23541-24596 1S903 - - - - not present 97.8% - not present
25447-25452 - 6xT 6xT 6xT 6xT 6XxT 7xXT 6xT 6XT
29072-3 umuC - - - - - - +9,851 bp -

31950 HP C C C C C C T C

36032-8 HP G G G G 6xG G G G
42178-42648  HP - - - - - - - 96% identity
43033-9 HP XA 6xA XA XA XA XA XA XA

48476 traL T G G T T G G T

51147-8 traB 2xG 2xG 2xG 2xG 2xG 1xG 2xG 2xG

57087 trau T T T T G T T T

62964-6 traH 3xG 3xG 3xG 3xG 3xG 2xG 3G 3xG
64048-54 traH 7xG 7xG 7xG 7xG 6xG 7xG 7xG 7xG
67148-54 traS xXT 6xT 7xXT 7xXT 7xXT 7xXT xXT T
70081-70188  traD 12x9 bp 12x9 bp 12x9 bp 12x9 bp 12x9 bp 7x9 bp 12x9 bp 12x9 bp
77281-5 dsbA 5xG 5xG 5xG 5xG 4xG 5xG 5xG 5xG
78081-4 - 4xC 4xC 4xC 4xC 3xC 4xC 4xC 4xC
80852-85111 - - - - - - - - 18 differences
91483-91488  copG 6xC 6xC 6xC 6xC 5xC not present not present 6xC

93095 sull C C C C A not present not present C
107822-9016 IS5 - 1 difference - - - 7 differences 7 differences 2 differences
110735-40 - 6xG 6xG 6xG 6xG 5xG 6xG 6xG 6xG

@ Accession numbers and references given in Table 1 in main manuscript.
b Position in pEC4-NDM-6. Differences from pEC4-NDM-6 are highlighted in red and at least some (e.g. different numbers of bases in homopolymer regions) may be errors. There are no differences in the

AISAbal25-blemesL-trpF-tat dct groESL-ISCR27A region common to all IncFIIy plasmids listed, except for the C to T change giving blanom-s in pECL3-NDM-1.

¢HP, hypothetical protein; -, intergenic region.

d Any differences in plasmids sequenced here (names in bold) have been confirmed by checking the raw sequence data.

Appendix B: Supplementary Material related to Chapter 4

188



Appendix C: Supplementary Material related to Chapter 5

The following supplementary material is complementary information for the manuscript
presented in Chapter 5. This material lists the PCA identifying species clustering between
species according to plasmid content (Fig. S1), phylogenetic tree of the Enterobacteriaceae
strains (Fig. S2), number of countries the 12 major plasmid types were isolated from (Fig.
S3), and meta data tables of the Enterobacteriaceae strains (Table S3) and plasmid sub-types

(Table S4) included in the study.
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Figure S1. PCA plot analysis on the plasmid content of all Enterobacteriaceae species
included in this study. PC1 (17%) and PC2 (15%), represented on the Xx- and y-axis
respectively, highlight the existence of two groups of species which have a very high inter-
species plasmid transmission. Group 1, which consists out of Klebsiella pneumoniae and
Enterobacter cloacae, in depicted by the blue oval on the right and group 2, which consists
out of Escherichia coli, Shigella sonnei and Shigella flexneri, is depicted by the green oval on
the left. An orange oval on the bottom depicts those strains which either do not contain any
plasmids, or which only contain rare plasmids, or which only contain plasmids which are
very species specific such as is often the case when describing Yersinia spp. and (to a lesser
degree) Salmonella typhimurium isolates. Plasmid exchange is however clearly not limited
within these two groups as is depicted by the “hybrid” isolates in the upper right. These

hybrid isolates are bacteria that have at least 2 plasmids; they have (a) plasmid(s) that is/are
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commonly found within their own group but they also have a plasmid which common to the
other group. Similarly of interest are the isolates belonging to species from group 1 but found
in the circle of group 2, or vice versa. These represent samples that do not contain any

plasmids common to their “own” group but instead carry 1 or more plasmids from the “other”

group.
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Figure S2. Phylogenetic tree of strains of the Enterobacteriaceae family based on rpoB.
Gene sequences corresponding to rpoB were extracted from the assembled genomes, and if
necessary complemented with data from mapping to a Klebsiella pneumoniae isolate. The
phylogeny was estimated using RAXML. Species are highlighted in different colours, and

important groups are labelled.
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Figure S3. Number of countries each major plasmid Inc group originated. IncF type
plasmid types were wide spread across 41 countries. Intermediate and low occurrence
plamids types were observed within 5-17 countries. High, intermediate and low occurrence

plasmid types are represented by green, yellow and red respectively.
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Table S3 — Studies in which strains were originally collected.

WGS Strains

: -
Scope Study name Publication Analysis Species Countries Ref.
Global Global 288 247 Klebsiella pneumoniae Australia Singapore (271)

K. pneumoniae Loas uU.S.
Indonesia Vietnam
Yersinia study 241 214 Yersinia mollaretii Argentina Ireland (273)
e aldovae pekkanenii Australia Italy
e aleksiciae pestis Belgium Japan
e bercovieri pseudo- Brasil Korea
e enterocolitica tuberculosis  Canada New Zealand
e entomophaga rohdei China Norway
o frederiksenii ruckeri Czechoslovakia ~ South Africa
e kristensenii similis England Spain
¢ intermedia Finland Switzerland
° hurmi France U.K.
e massiliensis Germany usS.
Greece Poland
Russia
Entero- 362 355 Escherchia coli Argentina Indonesia (274)
toxigenic Bangladesh Kenya
E. coli (ETEC) China Mexico
Egypt
Guatemala

Regional Nepal 90 87 K. pneumoniae Nepal (269)
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K. pneumoniae

U.K. N.P. 294 K. pneumoniae U.K. N.P.
K. pneumoniae Enterobacter cloacae
E. cloaceae
MSM Shigella 207 171 Shigella flexneri U.K. (268)
flexneri Oceania
Vietnam 263 223 Shigella sonnei Vietnam (270)
Shigella sonnei
Africa/UK 129 95 Salmonella enterica Africa (272)
Salmonella serovar Typhimurium U.K.
Tyhimurium
N.P., not published;? designates countries where strains included in analysis were isolated.
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Table S4 - Sub-typing of the PlasmidFinder database.

Replicon? Asssulg?tey(:) énc Resilzlé:on Target sequence
IncA/C_1_ FJ705807 AICy 417 GAGAACCAAAGACAAAGACCTGGAGAAACTCGACGTTATCAAAGACTCAC
IncA/C2_1__IN157804 AlC; 417 GAGAACCAAAGACAAAGACCTGGAGAAACTCGACGTAATCAAAGACTCAC
IncB/O/K/Z_1__CU928147 B/O/K/Z, 151 TCCGGAAAGTCAGAAAACGGCAGGATGCGCCATAAGGCATTCAGGATGTA
IncB/O/K/Z_2_GU256641 B/O/K/Z; 160 GCGGTCCGGAAAGCCAGAAAACGGCAGAATGCGCCATAAGGCATTCAGGA
IncB/O/K/Z_3_GQ259888 B/O/K/Z3 152 TCCGGGAAGTCAGAAAATGGCAGGATGCGCCATAAGGCATTCAGGACGTA
IncB/O/K/Z_4_FN868832 B/O/K/Z,4 149 TCCGGGAAGTCAGAAAACGGCAGGATGCGCCATAAGGCATTCAGGACGTA
IncFIA_1___AP001918 FIIC1 388 TGTCTGTGACAAATTGCCCTTAACCCTGTGACAAATTGCCCTCAGAAGAA
IncFIA(HI1)_1_HI1_AF250878 HI1 ST5 388 CTTTCTGTGACAAGTTGCCCTTAACCCTGTGACAAATTGCCCTCAGGAAG
IncFIB(AP001918) 1 AP001918 Fllca 682 CTGTTTATTCTTTTACTGTCCACAGGCAGAAGGCTTTCTGGAAAACGAAA
IncFIB(K)_1_Kpn3_JN233704 Fllk: 560 GTTTGGGGTTGCGATAATGCACGCTGAAATAGGTGGCTCGGCCACGTTTA
IncFIB(Mar)_1 pNDM-Mar_JN420336 H 439 TATCAAGAGCCTTAAGGCGAAGATAAACCTTATAGTCAATCTGATAGAGC
IncFIB(pB171)_1_pB171_AB024946 ND 643 GGACAAGGACAATCTGGACATAAAAAAGCTGTTTGAAGAGGTGGATAAAT
IncFIB(pCTU1) 1 pCTULl FN543094 ND 809 CCGGCGAGGTGGTCACGCTGGTTCCCAACCGTAACAACACGGTGCAGCCG
IncFIB(pCTU3)_1 pCTU3_FN543096 ND 693 TCATGGAGACATACAACGTACCGGCAGGCATACTTTCGAAATAGACATAA
IncFIB(pECLA) 1 pECLA CP001919 ND 560 GTTTCGGATTACGGTAATGCACGCTGAAGTAGGTGGCCCGGCCGCGTTTG
IncFIB(pENTASO01)_1_pENTAS01_CP003027 ND 560 GTTTTGAATTACGATAATGCACACTGAAGTATGTGGAGCGGCCACGCTTG
IncFIB(pENTEO1) 1 pENTEO1_CP000654 ND 560 GAATGAGAATCTAACCTCAGTCCACTGGTCAAACCTGCCTGCAGATGAGC
IncFIB(pHCM2)_1_pHCM2_AL513384 ND 875 CAAATGGTCTCTATGGACGCCTCTGCTGAACTCAAACAGCTGTCTCTGGC
IncFIB(pKPHS1) 1 pKPHS1 CP003223 ND 560 ATGCTGTCAGCGGTAAACGATATGCTGTCAGCGGTACGGTATATGCTGCC
IncFIB(pLF82)_1 pLF82_CU638872 ND 560 CAAATGGTCTCTATGGATGCCTCTGCTGAACTCAAACAGCTGTCTCTGGC
IncFIB(pQil)_1 pQil_JN233705 Fllkz 740 GAAGGTTATACAGACATCCGTATTACCGGCCCACGACTTTCGATGGAGAC
IncFIB(S)_1_ FN432031 Fllsy 643 GGACAAGGACAATCTGGACATAAAAAAGTTGTTTGTAGAGGTGGATAAAT
IncFIC(FII)_1 AP001918 Fllc: 499 CACACCATCCTGCACTTACAATGCACAGAAGGAGTGAGCACAGAAAGAAG
IncFIl_1__AY458016 Fll, 261 CACACCATCCTGCACTTACAATGCGCAGAAGGAGCGAGCACAGAAAGAAG
IncFIl_1 pKP91 CP000966 Fllka 230 TTTTGGTGTGCCACGCCGTAAGGTGGCAGGGAGCTGGTTTTGTGGATGTT
IncFIl_1_pSFO_AF401292 Flls 258 CTGATCGTTTAAGGAATTTTGTGGCTGGCCACGCCATAAGGTGGCAGGGA
IncFI1(29) 1 pUTI89 CP003035 Fllyg 259 CACACCATCCTGCACTTACAATGCGCAGAAGGAGCGAGCACAGAAAGAAG
IncFII(K)_1_CP000648 Fllk: 148 TCTTCTTCAATCTTGGCGGAAGGAAAAGATTAACGGGGCCTTCATAAACT
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IncFll(pl4)_1 pl4 JQ418538
IncFII(p96A)_1_p96A_JQ418521
IncFlI(pCoo) 1 pCoo_CR942285
IncFII(pCRY)_1_pCRY_NC_005814
IncFII(pCTU2)_1 pCTU2_FN543095
IncFlI(pECLA)_1 pECLA _CP001919
IncFII(pENTA)_1_pENTA_CP003027
IncFlI(pHN7A8) 1 pHN7A8 JN232517
IncFIl(pKPX1)_AP012055
IncFlI(pMET) 1 pMET1_EU383016
IncFII(pRSB107)_1 pRSB107_AJ851089
IncFlI(pSE11)_1_pSE11_AP009242
IncFll(pseudo) 1 pseudo_NC 011759
IncFll(pYVal2790)_1_pYVal2790_AY150843
IncFII(S)_1_ CP000858
IncFII(SARC14) 1 SARC14 JQ418540
IncFll(Serratia)_1 Serratia_ NC_009829
IncFII(Y)_1 ps_CP001049

