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Objectives: The incidence of infections with ESBL-producing Escherichia coli (ESBL-Ec) in New Zealand is increas-
ing. ESBL-Ec most commonly cause urinary tract infections and are seen in both community and hospitalized
patients. The reason for the increasing incidence of ESBL-Ec infections is unknown.

Methods: In this study, 65 urinary ESBL-Ec isolates from the Otago region in 2015 were fully genetically
characterized to understand the mechanisms of transmission. The ESBL gene, E. coli STs, plasmid types and
genetic context (e.g. insertion sequences) of ESBL genes were determined by a combination of whole genome
and plasmid sequencing. The phylogenetic relationships of the isolates were compared with ESBL-Ec isolates
sequenced as part of the 2016 nationwide survey.

Results: Significant diversity of E. coli strains, plasmids, and the genetic context of ESBL genes was seen.
However, there was evidence of common mobile genetic elements in unrelated ESBL-Ec.

Conclusions: Multiple introductions of ESBL resistance genes or resistant bacterial strains with limited horizontal
transmission of mobile genetic elements accounts for the increased incidence of ESBL-Ec in this low prevalence
area. Future studies should investigate modes of transmission of ESBL-Ec in the Otago region.

Introduction

Escherichia coli is the cause of the majority of urinary tract infec-
tions (UTIs) worldwide.1 With one in five women experiencing UTI
during their life, UTIs are among the most prevalent bacterial
infections.2 The emergence of ESBL-producing E. coli (ESBL-Ec) has
presented a major challenge in the treatment of UTIs.2 ESBLs
hydrolyse and inactivate most b-lactam antibiotics, including peni-
cillins, extended-spectrum cephalosporins and monobactams.3

Further, ESBLs, including but not limited to TEM, SHV, OXA and CTX-
M, are typically encoded on large plasmids that frequently carry
additional antimicrobial resistance genes, resulting in phenotypic
MDR and limited treatment options for infected patients.3 As a re-
sult, there is a high risk of failure of empirical treatment in ESBL-Ec
infection, which can result in increased mortality and therapy
costs.1 The increasing prevalence of ESBL-Ec infection worldwide
has been recognized as an urgent threat by WHO.1

Though the overall prevalence of ESBL-Ec resistance in New
Zealand is low, a doubling in occurrence was observed between
2007 and 2016.4 The Otago region, in the South Island, which has
one of the lowest incidences of ESBL-Ec in New Zealand, has seen

the number of isolates from routine diagnostic urine specimens from
both community and hospitalized patients double between 2012
(40) and 2015 (81). It is unknown whether this increase is due to clo-
nal expansion, increased transmission in the community or health-
care facilities, or due to introductions from outside of New Zealand.

Previous antibiotic use, recurrent UTIs, and prolonged hospital-
ization have been identified as risk factors for carriage of resistant
pathogens and commensals.1,5 Globally identified sources of
ESBL-Ec include food, wildlife and aquatic environments, including
freshwater and wastewater.6 Those immigrating or returning from
international travel in high prevalence countries have high rates of
carriage of ESBL-Ec (up to 75%) and are an apparent source of
introduction within communities.7 Evidence indicates community
transmission is the primary mode of ESBL-Ec spread worldwide.7

While transmission of successful strains of ESBL-Ec, such as ST131,
is well documented, transmission of mobile genetic elements
(MGEs), such as plasmids, encoding ESBL genes between different
bacterial strains and species is an alternative mechanism of trans-
mission.8 To understand whether the increasing incidence of ESBL-
Ec in Otago, New Zealand is due to the clonal spread of one (or a
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small number of) strains or ESBL-encoding MGEs, the genetic rela-
tionship between ESBL-Ec strains was determined using WGS and
isolation and sequencing of plasmids.