IncFII(Yp)_1 Yersenia_CP000670
IncHI1A_1_ AF250878
IncHILA(CIT)_1_pNDM-CIT_JX182975

IncHI1B_1_pNDM-MAR_JN420336
IncHI1B(CIT)_1_pNDM-CIT_JX182975
IncHI1B(R27)_1_R27_AF250878
IncHI2_1_ BX664015

IncHI2A_1_ BX664015
Incll_1_Alpha_AP005147

Incl2_1_Delta_ AP002527

IncL/M_1__ AF550415
IncL/M(pMU407)_1_pMU407_U27345
IncL/M(pOXA-48)_1 pOXA-48 JN626286

closest Fllys
closest Flls3
Fllis

ND

ND

ND

ND

Fllss
closest Fllva
ND

Flly

Fllyo

ND

ND

Flls:
closest Fllvys
closest Fllki1
Flly1

Fllvs

ND

HIl, ST12
HI. ST 1 or
ST2

Hl; ST12
HIl; ST5

HI, ST1

HI, ST1

11 ST13

I2

M;

L/M

L
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262
534
262
593
577
747
560
260
577
577
261
264
390
674
262
445
278
227
230
420
420

570
538
540
327
630
142
316
664
739
661

TTTGAAGAATTCTGATGGCTGGCCACGCCGTAAGGTGGCAGGGAACTGGT
GTGACTGATGTTACACATTACCTACAGGTCAAAAATCCTAACCCTCAGTT
CACACCATCCTGCACTTACAATGCGCAGAAGGAGTGTGCACAGAAAGAAG
TCAGGCAAAGGTTGGGGAGTAGTATTCCTGTTTGCGCTGGCGAGCTGCGT
GAGTAGTATTCCTTTTTGCGTTCACGAGCTGCCTGGCGCTTGGCTTGCAT
GAATGACAATCAGATTTCTGTTCACTGGTCAGATCTACCGAAAGATGAGC
GAGTGACATTCCATTATCCGTCCACTGGTCTGAACTGCCGGAAGATGAAC
CACACCATCCTGCACTTATGTTGCACAGAAGGAGTGAGCACAGAAAGAAG
GAGAAATATTCCCGTTTACGCTGGCGAGCTACGTCGCGCTTAGCTTTCAT
GAGTAGTATTCCTGTTTACGCTGGCGAGCTACTTCACGCTTCGCCTTCAT
CACACCATCCTGCACTTATGTTGCACAGAAGGAGTGAGCACAGAAAGAAG
CACACCATCCTGCACTTACAATGCGCAGAAGGAGTGAGCACAGAAAGAAG
GGGGGTTTTTGCATTCAAGGCCCGCTGTTCTGGTACCTTTTCCCTTGAGC
AAAACTGAAAAGAAAAGAACGCTTCGGAAACGGGGTGAACACTCAACTGA
CTAAAGAATTTTGATGGCTGGCCACGCCGTAAGGTGGCAGGGAACTGGTT
GTGCATATGCGCACGAATGCTGGCCGTGAGCGCGATTTCCGACAGGAATT
GGGGTTTTGCTTTTGTATCTCCCGGCTAACTGCGCCGAAAGTCCCTAAAT
TGGCAGGGAACTGGTTCTGCTAAGGTGTTTACTTGGAACCAGAAAAGCAA
TGGTAGGGAACTGGTTCTGATGAGGTGTCTACCCGGGACCAGAAAAGCAA
CGGATCACTGGTCTTAAGCTTTCGATGTCAACCGATTTTAAGTGTTGGCT
CGGATCACTGGCCTTAAGCTTTCGATGTCCACGGACTTCAAGTGTTGGCT

CTGATTCTTTTCGAGACAGGGTCTTCAATATTTTTAAGTAAAGTCGGGTC
ATTCCAGAAAACCGATCTCTTTAAGCTGGCCCAGCGCCTTTTTAACTGTG
ATTCCAGAAAACCGATCTCTTTAAGCTGGCCCAGCGCCTTTTTAACCGTG
TTTCTCCTGAGTCACCTGTTAACACCCGGTTTCTACGCTTTACTTCATTG
AGATCGGAGGGTTATGACGACATCAAGATAACTGGTGTCAAACTATCTAT
CGAAAGCCGGACGGCAGAATGCGCCATAAGGCATTCAGGAGAGATGGCAT
CAGGCTTGAACATCGTTGATCGATTGCGCCCATGCTGCTAAATTTGCAGG
CCGCCGAATATGGCGGGTTTTTTGTGTATACTCAAGTGGTTATAGTCGTA
GGATGAAAACTATCAGCATCTGAAGAGTAAACTGACAGACGCTGGATGGT
CCGCCTGAAAAGGCGGTTTTTTCATGTATACTCAGGTGGTTATAGTCGTA
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IncN_1__AY046276
IncN2_1_ JF785549
IncN3_1_ EF219134
IncP_1_alpha_L27758
IncP(6)_1_ JF785550
IncP(Beta)_1_Beta U67194
IncQ1_1_ HE654726
IncQ2_1_ FJ696404
IncR_1_DQ449578
IncT_1__ AP004237
IncU_1_ DQ401103
IncW_1 EF633507
IncX1_1_EU370913
IncX1_2_ CP003417
IncX1_3__CP001123
IncX1_4_ JN935898
IncX2_1_ JQ269335
IncX3_1_ JN247852
IncX3(pEC14)_1 pEC14_JN935899
IncX4_1_ CP002895
IncX4_2_ FN543504
IncX5_1_ NC_015054
IncX6_1_ AM942760
IncY_1_K02380
p0111 1_ AP010962
pADAP_1_ AF135182
pEC4115_1_ NC_011351
PENTAS02_1_ CP003028
pESA2_1_ CP000784
pIP31758(p153) 1 p153_CP000719
pIP31758(p59)_1_p59_CP000718
plP32953_1_ BX936400
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N1
N2
N3
Pa
P6
P-1B

514
477
477
534
806
582
450
450
251
749
565
243
374
348
373
377
374
374
374
374
712
374
374
765
885
540
706
979
750
909
918
927

GTCTAACGAGCTTACCGAAGCTGCTTACTACCTCTCGCTAAAAGCAAAGC
GGGTGAAGATATGGCATTCACCCACTCCATTCTGTGCCAGGTCGGTTTGC
TTATAATAGCCTTCGGACAGGGTGAGTGTTCCCGGCCATAGCGTGAGCTG
CTATGGCCCTGCAAACGCGCCAGAAACGCCGTCGAAGCCGTGTGCGAGAC
TGTGAAACAGGCTGATAAGCGTGTCGTTCTTGGGCGTGTAGAGCGGCGCA
CCGATTCGAGCCGGCCGATGCGTTGGGATGAGAACTGCATGGCCGACGCC
GTCATGCTCGACAGGTAGGACTGCCAGCGGATGTTATCGACCAGTACCGA
GTCATCTTGGCGACGAAGCCGCACCAGCGGGCGTTGTCGATCAGTGCCGA
TCGCTTCATTCCTGCTTCAGCCAGCCACGGACGTTTAACTTCTTCAAACT
TTGGCCTGTTTGTGCCTAAACCATCAAGGTCATCTGACTACAGCCCGATG
TCACGACACAAGCGCAAGGGGCTTTTTCTCGCTCCTGGTGCAATGGCCAA
CCTAAGAACAACAAAGCCCCCGGCCATCGTATCAACGAGATCATCAAGAC
ATGGCTAAAATCTATCAATTCCCTCAGGGGGAAGAACGTGCTAAATTCAG
GCTAAAATCTTCAATTCCCTCAGGGGAAAACGTGCTAATTCAGGAAGAAT
ATGGCTAAAATCTATCAATTCCCTCATGGGAAGAACGCGGGAAATTCAGG
ATGGCTAAAATCTATCAATTCCCCCAGGGGGACGAACGCGGTAAATTCAG
ATGAGACTCAAGGTCATGATGGACGTGAACAAAAAAACGAAAATTCGCCA
ATGCGGTTGTTGCTATCTTTAGATATGAAGATCCTCAGATCTTCATATCT
ATGAGACTTAAAGTTATGATGGATGTGAATAAAAAAACAAAGATTCGTCA
ATGAGAATGACGACAAATAAGACTTCCCTTTCTCGCTTAACAAAAGTGAG
ATGGTCTTAAAGAATAATAAAAATAGCGACTGTAATGATGTTCAAAGTTT
ATGTTCATCTACAGTGTATAAATTAAGTTCTTCTTTTAATTCATCGATAG
ATGAGAGTAACGATGAATAAAAAATCACTATCTCGGTTAACTAAAGTCAG
AATTCAAACAACACTGTGCAGCCTGTAGCGTTGATGCGCTTGGGGGTATT
ATGCTGGAAGAAAATAAAGGCTTCCTTAGCGTTGAAGAAGTTGCAGGAAA
TTACTGGTCTATTTTTCGACGTTGAGCCCGAAGTTTGATGGCTTCCAGCG
ATGTTGCCAGTAGAGGTGAATACGCGAGAGGGGGAGTTAATATTTCAATC
TTGAGTCACCGCAGTGGTGGTTAAACCGCCTGCGCCGTATCCATGCCCGG
ATGCTTATTCATGACGTAACGGAAAGAAAAAAAGCGTCAGCAAGTAAAAT
GTTTACATCGCTATGTTGAAAATCGATAGCAAAGTTAAATTAGAGAATGG
CCACCTCTGGTATGCAGTTTCATACGGTGTTAAAGATGCTTTCTTTATTT
AACATATCTCGCGATGAGATTCGTTTTCTATTCCTGGCATTAACTAAAAT
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pJARS36_1__NC_015068 ND
pSL483_1_ CP001137 ND
pSM22_1_ NC_015972 ND
pXuzhou2l_1_ CP001927 ND
PYES54_ 1 AM905950 ND

534 ATGAGGATTCCGAAGAGAAGGAAACTTGGTTGCCAGCCAGTAAGAAAAAT
995 TAACACAAGGCAATCAGCTTATTGAAGGTAGTTACGATATTAACCTGGCT
623 ACCACCCAGCGCCGGATCTTTTTCAGTCGGTTCTTCAGCGAGTGCTTGCG
720 TAACACAAGGCAATCAGCTTATTGAAGGTAGTTACGATATTAACCTGGCG
979 TTGATGCTCTTGGCGGCTTAACACCTTCCCAATACTGCCGATGGTTGTGG

ND, Not defined;  designates the replicon name in the ResFinder Database.
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Appendix D: Supplementary Orginal Manscript related to Chapter 6

The following appendix, published manuscript, has been provided to supplement discussion of this
thesis. Part of this manuscript observed a number of plasmid types present prior to the emergence of

AMR genes.
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Abstract

Studies of historical isolates inform on the evolution and emergence of important pathogens
and phenotypes, including antimicrobial resistance. Crucial to studying antimicrobial
resistance are isolates that predate the widespread clinical use of antimicrobials. The Murray
collection of several hundred bacterial strains of pre-antibiotic era Enterobacteriaceae is an
invaluable resource of historical strains from important pathogen groups. Studies performed
on the Collection to date merely exemplify its potential, which will only be realised through
the continued effort of many scientific groups. To enable that aim, we announce the public
availability of the Murray collection through the National Collection of Type Cultures, and
present associated metadata with whole genome sequence data for over half of the strains.
Using this information we verify the metadata for the collection with regard to subgroup
designations, equivalence groupings and plasmid content. We also present genomic analyses
of population structure and determinants of mobilisable antimicrobial resistance to aid strain
selection in future studies. This represents an invaluable public resource for the study of these

important pathogen groups and the emergence and evolution of antimicrobial resistance.
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Background

Antimicrobial resistance (AMR) in bacteria represents a global public health crisis, and AMR
in Enterobacteriaceae is a particularly recognised threat [1, 2]. This bacterial family includes
pathogenic genera (e.g. Salmonella, Shigella, Escherichia, Klebsiella) that are responsible for
a significant proportion of the global diarrhoeal disease burden [3] as well as systemic and
nosocomial infections, often associated with heightened virulence or AMR [4, 5]. To manage
these pathogens, it is critical that we understand the emergence and the evolution of clinically
relevant phenotypes. Pivotal to understanding pathogen emergence and evolution is the
context in which it occurred, and historical isolates have greatly informed theories regarding
the emergence, disappearance and primary reservoir hosts of the pathogens that cause plague,
leprosy and tuberculosis [6-8]. More recently, isolates of Vibrio cholerae and Shigella
flexneri sampled from before the widespread clinical use (and consequent evolutionary
pressure) of antimicrobials, i.e. the ‘pre-antibiotic’ era, were used to examine the evolution of
virulence and AMR in these pathogens [9, 10]. To expand these studies in our continued
efforts to understand the emergence and persistence of AMR, historical isolates must be

studied alongside their contemporary counterparts.

The Murray collection (the ‘Collection”) comprises several hundred bacterial strains (mostly
Enterobacteriaceae) collected from diverse geographic locations largely in the pre-antibiotic
era (between 1917 and 1954) [11]. The Collection was amassed by the late eminent
microbiologist Professor Everitt George Dunne Murray over the course of his career [12],
and was stored on Douglas digest agar slopes [13]. On E.G. D. Murray’s death in 1964, the
collection was passed on to his son, Robert Everitt George Murray, who was also an eminent

microbiologist. In the early 1980s, R.E.G. Murray in collaboration with British
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microbiologists, lyophilised and transferred subcultures of the Collection from The
University of Western Ontario, Canada, to the National Collection of Type Cultures (NCTC)

at Public Health England, where they are held today.

Use of the Collection to provide historical context has already yielded important insights
regarding the state-of-play of enteric pathogens in the first half of the 20th century, and
phenotypic shifts that have occurred since those times. Seminal work by scientists who
coordinated the international transfer of the Collection showed that the machinery for the
accumulation and plasmid-borne transfer of AMR (e.g. Incompatibility group types) [11, 14],
were qualitatively similar to those of modern isolates, and this was also demonstrated for
mercury resistance and Salmonella virulence determinants [15-17]. Other studies have
demonstrated significant phenotypic shifts, including increased virulence and resistance to
antimicrobials and antiseptics in Klebsiella sp. [18], and an increase in the magnitude and
incidence of AMR in modern Escherichia isolates [19]. These studies however, merely
exemplify the potential of the Collection. For example, its use to inform pathogen evolution
through dating analyses remains entirely untapped, and enormous scope exists to further

study the emergence and evolution of the pathogens, and their AMR and other traits.

In fact, the scale of the remaining work requires the coordinated expertise and effort of
multiple microbiological research groups. Here, to serve that purpose, we announce the
public release of the Murray collection isolates through formal accession of the 683 strains
into the NCTC and provide the associated metadata. In addition to facilitating access to the
physical strains, we verify the metadata by bacterial subtyping and analysis of whole genome

sequencing data (also released here) generated for 370 of the strains. Finally, we present
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preliminary phylogenetic and gene content analyses that will aid strain selection for future

scientific studies.

Results and discussion

Collection composition and associated metadata

The Murray collection (as held by the NCTC) comprises 683 bacterial strains belonging to
447 equivalence groups (Table 1). Equivalence groups (Additional file 1: Table S1) included
strains that were related in one of the following three ways: duplicate strains in the original
collection with the same name and original date; colony variants detected during subculture
in Canada before transfer to the UK; or derivatives (colony variants detected during receipt of
strains at NCTC). The isolates were primarily Salmonella, Escherichia and Shigella (which
are combined here), Klebsiella and Proteus (Table 1), and fell into variably diverse subgroups
e.g. subspecies, serotypes beyond those designations (see Additional file 1: Table S2,
Additional file 2: Figures S1, Additional file 3: Figures S2. Additional file 4: Figures S3, and
Additional file 5: Figures S4). Bacteria outside of these four main genera (see Other, Table 1)
were originally poorly designated e.g. coliform, Enterobacteriaceae, and were subsequently
determined (see ‘Confirming the collection’ below) to belong to the main genera, or the
following: Morganella, Rauotella, Aeromonas and Enterobacter (Tables 2, Additional file 1:

Table S2).
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Table 1. Summary of the collection contents by genus and time

Collection Sequenced
Unique inc. Unique inc.

Total equivalence Years of Total equivalence Years of

strains  groups isolation strains  groups isolation
Salmonella 361 222 1917 - 1952 174 127 1917 - 1946
E. coli/
Shigella 256 174 1917 - 1954 140 121 1917 - 1954
Klebsiella 42 30 1920 - 1949 35 26 1920 - 1949
Proteus 18 16 1919 - 1940 14 12 1919 - 1940
Other sp. 6 6 1920 - 1940 7 6 1935 - 1940
Total 683 447 * 370 291 *

* These totals affected by an equivalence group containing both Klebsiella (M45) and
Escherchia/Shigella (M162)
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Table 2. Assembly characteristics of the sequenced Murray collection isolates

Assembly characteristics [mean (range)]

GC
Genus No. content  Total length (bp) Contigs N50 (bp)
Salmonella 174 52 4739744 44 316870
(51-52) (4450735-5136048) (15-126) (70209 - 992086)
Escherichia/ 140 50 4679816 258 64933
Shigella (50-51) (3820214 -5434207) (63-567) (14204 - 369379)
56 5287110 172 117718
Klebsiella 35 (55-57) (4980231 -5582843)  (24-286) (58784 -465957)
39 3935672 35 313856
Proteus 14 (38-39) (3823752 -3991064) (18-58) (201904 - 763476)
51 3842744 23 557210

Morganella 3 (NA) (3744830 - 3948322)  (19-29) (403231 - 664661)

54 5364204 58 341570
Enterobacter 2 (NA) (5291805 - 5436603 ) (52 - 64) (341563 - 341 576)
Aeromonas 1 59 4494408 39 166907
Raoultella 1 55 5488300 33 336936

The demographic features (e.g. place, person, time) and clinical details of pathogen
infection are often crucial in the interpretation of genotypic and phenotypic analyses
on the isolated pathogen. Although many of these details are available for the
Collection strains, this metadata is incomplete and somewhat imperfect. The diverse
geographical origins of the collection “including Europe, Malta, the Middle East,
northern Russia, India and North America” has been reported [11], but were not
available for individual strains. Metadata held at the NCTC showed the strains
originated from diverse clinical specimens, e.g. stool, urine, blood, antral washes,
cerebrospinal fluid, but the clinical syndrome, e.g. meningitis, pneumonia, hepatitis
and cholecystitis, or patient/supplier name were also alternatively recorded
(Additional file 1: Table S2). This ‘Origin’ information was only available for
approximately one quarter (n=150) of the strains. Contrastingly however, the large
majority (92%, 628 of 683) of strains had a date or year noted on the original vial

(Additional file 1: Table S2). When these dates were stratified by genus, a unique
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time signature emerged, perhaps reflecting E.G.D. Murray’s changing research
interests over time (Figure 1a). Notably, these dates were presumed to be the date of
isolation for the strains, but could also represent date of strain receipt, or some other
event. Overall however, the novel analyses presented in this study largely support the

original metadata demonstrating that it is, if imperfect, robust.