Methods

Clinical isolates

ESBL-Ec isolated from urine samples, from community or hospitalized
patients, submitted to Southern Community Laboratories (SCL) between
February 2015 and January 2016 were included in the study; there were no
changes in laboratory surveillance practices during the study period.
Isolated bacteria were identified by MALDI-TOF MS (Biotyper; Bruker
Daltonics, Billerica, MA, USA) and antimicrobial susceptibility testing per-
formed by the disc diffusion method according to EUCAST guidelines.9

Cefpodoxime-resistant isolates were assessed for ESBL production by the
combination disc test method.10 All ESBL-producing isolates from patients
at first presentation were routinely cryopreserved at #80�C; only non-
duplicate unique patient isolates were included in the study. Following
thawing, isolate identification, antimicrobial susceptibility and ESBL produc-
tion were confirmed prior to sequencing.

Illumina NextSeq WGS data analysis
DNA was extracted from overnight cultures using the NucleoSpin Tissue kit
(Macherey-Nagel, Bethlehem, PA, USA), per the manufacturer’s instruc-
tions. WGS was performed at the Microbiological Diagnostic Unit Public
Health Laboratory (MDU PHL), University of Melbourne. Nextera library
preparation was performed prior to sequencing on an Illumina NextSeq in-
strument (San Diego, CA, USA). WGS data of 300 ESBL-Ec isolates submitted
to the Institute of Environmental Sciences Research (ESR) from hospital and
community laboratories in New Zealand in August 2016 as part of a nation-
al survey (BioProject PRJNA531554) were also included in this study.4 The
Nullarbor bioinformatic pipeline was used to determine the read quality,
species, ST, resistance profile and phylogenetic relationship of isolates from
the WGS data.11 The E. coli ST131 strain EC958 (GenBank: HG941718.1) was
used as the reference genome.

Genetic clustering of isolates was assessed with fastbaps.12 Clermont
phylotype of isolates was determined in silico with ClermonTyper.13,14 The
FimH type of isolates was determined in silico with CHTyper.15

ESBL plasmid isolation
Plasmids encoding resistance to extended-spectrum cephalosporins were
isolated by transfer to an extended-spectrum cephalosporin-susceptible,
sodium azide-resistant recipient laboratory strain, E. coli J53, using filter
mating conjugation.16,17 Thirty microlitres of 1:1 donor to recipient bacteria
mixture was pipetted onto 0.45 lm pore MF-Millipore mixed cellulose ester
Membrane Filters (Merck KGaA, Darmstadt, Germany) on selective LB agar
containing 250 mg/L sodium azide and 1.5 mg/L cefotaxime and incubated
overnight at 37 �C. For controls, 30lL of either E. coli J53 or the test isolate
alone were pipetted onto membrane filters.

Where conjugation was unsuccessful, plasmids were isolated by trans-
formation. Plasmids were isolated from donor strains using a modified alka-
line lysis method suitable for large plasmids.18 Plasmid DNA quality was
assessed using a Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA).
Electrocompetent E. coli ST18 and DH10B strains were prepared in-house
using three washes of 10% glycerol.19 Electroporation was performed on
40lL (8%109 cells) of electrocompetent cells and 1 lL (40–80 ng) of plas-
mid DNA using the Gene Pulser Xcell Electroporation system (Bio-Rad
Laboratories Inc., Hercules, CA, USA) with standard settings (0.1 cm, 1.8 kV,
200 X, 25 mF). Electrocompetent E. coli DH10B cells (Thermo Fisher
Scientific) were used for the majority of experiments due to their compe-
tence in hosting large plasmids in comparison to E. coli ST18 cells, which

achieved low rates of successful transformation in initial experiments (3/6).
Glycerol stocks (50% glycerol in LB broth) of the successful transformants
and transconjugants were stored at -80�C.

Successful conjugation or transformation was confirmed by PCR (Robust
Kapa2G Hotstart PCR kit, Kapa Biosystems, Wilmington, MA, USA) and gel
electrophoresis (100 V, 1 h), as per manufacturer’s instructions. DNA was
extracted from bacterial colonies using the boiling method.20 PCR condi-
tions and primers described by Dallenne et al.20 were used to confirm the
presence of ESBL genes in transformants and transconjugants. Primers and
methods described by Kuhnert et al.21 were used to confirm the strain of
putative transconjugants as E. coli J53.