In addition to the published studies on conjugative plasmids that highlighted the
importance of the collection for studying mobilisable-AMR [11, 14], efforts to
comprehensively determine the full plasmid content of the collection were made in
the late 1980s [20]. Using traditional plasmid preparation and gel electrophoresis
techniques, this work determined the number and approximate sizes of plasmids
contained in each of 489 Collection strain subcultures (from [14]). The findings
showed that the strains contained between zero and seven plasmids each, and that
certain genera contained more plasmids than others (Figure 1b, full results reproduced
in Additional file 1: Table S2). Plasmids ranged in estimated molecular weight from 1
to 500 Md (though estimates > 150Md were noted as likely to be inaccurate).
Attempts to verify this plasmid content metadata among 271 strains that were made

(see Additional file 6: Supplementary Material).

Confirming the collection

In order to confirm the genus designations in the Collection, modern laboratory and in
silico tools were applied to a subset of strains. The subset included all ACPD Hazard
Group 2 (HG2) organisms and excluded most known HG3 organisms (23 HG3
organisms were included), thereby excluding known Shigella dysenteriae and

Salmonella enterica where the serovar was unknown (see Additional file 1: Table S2).
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Of the total 683 isolates, 359 underwent MALDI-TOF analysis (of which 354 also
underwent characterisation by 16s rRNA sequencing). Outside of the ‘Other’ genera
discussed above (and see Table 1), the MALDI-TOF results were generally
concordant, with the exception of three isolates (M108, M162, M144) originally
designated as Klebsiella that were determined to be Escherichia/Shigella sp., and the
misidentification of a Salmonella isolate (M179) as an Escherichia by 16s rRNA
sequencing (Additional file 1: Table S2). Of the isolates that underwent MALDI-TOF
analysis, 334 progressed to whole genome sequencing, alongside an additional 36
isolates not characterised by MALDI-TOF. Those revived isolates originally
designated to be shigellae also underwent serotyping, and were largely confirmed (for
66 of 72 strains) to be either S. flexneri or S. sonnei as originally designated
(Additional file 1: Table S2). Genus identification and in silico multi-locus sequence
typing on whole genome sequencing data (Additional file 1: Table S2 and Additional
file 7: Table S3) confirmed the MALDI-TOF designation, or the original genus

designation in all cases.

Genomic analysis of the Murray collection

To verify the robustness of the Collection, as well as add value, provide further
metadata, and facilitate the development of selection criteria for ongoing studies, 370
strains (representing 291 equivalence groups), mostly representative of the collection
(Tables 1, ,2,2, Additional file 1: Table S2 and Additional file 7: Table S3) were
whole genome sequenced. Some analyses of these genomes are briefly reported here,

and more detail is given in the Additional file 6: Supplementary Material.
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De novo assemblies created to facilitate core genome identification exemplified the
unique genomic characteristics of each bacterial genus (Table 2, see Additional file 7:
Table S3 for full results), which were similarly reflected in features of the core
genomes including the discovery rate and final number and size of the core genome
(Table 3, Fig. 2). For example, the Proteushad a lower GC content than the other
genera (Table 2) and Salmonella strains had a larger core genome (Table 3) than

Escherichia/Shigella, which had a larger accessory genome (Fig. 2).

Table 3. Core genome size for the main genera in the Collection

Escherichia/

Salmonella  Shigella Klebsiella Proteus
Total isolates (inc. refs) 185 185 37 14
Core genes (= 95%
isolates) 3002 1983 3296 2870
Core genes (100%
isolates) 2159 1255 2966 2813
Core genome (CG)
length (bp) 2195115 1381269 2881098 2775840
CG variant sites (bp) 136888 114723 64138 47079

To provide enhanced subgrouping information, core genome phylogenies were
constructed from the variant sites in core genes for the main genera (Additional file 2:
Figure S1; Additional file 3: Figure S2; Additional file 4: Figure S3 and Additional
file 5: Figure S4). In addition to providing context for future strain selection, core
genome phylogenies were used to verify the designation of equivalence groups within

the Collection.

Antimicrobial resistance
Although no phenotypic studies of AMR were done here, AMR has been reported in
the pre-antibiotic era Murray Collection strains, including tetracycline resistance in

Proteus sp., ampicillin resistance in the Klebsiella and both ampicillin and kanamycin
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resistance in Escherichia sp. [11, 18, 19]. To aid the future selection of isolates based
on the potential presence and absence of AMR, the presence of antimicrobial
resistance genes among the strains was determined (Table 4). This revealed many
resistance genes (often known to be chromosomally encoded) that were present across
all members of a genus, particularly across Salmonella, Escherichia/Shigella and
Klebsiella whose profiles differed greatly, though unsurprisingly, from the more
phylogenetically remote Proteus. Some genes however were differentially present
among the genera with differing degrees of correlation to population structure (Table
4, Figure S3). For example, the tetC gene was present in nearly all Klebsiella isolates,
but only a fraction of Escherichia/Shigella and Salmonella isolates, highlighting the
potential of the Collection for studying the early horizontal transmission of AMR

among Enterobacteriaceae.

Summary

This study comprehensively describes a large collection of diverse bacteria (primarily
Enterobacteriaceae) from the pre-antibiotic era, now publicly available from the
NCTC, and thus represents an invaluable resource for studying the evolution and
emergence of AMR and Enterobacteriaceae. We also created a significant genomic
resource for the scientific community in the form of freely available whole genome
sequencing data for over half of the strains in the Collection. Using this data, we
verified much of the metadata of the Collection including species identification,
plasmid content and the existence of equivalence groups among the strains. Finally,
we presented additional analyses to guide future scientific studies; defining the
phylogenetic subgroups and genetic determinants of mobilisable AMR present in the

Collection. The availability of these live isolates, associated sequencing data and
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preliminary analysis to the scientific community will surely spark a spate of studies
into the evolution and epidemiology of these pathogens and their antimicrobial

resistances.

Availability of supporting data

The strains in the collection are available at the NCTC under the Murray Collection
Identifiers, and accession numbers shown in Table S1. The whole genome sequencing
data is  available at  the European Nucleotide  Archive  at
(http://www.ebi.ac.uk/ena/data/view/PRJEB3255), according to the strain-specific

accession numbers shown in Table S2.
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Figure 1. Metadata available for the Collection strains by genus, including year on

original vial (A) and number of plasmids (B).
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Additional files
Additional file 1: Table S2. Original Collection metadata and laboratory

determination of plasmid content and species.
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Additional file 2: Figure S1. Core genome phylogenetic tree for Salmonella

Strains noted to be in equivalence groups are similarly coloured.
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Additional file 6: Supplementary Material. Figure S5. Number of plasmids
detected in 271 Collection strains by laboratory and in silico approaches. Marker size

is scaled by the number of strains and the trendline represents the overall correlation.

Additional file 7: Table S3. Sequencing, assembly and gene content analyses for

strains sequenced for this study.
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Additional file 8: Table S1. Antimicrobial resistance genes in sequenced strains
by genus

Proportion of isolates containing gene

Antibiotic Proteus
Resistance Escherichia/Shigel (inc. P.
Gene Salmonella la Klebsiella  vulgaris)
bl3_cpha 0.00 0.00 0.00 0.00
catA2 0.00 0.00 0.00 0.00
bl2e_fpm 0.00 0.00 0.00 0.14
tetJ 0.00 0.00 0.00 0.21
catAd 0.00 0.00 0.00 0.86
fosA 0.03 0.00 0.00 0.00
ermD* 0.25 0.00 0.00 0.00
pbp2 1.00 0.00 0.00 0.00
mexB* 0.00 0.00 0.03 0.00
bl2be_shv2  0.00 0.00 0.37 0.00
tetC 0.02 0.07 0.86 0.00
mdtM 1.00 0.44 0.00 0.00
emrg* 0.00 0.87 0.00 0.00
mdtN 0.00 0.96 0.00 0.00
mdtO 0.00 0.96 0.00 0.00
mdtP 0.01 0.96 0.00 0.00
mdfA 0.99 0.99 1.00 0.00
bl1l ec 0.00 1.00 0.00 0.00
mdtE 0.00 1.00 0.00 0.00
mdtF 0.00 1.00 0.00 0.00
mdtL 0.83 1.00 0.00 0.00
arnA 0.99 1.00 0.77 0.00
mdtG 0.97 1.00 1.00 0.00
acrA 1.00 1.00 1.00 0.00
acrB 1.00 1.00 1.00 0.00
bacA 1.00 1.00 1.00 0.00
ber 1.00 1.00 1.00 0.00
ksgA 1.00 1.00 1.00 0.00
macB 1.00 1.00 1.00 0.00
mdtH 1.00 1.00 1.00 0.00
mdtK 1.00 1.00 1.00 0.00
tolC 1.00 1.00 1.00 0.00
Total

isolates

(number) 174 140 35 14

* dependencies not met
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Appendix E: Supplementary Conference Presentation related to Chapter 2

The following appendix, conference poster presentation, was published and presented during

candidature.

The genetic analysis of various NDM-producing Gram-negatives to investigate the inter-species and
inter-patient transmission of blanom within a clinical setting. Wailan AM, Sartor AL, Paterson DL,
Perry JD, Sidjabat HE. 25" European Congress of Clinical Microbiology and Infectious Diseases,

Copenhagen, Denmark, April 2015
Abstract

Objectives

First reported in 2008, blanowm is a highly transmissible gene that provides Gram-negative bacteria
resistance to virtually all beta-lactams including carbapenems. It is theorised to have originated
from Acinetobacter species through the mobilisation of Tn125. This investigation analysed the
genetic context of blanom within two sets of clinical isolates in order to describe and provide an
insight into the interspecies and inter-patient clinical transmission of blanpwm.
Methods

Clinical isolates were obtained from stool samples of three patients from two military hospitals in
Pakistan. Plasmid Replicon typing was performed to identify plasmid Inc types. The first set (S1)
included 4 NDM producing species isolated from one patient: Enterobacter cloacae (PN2 —
IncA/C), Acinetobacter baumannii (PN3), Klebsiella pneumoniae (PN4 - IncN) Citrobacter
freundii (PN5 - IncA/C). The second set (S2) included isolates from two different patients: First
patient — Pseudocitrobacter faecalis (PN13 — IncN) and Escherichia coli (Incl1, IncN, Inc FIA,
IncFIB) and second patient P. faecalis (IncN) and E. coli (IncHI1, IncA/C). Whole Genome

Sequencing of these isolates was prepared by paired-end libraries and sequenced through the
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Illumina MiSeq platform. CLC Genomics Workbench was used to de novo assembly the Illumina
reads into contigs. PCR-gap closure was performed and contigs were analysed via BLAST and IS

finder and manually annotated.

Results

Analysis of the genetic surroundings provided different contexts of blanowm all of which contained a
truncated Tn125. Within S1, PN2 had a NDM IncA/C genetic context similar to pNDM-US, PN3’s
NDM genetic context was the only structure with full ISAbal25 and was similar to published
Acinetobacter spp. sequences, pAbNDM-1 and pNDM-BJO1, PN4’s NDM genetic context
indicated a plasmid Class one integron capture and PN5’s NDM genetic context had a 7, 288bp
Tn125 structure including Acinteobacter backbone (5’-1SAbal4|aphA6-3") similar to pNDM-BJO1.
All S2 isolates (PN13, PN14, PN27, PN28) had identical genetic contexts involving a Class one
integron/ ISCR1 capture. This indicated a conjugation event amongst these isolates possibly with an
IncN type plasmid. Further, all S2 isolates had genetic contexts identical to PN4 from S1, indicating

an inter-species and inter-patient transmission of blanpwm.

Conclusion

blanowm is a highly transmissible gene that provides resistance to virtually all beta-lactams including
carbapenems. The diversity of plasmid types and bacterial species harbouring blanom within one
patient (S1) highlights the ability of blanpm to be acquired and retained upon various plasmid
backbones and chromosomes within different bacterial hosts. Furthermore, the ability for blanpm to
be acquired on various plasmids facilitates the potential for rapid transmission of carbapenem

resistance to other species and patients, as observed with the IncN plasmid of this study.
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Appendix F: Supplementary Conference Presentation related to Chapter 3

The following appendix, conference oral presentation, was published and presented during the

candidature.

The prevalence plasmids types carrying blanom and genetic context of blanom providing
carbapenem resistance to the Enterobacteraceae family in Australia. Wailan AM, Paterson DL,
Nimmo GR, Karina K, Ingram PR, Sidjabat HE. Australian Society for Antimicrobials, 16" Annual

Scientific Meeting — Antimicrobials 2015, Brisbane, Australia February 2015

Abstract

Background: New Delhi metallo-beta-lactamase gene (blanpwm) is @ worldwide concern as this gene
provides carbapenem resistance to the Enterobacteraiceae family. While blanowm is reported to
transmit amongst Acinetobacter species within the transposon Tn125, blanom has been reported on
different plasmid types within the Enterobacteracae with highly variable blanom genetic contexts,
even on the same plasmid type. In recent years, there have been a number of reports of NDM
producing Enterobacteraceae within Australia. This study aimed to characterise the blanom genetic
context of NDM producing Enterobacteraiceae isolated within Australia to evaluate if there is a

prevalent plasmid providing Enterobacteraiceae carbapenem resistance.

Methods:

10 NDM producing Enterobacteriaceae isolated between 2012 and 2014 were available for
analysis. Each isolate was sequenced via the Illumina Hiseq2000 and de novo assembled via CLC
Genomics Workbench. Isolates and their respective contig containing blanom were named as
follows: pCR539-KP-NDM-1 (Klebsiella pneumoniae CR539), pCR77-ECL-NDM-1 (Enterobacter

cloacae CR77), pCR774-EC-NDM-4 (Escherichia coli CR774), pCR121-EC-NDM-4 (E. coli
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CR121), pCR473-ECL-NDM-7 (E. cloacae CR473), pSingWA-EC-NDM-4 (E. coli SingWA),
pCR1113-KP-NDM-1 (K. pneumoniae CR1113), pCR1013-EC-NDM-1 (E. coli CR1013), pSDW-
KP-NDM-7 (K. pneumoniae SDW), pKEC-EC-NDM-1 (E. coli KEC) and pCR1036-PR-NDM-1

(Providencia rettgeri CR1036).

Results: Each contig of the 10 isolates had a truncated Tn125 structure carrying its blanpm. Two
common plasmid types were identified, IncX types (3/10) and IncFIl (5/10). The Tn125 structure of
each IncX type blanom context was flanked by 1S5 and 1S26. There were three different blanom
genetic contexts amongst the IncFIl type plasmids, each with different IS elements flanking Tn125.
pCR1036-PR-NDM-1 had an IncH1B-like blanom context and pCR539-KP-NDM-1 had an IncN2-

like context.

Conclusion: Genetic characterisation of NDM producing Enterobacterciaeae has identified IncX
type and IncFIl as prevalent plasmids within Australia. Here we highlight the possibility for
different plasmid types to acquire blanom and different blanom genetic context to exist in different

Enterobacteriaceae species.
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Appendix G: Supplementary Conference Presentation related to Chapter 4

The following appendix, conference poster presentation, was published and presented during

candidature presented in this thesis.

The  mechanisms of  plasmid acquisition of blanom in Enterobacteriaceae
Wailan AM, Sidjabat HE and Paterson DL Australasian Society for Infectious Diseases, Gram

Negative ‘Superbugs’ Meeting, Gold Coast, Australia August 2013

Abstract

Genetic integrity of Tn125 carrying blanom in Enterobacteriaceae from Australia and New Zealand

blanom is a gene encoding resistance to all B-lactam including the last line carbapenems and is
known to be encoded on plasmids. It has been theorised that blanom originated in Acinetobacter
baumanni and initially mobilised into plasmids by a transposon (Tn125) flanked by two insertion
sequence (IS) elements, 1SAbal25. The structure of Tn125 comprises of multiple genes including
blanpm i.e. 5’-ISAbal25- blanpm-blems-trpF-tat-dct-groES-groEL-ISCR27-Apac-1SAbal25-3’.
This study aimed to observe the genetic structure of the Tn125 structure within Enterobacteriaceae
isolated in Australia and New Zealand.

NDM producing Enterobacteriaceae species included Australian Klebsiella pneumoniae (KP1),
Escherichia coli (EC2) and Enterobacter cloacae (ECL3) and New Zealand E. coli (EC4). Analysis
involved replicon typing, full genome sequencing, plasmid de novo assembly and annotation on
CLC Genomics Workbench platform.

The plasmid backbones carrying blanom from were identified as IncA/C (KP1 and EC2) and IncFlI
(ECL3 and EC4). The Tn125 structure of KP1, ECL3 and EC4 were similar 5’-AISAbal25-blanpm-

blemsL-trpF-tat-dct-groES-groEL-AISCR27-3” with variation at the 3’ end. EC2 had a variant
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Tn125 structure of 5°-AISAbal25- blanom-blemsr-AtrpF-3°. All 5° end ISAbal25 were partial,
interrupted by an upstream IS element thus blanom was associated to this novel IS element.
Associated IS elements were ISKpn14 (KP1), 1S903-like (ECL3) while EC2 and EC4 had unknown
IS elements. The similarities between the generalised structure of Tn125 amongst these different
isolates may indicate a mechanism blanpwm is able to traverse between different plasmid backbones,
thus broadening the bacterial host range that can acquire blanom via plasmid transfer to become

carbapenem resistant.
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The mechanisms of plasmid acquisition of blayo, in Enterobacteridceae
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Background

The recent emergence of New Delhi metallo-B-lactamase-1 (NDM-1), represents a significant public health threat providing pathogens with resistance to the last-line
antibiotics, carbapenems, and leaving limited treatment options for such infections. blay,, has been theorised to originate from Acinetobacter baumannii and initially
mobilised from the chromosome onto plasmids via a transposon called Tn125 [1]. This study investigated and determined the genetic environment of bla,,, in the
context of Tn125, its surroundings and associated transposition mechanisms associated with blayy, e.g. Insertion sequence (IS) elements, within NDM producing
Enterobacteriaceae from Australia and New Zealand.

Four well-characterised strains of blayy, harbouring Enterobacteriaceae were TABLE 1. NDM producing clinical isolates used in this study.

used in this study (Table 1). All four clinical isolates were genome sequenced using Donor isolate Country of |Plasmid name| Plasmid blaypy
Illumina HiSeq 2000 and de novo assembled using CLC genomic workbench v 5.1. Isolation Replicon Type | variant

The blayyy., carrying plasmids were designated as follows: pKP1-NDM-1

K. iae KP1B Australi KP1-NDM-1 IncA/C NDM-1
(Klebsiella pneumoniae KP1), pEC2-NDM-3 (Escherichia coli EC2), pECL3-NDM-1 "7 "’j”’"‘"‘""e L e
(Enterobacter cloacae ECL3) and pEC4-NDM-6 (E. coli EC4). The genetic E.coli EC2[% Australia PEC2-NDM-3  IncA/C NDM-3
surrounding of blayg,, in each plasmid (Table 1) was analysed and annotated  E. cloacae ECL3 4] Australia pECL3-NDM-1  IncFIl NDM-1
according to available sequences from the GenBank, primarily using the Tn125 E. coli ECA (ARL09/232) 5] New Zealand pEC4-NDM-6  IncFll NDM-6

sequence of A. baumannii 161/07 as a reference [2].

Results & Discussion

QO T o
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7 e carrying blaypy 4
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E. coli EC4 IncFIl plasmid » Same Tn125 structure, located in close proximity to rmtC
carrying blaypy. »1207bp vs. 1246bp i.e. ISKpn14
» pEC2-NDM-3 & pKP1-NDM-1:

» Upstream Tn125 genetic surrounding = 100% similarity
K. pneumoniae KP1 IncA/C plasmid (disregarding 2 insertions)
carrying blayouy Tn125 insertion in the same vicinity to rmtC suggests a common
integration hotspot for blay,,, transposition into IncA/C plasmid
backbones.
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Figure 1. Contigs containing Tn125 carrying blay,, from Australian and New Zealand isolates > pKP1-NDM-1: ISKpn14
Red arrows ~ IS elements and transposases, Green box - Promoter, Blue arrows — Tn125 associated genes, Blue rectangle -~ Remnant ) pECZ-NDM-3: lSKpn14-Iike element
Tn125 sequences, Orange arrows — other identified genes, Dark grey shade — 100% identical sequence, Light grey shade — 99% S
identical sequence, Inc - plasmid backbone blayp, is located upon. >1SKpn14-like inserted further upstream from Tn125

» Extended upstream gene mobilisation

The genetic surroundings of each isolate’s blay,, is illustrated in Figure 1. S Sraller TR125 strusture

1. Tn125 carrying blayy, is a conserved region on all blayy,, harbouring > PECL3-NDM-1: 15903-like
plasmids > PEC4-NDM-6: could not be determined
» blaypy., was located within Tn125 in all isolates Tn125 plasmid acquisition of is facilitated by native IS

» Similar large Tn125 structure: pKP1-NDM-1, pECL3-NDM-1 & pEC4-NDM-6

elements i.e. ISAbal125 is not compatible for this
» Smaller Tn125 structure: pEC2-NDM-3

transposition within Enterobacteriaceae hosts.
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Appendix H: Supplementary Conference Presentation related to Chapter 4

The following appendix, conference poster presentation, was published and presented during

candidature presented in this thesis.

Complete Plasmid Sequence of IncA/C pKP1-NDM-1 from South East Queensland

Yam WK, Wailan AW, Alikhan N-F, Paterson DL, Petty N, Beatson SA' Schembri MA, Sidjabat
HE Australasian Society for Infectious Diseases, Gram Negative ‘Superbugs’ Meeting, Gold Coast,

Australia August 2013

Abstract

Background: New Delhi Metallo-p-lactamase (NDM-1) which confers resistance to carbapenems
and third-generation cephalosporins has been reported to be mainly plasmid mediated with diverse
plasmid replicon types, suggesting its mobility is due to mobile genetic elements (MGEs). The
objective of this study was to characterise plasmid pKP1-NDM-1 recovered from Klebsiella

pneumoniae sequence type (ST) 147 from South-East Queensland.

Methods: Complete DNA sequencing of pKP1-NDM-1 was obtained using HiSeq 2000 (Illumina).
NDM-1 genetic environment was determined by plasmid cloning and sequenced by Sanger.
Annotation was completed using Artemis and Pairwise alignment performed by a BLASTN and
BLASTP homology search. PCR was performed to determine antimicrobial resistance genes and

plasmid replicon type.

Results: pKP1-NDM-1 was ~170kb long and encoded ~151 predicted proteins. It harboured
resistances genes encoding NDM-1 and RmtC within close proximity as well as CMY-6 and
ACC(6°)-1b. Additionally several MGEs have been identified: class 1 integron, 1S26 and 1S1. It
belongs to replicon type IncA/C broad host range plasmid family with 9 out of 12 common region
similarities. BLAST analysis showed 80% and 81% query with 100% identical with IncA/C

pNDM-KN from K. pneumoniae from Kenya and IncA/C pNDM10469 from Escherichia coli from
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Canada, respectively.

Conclusion: We described a broad host range multidrug resistance plasmid. pKP1-NDM-1 have
close similarity to four other previously described IncA/C NDM-1 carrying plasmids with rmtC and
blacmy-s from other countries suggesting its affinity to this IncA/C type of plasmid. Whole plasmid

sequencing provides information on the co-resistance carried by a broad host range plasmid.
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Appendix I: Supplementary Conference Presentation related to Chapter 4

The following appendix, conference poster presentation, was published and presented during

candidature.

Sequence comparison of plasmids carrying blanom from Australian and New Zealand
Enterobacteriaceae, Wailan AM, Petty NK, Sidjabat HE, Beatson SA, Schembri MA, Williamson
DA and Paterson DL, Australian Infectious Diseases, Lorne Infection & Immunity Conference

2014, Lorne, Australia February 2014.

Abstract

New Delhi metallo-B-lactamase-1 (NDM-1), a carbapenemase represents a significant global public
health threat and theorised to have originated from Acinetobacter species through the mobilisation
of a Tn125. This study investigated the genetic mechanisms of blanpm spread from Acinetobacter
species to the Enterobacteriaceae through the complete sequencing of plasmids carrying blanpm
from Australian clinical Enterobacteriaceae species, including Klebsiella pneumoniae, Escherichia
coli and Enterobacer cloacae to theorise. The blanom genetic surrounding as well as plasmid
structure was evaluated in order to describe blanom acquisition by IncA/C and IncFIl plasmid as
well as other genetic mobilisation of resistance mechanisms. This was achieved via next generation
sequencing and bioinformatic analysis through both the Illumina platform and CLC Genomics
workbench. The blanom genetic context in all isolates consisted of a truncated Tn125 structure
carrying blanom with a native IS element upstream e.g. ISKpnl14, regardless of blanpm Vvariant,
plasmid backbone type and bacterial species. This may infer that plasmids capable of high
conjugation rates have acquired blanom Via transposition of a truncated Tn125, which could have
provided the initial platform for blanom’s rapid dissemination to multiple bacterial species within

the Enterobacteriaceae family.
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Sequence comparison of plasmids carrying blayy, from
Australian and New Zealand Enterobacteriaceae

1The Uniwersity of Queensiand, UQ Centre for Clinical Re
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New Delhi metallo-B-lactamase-1 (NDM-1), is a significant global public health
threat providing resistance to the ‘last-line’ antibiotics, carbapenems!t. This
carbapenemase is commonly found on plasmids within Enterobacteriaceae!2.
These plasmids vary in their genetic backbone by the additional genes they have
acquired. bla,, is theorised to have originated from Acinetobacter species and
has spread and acquired amongst these species via the mobilisation of a Tn125
composed two flanking 1SAba1258],

This study assembled the sequences of plasmids carrying blayg, within
Enterobacteriaceae from Australia and New Zealand, the bla,,, genetic
environment in the context of Tn125, its surroundings for transposition
mechanisms such as Insertion Sequence (IS) elements and plasmid comparison
was also investigating.

Email: alexapderwailan@ugconne
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sland,
RBWH Complex, Hers

Whole genome sequencing was performed on previously characterised
NDM producing Australian & New Zealand Enterobacteriaceae (Table 1).
Table 1. NDM producing Enterobacteriaceae

pEC2-NDM-3  E. coli EC21 Australia IncA/C NDM-3
pECL3-NDM-1 E. cloacae ECL3 ¥ Australia IncFll NDM-1
pEC4-NDM-6  E. coli EC4 (ARL09/232)*) New Zealand IncFll NDM-6

Sequences were assembled by:
*Sequencing: lllumina HiSeq 2000
*De novo assembly & Mapping

* CLC Genomics Workbench 6.1

* NCBI Genbank BLAST

*Annotation and Plasmid analysis
*CLC Genomics Workbench 6.1
+ RAST (rast.nmpdr.org/)
« 1S finder (www-is.biotoul.fr/)
* BRIG (sourceforge.net/projects/brig/) 6

Results {A plasmid sequence carrying blay,, from each NDM producing isolate was assembled

pEC2-NDM-3

* Size: 159, 834 bp

*Tn125 size: 2, 946 bp

* IS element for blay,, acquisition: 1SKpn14

* High similarity sequences:
* pNDM102337,pNDM10469, pAR060302,
pNDM10505

Co-harbouring antimicrobial genes: rmtC,

aac3, blag,y ¢, aac-6"-Ib, aphA6, bla,,, ,

W pecz-noM-3
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Figure 1. pEC2-NDM-3 BLAST comparison with
pNDM102337, pNDM10469, pAR060302 and pNDM10505.
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Figure 2. pEC2-NDM-3 BLAST comparison with
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Appendix J: Supplementary Conference Presentation related to Chapter 6

The following appendix, conference oral presentation, was presented and published during
candidature. This presentation is provided to supplement discussion of this thesis and observed the

increase in conjugation rate of plasmids harbouring blanom genes in the presence of antimicrobials.

Conjugation Rates of the NDM Plasmid Conferring Carbapenem Resistance in Enterobacteriaceae
Wailan A, Paterson D, A Silvey, Williamson D, Sidjabat H Australian Society for Antimicrobials,

13" Annual Scientific Meeting — Antimicrobials 2012, Brisbane, Australia February 2012

Abstract

Objectives: The recent emergence of carbapenem resistance, New Delhi -lactamase-1 (NDM-1),
represents a significant threat and is found in numerous Enterobacteriaceae species, including
nosocomial pathogens and human intestinal flora (E. coli). The blanom gene can spread rapidly by
residing in plasmids capable of a horizontal gene transfer process called conjugation. This study
investigated the conjugation rate of NDM plasmids to E. coli, resembling blanom gene acquisition

by normal human flora in the gastrointestinal tract.

Methods: Five NDM producing Enterobacteriaceae, 2 K. pneumoniae, 2 E. coli and 1 E. cloacae,
isolates were used as donor strains; and the recipient was sodium azide resistant E. coli J53.
Conjugation was performed overnight on MacConkey agar with a 1:1 donor to recipient ratio.
Transconjugants were analysed for plasmid acquisition through phenotypic and genotypic tests
including S1 nuclease digestion. IncA/C plasmid conjugative machinery was determined pre- and

post-conjugation.

Results: The replicon type of the NDM plasmid from each K.pneumoniae and E.coli was IncA/C,

and the E. cloacae was IncFIl. All but one (K. pneumoniae) of the NDM plasmids from the five
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donor strains was transferable via conjugation. Conjugation rates of NDM plasmids from K.
pneumoniae and E. coli were 9.0 x 10 and 1.4 x10 transconjugants per recipient, respectively. A
synergistic effect of meropenem and ceftazidime in combination with sodium azide mitigated
blanom transconjugant growth. Sub-MIC ciprofloxacin inclusion into the environment in vitro
enhanced the NDM plasmid conjugation rate by ~40 fold. Conjugation can alter the tra operon

which may lead to defective conjugation machinery within transconjugants.

Conclusions: The spread of the NDM plasmid can occur at an astounding rate through conjugation.
This process can be enhanced by ciprofloxacin introduction into the environment before
conjugation, to either stimulate plasmid transfer or increase the frequency. However before a
plasmid is able to transfer, it must encode genes known as the tra (transfer) genes to be able to
initiate transfer from donor to recipient cells. Furthermore, the plasmid can become modified during
the conjugation process to generate an alternative sized plasmid or multiple plasmids which can

potentially enhance the spread of the blanom gene.
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Appendix K: Other Supplementary Manuscripts during Candidature

The following manuscripts were published and/or prepared during candidature, however do not

form part of this thesis. The manuscripts that have been published are provided below.

Zowawi HM, lbrahim E, Syrmis MW, Wailan AM, AbdulWahab A, Paterson DL. PME-1
Producing Pseudomonas aeruginosa in Qatar. Antimicrob. Agents Chemother. 2015

Jun;59(6):3692-3. doi: 10.1128/AAC.00424-15.

Toh B, Paterson D, Witchuda Kamolvit W, Zowawi H, Kvaskoff D, Sidjabat H, Wailan AM, Peleg
A and Huber C. Species identification within the Acinetobacter calcoaceticus - baumannii complex
using MALDI - TOF MS. J. Microbiol. Methods. 2015 Nov;118:128-32. doi:

10.1016/j.mimet.2015.09.006.

Toh B, Paterson DL, Pfluege V, Kvaskoff D, Wailan AM, Riley T, Harper J, Flohr G, Huber C.

Relationships between whole genome sequencing, PCR ribotyping and MALDI - TOF MS in the

subtyping of Clostridium difficile. Submitted to Diagn. Microbiol. Infect. Dis, 2015.
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Zowawi HM, lbrahim E, Syrmis MW, Wailan AM, AbdulWahab A, Paterson DL. PME-1
Producing Pseudomonas aeruginosa in Qatar. Antimicrob. Agents Chemother. 2015

Jun;59(6):3692-3. doi: 10.1128/AAC.00424-15.

The University of Queensland requires the presentation of the submitted or accepted article. The
presented article remains in American English spelling enforced by journal guidelines.
The statement below is adopted from the journal’s policy to acknowledge copyright reuse

permission:

“Authors in ASM journals retain the right to republish discrete portions of his/her article in any
other publication (including print, CD-ROM, and other electronic formats) of which he or she is
author or editor, provided that proper credit is given to the original ASM publication. ASM authors
also retain the right to reuse the full article in his/her dissertation or thesis.” Statement of Authors’

Right can be found at: http://journals.asm.org/site/misc/ASM_Author_Statement.xhtm
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Abstract

The newly discovered extended-spectrum p-lactamase, PME-1 was identified in a Pseudomonas
aeruginosa isolated from pulmonary secretions of a 3 year old Qatari child, receiving prolonged
ventilation in Doha. The patient had past hospitalizations in Saudi Arabia and the United Kingdom.
Using whole genome sequencing, the isolate was found as sequence type (ST 654) and carrying
multiple antibiotic resistance determinates beside blapve-1 such as blacess, StrA, aph(3')-Via,

aph(3)-11b, strB, fosA, catB7, sull, tet(A) and tet(G).
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Main body

The novel extended-spectrum beta-lactamase (ESBL), PME-1 was first described in 2010 from a
Pseudomonas aeruginosa strain obtained from blood, surgical wound, and urine specimens from a
single patient admitted to University of Pittsburgh Medical Center in 2008. The patient had
prolonged hospitalization (6-months) in Dubai, United Arab Emirates, immediately before being
transferred to the United States (1). We describe here the first case of P. aeruginosa carrying

blaPME-1 isolated from Qatar and the second report to the date of this enzyme.

A 3 year old Qatari child developed pneumonia due to P. aeruginosa and Serratia marcescens. Her
past history included tetralogy of Fallot for which she had undergone cardiac surgery in Saudi
Arabia at the age of four months. Post-operatively she had a cardiac arrest and developed hypoxic
ischemic encephalopathy. After seeking further medical care in the United Kingdom she became
ventilator dependent. She was subsequently accommodated in a Paediatric Long Term Ventilation
unit in Qatar, where she underwent mechanical ventilation via a tracheostomy. During this period
she developed purulent pulmonary secretions and new infiltrate on her chest radiographs. These
pulmonary secretions grew P. aeruginosa and S. marcescens. Treatment with
piperacillin/tazobactam was successfully administered for ten days, but she remained chronically

ventilated.

The P. aeruginosa HZ-QTR-51 isolate was sent to the reference laboratory at The University of
Queensland, Centre for Clinical Research (UQCCR) as part of a region-wide collaborative study on
multidrug resistant Gram-negative bacilli (2, 3). P. aeruginosa HZ-QTR-51 isolate underwent
antibiotic susceptibility testing using E-test to measure the minimal inhibitory concentration of

several antimicrobial compounds as listed in table 1.

The bacterial genomic DNA was extracted using the UltraClean Microbial DNA Isolation kit (MO
BIO Laboratories) as recommended by the manufacturer. Species identification was performed

using PAduplex assay that targets ecfX and gyrB genes, as previously described (4). Paired-end
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libraries of whole genomic DNA of HZ-QTR-51 was prepared via Nextera XT DNA Sample
Preparation Kit (Illumina, San Diego, USA) and sequenced by Illumina HiSeq platform (Illumina,
San Diego, USA). The 100bp pair-end reads were de novo assembled using CLC Genomic
Workbench v.7.5.1 (CLC Bio, Aarhus, Denmark) with a minimum contig length of 200bp. 167

contigs were assembled with a depth coverage of ca. 100x.

The identities of the P. aeruginosa HZ-QTR-51 sequence type (ST) strain was confirmed by in
silico multilocus sequence typing (MLST) (https://cge.cbs.dtu.dk/servicessMLST/) using the P.
aeruginosa MLST 1.7 database targeting seven potential loci (acs, aro, gua, mut, nuo, pps, and trp)
(5) and defined as sequence type 654 (ST 654). ResFinder 2.1 platform
(http://cge.cbs.dtu.dk/services/ResFinder/) (6) was also used to characterize acquired antimicrobial
resistance mechanism genes among draft genomes. We found that the isolate encoded blaPME-1
besides blaOXA-50, blaGES-5 and blaPAO contributing to -lactam resistance; and strA, aph(3')-
Via, aph(3)-1lb, and strB for aminoglycoside resistance. The isolate also carried fosA for
fosfomycin resistance, catB7 for phenicol resistance, sull for sulphonamide resistance; and tet(A)

and tet(G) for tetracycline resistance.

For further confirmation, blaPME specific primers were designed and PCR was carried out using
GoTag®  Green Master Mix and the  following  primers; PME-F (5’
CGCATTGCTGCTGTTTATGC-3’) and PME-R (5’-GTGGGCATCGGATTCGTA-3"), yielding
an 849-bp product. The run conditions used for this reaction started with denaturation at 950C for 3
min; followed by 34 cycles at 950C for 30 s, 550C for 30 s, 720C for 60 s; and a final extension at
720C for 5 min. The sample was also PCR screened for other major groups that confer clinically
relevant resistance to carbapenems, blaVIM-type (7), blaIMP-types (8), and blaNDM-type,

blakPC-type in a duplex reaction (2), but no positive PCR result was observed.

P. aeruginosa HZ-QTR-51 was phenotypically resistant to all tested antibiotics and was on the

breakpoint border for amikacin (Table 1). The initial PME-1 producing P. aeuginosa GB771
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identified in Pittsburgh was resistant to all B-lactams, all aminoglycosides except amikacin, and all
fluoroquinolones. Although PME is not a carbapenemase, this might be due to the other antibiotic
resistance mechanism that P. aeruginosa known to carry such as chromosomally encoded AmpC

cephalosporins, modified outer membrane porin OprD, and multidrug efflux pumps.(9)

P. aeruginosa ST 654 is noteworthy for several reasons. VIM-2 producing P. aeruginosa ST 654 has
been isolated from a patient in Sweden following hospitalization in Tunisia (10). ST 654 was also
associated with KPC producing P. aeruginosa from Argentina (11). More recently, VIM-2
producing P. aeruginosa ST 654 was identified among the international ‘high-risk clones’ in the

United Kingdom (12).

In conclusion, this study shows the first description of PME-1 producing P. aeruginosa in Qatar and
the second in the world (13). Although our patient has a history of medical travel to United
Kingdom and Saudi Arabia, she has not received any medical management in Dubai, where the first
blaPME-1 producing P. aeruginosa is believed to have originated from. This might highlight the
possibility that PME-1 producing P. aeruginosa are disseminated in the Gulf region. The currently
described P. aeruginosa isolate belongs to the successful international clone ST 654, which might
contribute to the global spread of blaPME-1. Hence, we suggest active surveillance for multidrug
resistant P. aeruginosa to assess the dissemination and prevalence of PME mediated antibiotic

resistance.
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Table 1: MICs of PME-1 producing P. aeruginosa HZ-QTR-51.

Antimicrobial Category Antimicrobial Agent MIC EUCAST
(mg/L) Interpretation
Aminoglycosides Gentamicin >256 R
Amikacin 16 NS
Netilmicin >8 R
Antipseudomonal Penicillins and Ticarcillin/Clavulanate >256 R
Beta-lactamase Inhibitors Piperacillin/Tazobactam >32 R
Carbapenems Imipenem >32 R
Meropenem >32 R
Doripenem >32 R
Extended Spectrum Cephalosporins Ceftazidime 32 R
Cefepime 16 R
Fluoroguinolones Ciprofloxacin >32 R
Monobactams Aztreonam 128 R

MIC. Minimum inhibitory concentration; R, resistant, NS, non susceptible
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Abstract
Acinetobacter baumannii, one of the more clinically relevant species in the Acinetobacter genus is

well known to be multi-drug resistant and associated with bacteremia, urinary tract infection,
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pneumonia, wound infection and meningitis. However, it cannot be differentiated from closely
related species such as A. calcoaceticus, A. pittii and A. nosocomialis by most phenotypic tests and
can only be differentiated by specific, time consuming genotypic tests with very limited use in
clinical microbiological laboratories. As a result, these species are grouped into the A. calcoaceticus
— A. baumannii (Acb) complex. Herein we investigated the mass spectra of 73 Acinetobacter spp.,
representing ten different species, using an AB SCIEX 5800 MALDI — TOF MS to differentiate
members of the Acinetobacter genus, including the species of the Acb complex. RpoB gene
sequencing, 16S rRNA sequencing, and gyrB multiplex PCR were also evaluated as orthogonal
methods to identify the organisms used in this study. We found that whilst 16S rRNA and rpoB
gene sequencing could not differentiate A. pittii or A. calcoaceticus, they can be differentiated using
gyrB multiplex PCR and MALDI — TOF MS. All ten Acinetobacter species investigated could be

differentiated by their MALDI — TOF mass spectra.

Appendix K: Other Supplementary Manuscripts during Candidature 253



1. Introduction

Acinetobacter baumannii is an opportunistic, aerobic, Gram-negative nosocomial pathogen that has
become one of the six most important multi-drug resistant microorganisms worldwide (Antunes et
al., 2014). A. baumannii is commonly known to cause difficult to treat pneumonia, bacteremia,
urinary tract infection, wound infection and meningitis (Maragakis and Perl, 2008).

Accurate identification of A. baumannii and its closely related species A. pittii, A. nosocomialis and
A. calcoaceticus is important as each of these species may display different characteristics in
regards to antimicrobial susceptibilities, pathogenicity and clinical outcomes (Chuang et al., 2011;
Sedo et al.,, 2013). The environmental strain A. calcoaceticus has not been reported to cause
infection in humans whilst the other organisms are all of clinical significance (Peleg et al., 2008;
Peleg et al., 2012). A recent paper has described increased severity and mortality in bacteraemia
patients infected with A. baumannii compared with those infected with A. pitii and A. nosocomialis,
emphasising the need for accurate differentiation (Fitzpatrick et al., 2015).

However, these four species which together make up the A. calcoaceticus — A. baumannii (Acb)
complex are indistinguishable by phenotypic based tests (Peleg et al., 2008; Wang et al., 2013; Lee
etal., 2014).

Molecular methods such as 16S rRNA and rpoB gene sequencing and have shown to be useful in
differentiating members of the Acinetobacter genus (La Scola et al., 2006; Zarrilli et al., 2009;
Wang et al., 2014). However, neither method is sufficient to differentiate species such as A. pittii
and A. calcoaceticus (Higgins et al., 2010), and other molecular methods such as PCR amplification
of intrinsic resistance genes or gyrB are used. However, these methods are mainly applied in
research settings and have very limited use in clinical laboratories (La Scola et al., 2006; Higgins et
al., 2010; Kamolvit et al., 2014).

Matrix assisted laser desorption ionisation — time of flight mass spectrometry (MALDI — TOF MS)
has been shown to be a rapid and highly discriminatory method for the identification of bacteria

(Kliem, 2010; Welker et al., 2011; Sedo et al., 2013). MALDI — TOF instruments that are
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commonly used in clinical settings for bacterial identification rely on the use of proprietary
identification software and spectral databases (Martiny et al., 2012).

In this study, we evaluated the use of a research-use-only (RUO) 5800 MALDI — TOF MS (AB
SCIEX, Concord, ON, Canada) to differentiate and identify various species in the Acb complex, as
well as other Acinetobacter spp. using only the standard instrument software and freely available
open-source software for the acquisition, processing and interpretation of spectra.

2. Materials and Methods

2. 1. Bacterial isolates and reference strains

The strains investigated in our study included thirty two multilocus sequence typed (MLST typed)
A. baumannii isolates, six Acinetobacter reference strains and thirty five additional Acinetobacter
isolates as described below:

The MLST typed A. baumanni isolates included sixteen isolates of sequence type (ST)110, four
isolates of ST92 and three isolates of ST109 (Huber et al., 2014). In addition to this, four isolates of
from the Arabian peninsula were added to the study, including one isolate from Saudi Arabia of the
ST195 and one of ST436, respectively, plus one isolate of ST208 from Kuwait and one of ST229
from Qatar (Zowawi et al., 2015).

Two additional isolates of ST208 were of Japanese origin, and one isolate of ST208 was from
Thailand, and two Singaporian strains were of ST491 (Kamolvit et al., unpublished data). The
isolates from Japan, Thailand and Singapore were collected between 2008 and 2010, and the MLST
typing was performed in silico. The Kenyan strains and the strains from the Arabian peninsula were
collected and MLST typed as previously described (Huber et al., 2014; Zowawi et al., 2015). MLST
typing has been performed according to the Oxford scheme for all isolates

(http://pubmlst.org/abaumannii/).
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The following reference strains and previously published isolates and were added to the study; A.
baumannii ATCC 19606, A. calcoaceticus ATCC 14987, A. lwoffi ATCC 15309 and ATCC
17986, A. johnsonii ATCC 17909, A. junii ATCC 17908, A. baylyi (n=1), A. calcoaceticus (n=1),
A. pitii (n=1) (Peleg et al., 2012) and A. nosocomialis (n=2) (Peleg et al., 2012; Carruthers et al.,
2013).

Various additional Acinetobacter spp. from Kenya (n=4, provided by the AGA KHAN University
hospital in Nairobi, Kenya and collected between 2010-2011), Japan (n=12, provided by the Toho
University in Tokyo, Japan and collected in 2010 ), Australia (n=2, collected at the Royal Brisbhane
and Women’s hospital in Brisbane, Australia in 2004 and 2006 respectively), Thailand (n=7,
provided by the Siriaj Hospital in Bangkok), Singapore (n=5, collected in 2008 and provided by the
National University of Singapore). All isolates were grown on Mueller Hinton agar and incubated
for 24 hours in a 370C incubator, and identification and confirmation of species was performed as

described in chapter 2. 2.

2. 2. 16S rRNA identification

All Acinetobacter spp. isolates were initially identified by the sequencing of the 16S rRNA gene as
previously described (Misbah et al., 2005). Sequencing was performed by Macrogen Inc, Seoul,
Korea, and sequences were blasted on NCBI using the megablast function against the 16S
ribosomal RNA sequences database with maximum target sequences being set at 100. If 16S rRNA
sequencing was unable to identify an isolate using the highest percentage identity, score and an E-
value of O resulting in a sequence that matches two species with identical lengths, rpoB gene
sequencing of zone 1 and 2 was performed as previously described (La Scola et al., 2006). A
previously described gyrB multiplex PCR (Higgins et al., 2010) was used to differentiate A.

calcoaceticus and A. pittii.

2. 3. MALDI - TOF MS
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MALDI — TOF MS analyses were conducted on a 5800 TOF/TOF set in linear positive mode
running the TOF/TOF Series Explorer acquisition software (AB SCIEX, Framingham,
Massachusetts) at a laser frequency of 100 Hz with a set mass range of 3,000 to 20,000 Da. A
continuous stage motion set in a random pattern at 600 pum/sec was used for sampling.

An in-house sinapinic acid matrix consisting of 10mg of sinapinic acid (>99.0% for MALDI-MS,
Fluka 85429) in 500 pL acetonitrile, 475 pL distilled water and 25 pL 80% trifluoroacetic acid
(TFA, LC-MS grade, Fluka 40967) was adapted from a previously published protocol (Freiwald
and Sauer, 2009). Calibration was performed using calibration mixture 2 (AB SCIEX, Framingham,
Massachusetts) which contained Angiotensin I, ACTH (1-17 clip), ACTH (18-39 clip), ACTH (7-
38 clip) and insulin (bovine) to ensure mass accuracy within 5 ppm.

2. 4. Acquisition of mass spectra

A small amount of bacteria (approximately 106 — 108 cfu) was transferred from a 24 hour culture
by spreading a thin layer onto a sample spot on an Opti-TOF 384 MALDI plate insert (AB SCIEX,
Framingham, Massachusetts) and overlaid with 1 pL of sinapinic acid matrix. Each isolate was
spotted in quadruplicate and each replicate scanned once. Laser intensity was set at 4322 units and
at a pulse rate of 100 Hz with a total of 1000 spectra accumulated for each sample. A mass range of
m/z 3,000 to m/z 20,000 and a continuous stage motion set in a random pattern at 600 pm/sec was
used for sampling. The TOF/TOF Series Explorer acquisition software (AB SCIEX, Framingham,
Massachusetts) was used to acquire mass spectra.

2. 5. Processing of spectra

Mass spectra files were non-manipulatively converted from t2d files to mzXML files using a t2d
converter (http://www.pepchem.org) and processed using mMass version 5.50 (Strohalm et al.,
2008) (http://www.mmass.org/). Processing of raw spectra was conducted in mMass 5.5 (Martin
Strolham) with a peak picking algorithm that used baseline correction, Savitzky-Golay smoothing
and a signal to noise ratio of 3. Replicates of the same isolates were averaged to form a consensus

spectrum.
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3. Results

3. 1. Bacterial identification

Using 16S rRNA identification, we confirmed the following Acinetobacter spp. in our collection; A.
baumannii (n=37), A. nosocomialis (n=15), Acinetobacter junii (n=3), Acinetobacter Iwoffii (n=2),
Acinetobacter johnsonii (n=1), Acinetobacter baylyi (n=1), Acinetobacter soli (n=1) and
Acinetobacter bereziniae (n=1).

Using rpoB gene sequencing and gyrB multiplex PCR we determined the remaining fourteen strains
to be A. pittii (n=12) and A. calcoaceticus (n=2). The results are as summarized in Table 1.

3. 2. MALDI — TOF MS based characterisation

All ten Acinetobacter species investigated in our study had sufficient differences in their mass
spectra to be characterised and differentiated using MALDI — TOF MS. In all of the A. baumannii
strains investigated (n = 35) we observed the presence of a characteristic, high intensity mass of m/z
5743.05, as well as two other specific masses of m/z 8583.00 and m/z 8715.00 that could be used to
distinguish A. baumannii from other Acinetobacter spp. (Figure 1). Additionally, all the species that
were not part of the Acb complex could also be characterised and differentiated (Summarised in
Table 1).

Nine of the twelve A. pittii isolates studied had a representative high intensity mass of m/z 5780.03
and two other specific masses of m/z 8620.00 and m/z 8822.00. In addition, three of the twelve
isolates were also characterized by a mass at m/z 5743.05, with similar intensity to that of the one in
A. baumannii. However, the mass at m/z 5780.03 was absent (Figure 1).

In A. nosocomialis we observed a representative mass at m/z 8134.00 in all isolates, and another
mass at m/z 8542.00 in fourteen of fifteen isolates (Figure 2). In A. calcoaceticus, we observed a
representative prominent peak at m/z 5829.00 that occurred in both isolates of this species (Figure

2).
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4. Discussion

Retrospective studies found that A. baumannii was associated with higher mortality rates, greater
antimicrobial resistance and different clinical characteristics than the ones of A. nosocomialis and
A. pittii (Chuang et al., 2011; Lee et al., 2011; Yang et al., 2013). This raises the importance of
being able to differentiate the organisms within the Acb complex to allow for treatment to be
optimised for specific organisms.

A. calcoaceticus — A. baumannii complex organisms are hard to differentiate because of high
phenotypic similarities (Gerner-Smidt et al., 1991). Molecular methods such as 16S rDNA and
rpoB sequencing as well as gyrB PCR amplification are possible methods to discriminate between
these strains. We observed that 16S rRNA sequencing or rpoB gene sequencing were not sufficient
to differentiate A. pittii and A. calcoaceticus, and that the identification of these two organisms
required gyrB multiplex PCR. However, in our investigation these species showed MALDI-TOF
mass spectra that are clearly distinct from each other.

MALDI is a soft desorption ionization method which may result in the formation of ions without
significantly breaking chemical bonds, which is particularly useful in protein analysis. MALDI
instruments commonly used for bacterial identification use licenced software packages that are
incompatible with instruments of other brands. Such instruments are usually single TOF mass
analysers that do not allow for efficient structure and sequence investigation of analytes. The
ABSciex 5800 instrument in our laboratory is a TOF/TOF instrument which can overcome the
limitations of a single TOF mass analyser by linking two TOF mass analysers in series, making it a
much more powerful tool in protein research (Ng et al., 2014). However, due to the lack of a

database, bacterial identification is not readily performed with this instrument.

The use of freeware to augment the abilities of RUO instruments such as the 5800 TOF/ TOF
greatly increase the functionality and availability of these instruments for bacterial identification.

The ability to differentiate species without using automated systems may be a step back from the
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automated systems that the VITEK — MS and the Biotyper offer, but it validates the ability of
MALDI — TOF instruments to visualise spectral differences for greater discrimination between
closely related species.

As we have seen in our study, MALDI — TOF was able to differentiate closely related species such
as A. pittii and A. calcoaceticus. It appears that MALDI — TOF may also differentiate various
Acinetobacter spp. from each other, as well as organisms that fall within the Acb complex.
Automated processes would be required if this method is to be used as part of a diagnostic

procedure.
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