MinION plasmid analysis
Plasmids from transconjugants and transformants were isolated using a
modified alkaline lysis method.18 The quality of twice-cleaned plasmids
(Agencourt AMPure XP beads, Beckman Coulter, High Wycombe, UK) was
assessed using a Nanodrop (Thermo Fisher Scientific) and gel electrophoresis
(0.8% LMP agar, 70 V, 5–50 min). DNA concentration was determined by
Qubit Fluorometer (Invitrogen). DNA libraries were prepared using the Rapid
Barcoding Sequencing kit (SQK-RBK004) (Oxford Nanopore Technologies Ltd,
Oxford, UK) and MinION sequencing was performed using R9.4 (FLO-
MIN106) flow cells.22 Oxford Nanopore Technologies MinKNOW software
(versions 0.45.2.6–2.34.3) was used to collect raw sequencing data.

Reads were basecalled using ONT programs MinKNOW (versions
2.0–2.1) for live basecalling or Albacore (version 2.3.0) for post-run basecall-
ing. Porechop (version 0.2.3) was used to demultiplex and remove adaptor
sequences.23 EPI2ME (versions 2.5.2–3.9.3) (Oxford Nanopore
Technologies) was used to assess the read quality of each sample.

Hybrid assembly
Unicycler was used to perform hybrid assembly of all plasmids.24 Any hybrid
assembly that did not yield a complete plasmid with Unicycler alone was
repeated following filtering of the WGS Illumina data with Bowtie 2 to in-
clude only those reads that matched the relevant plasmid as sequenced by
the MinION.25 miniasm or sed (on any hybrid assemblies incomplete with
miniasm) were used to generate a long-read only assembly from the
MinION reads in order to make a reference index for Bowtie 2.26 The ‘–very-
sensitive local’ pre-set was used to account for the higher error rate in the
MinION reads.

Analyses on completed plasmids
Following successful plasmid assembly, the resulting graph (.fastg output)
was searched and annotated using Bandage.27 Plasmids were typed in sil-
ico using PlasmidFinder and pMLST.28 ISfinder was used to identify insertion
sequences surrounding ESBL genes.29 NCBI BLAST, EPI2ME, ResFinder (ver-
sion 3.1) and CARD antimicrobial resistance online were used to determine
the presence of antibiotic resistance genes.30–34

Statistical analysis
The v2 test, post hoc binomial test and sign test were used for statistical
analyses. A two-tailed P , 0.05 was considered significant. All analyses
were performed using the statistical software SPSS (build 1.0.0.1246; SPSS
Inc., Chicago, IL, USA) and Excel Analyse-it for Microsoft Excel (version 2.20,
2009; Analyse-it Software Ltd, Leeds, UK).

Results

Clinical isolates

Of 81 non-duplicate unique patient ESBL-Ec isolated from urine
during the study period, 65 (80.2%) were characterized in this
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study. Thirteen (16.0%) were missing from storage, though no sys-
tematic bias was apparent. Three (3.7%) cryopreserved isolates
were found not to be ESBL producers. Most isolates were from a
community source (50/65, 76.9%). The median patient age was
66.9 years (range 4.7 to 100.6 years); 34/65 (52.3%) were
�65 years old. Fifty-six (83.6%) patients were female.

ESBL and other b-lactamase genes

There was a dominance of blaCTX-M ESBL genes (56/65, 86.2%)
(Table 1), the majority of which (30/56, 53.6%) were found in con-
junction with blaTEM and blaOXA b-lactamase genes not known to
have an ESBL phenotype.26–28 In addition, there was one blaCMY-2

AmpC resistance gene found in conjunction with blaCTX-M-15 and
blaTEM-1B. The ESBL gene blaSHV-12 was found in the majority of
non-CTX-M isolates (8/9). There was no significant difference be-
tween the proportions of blaCTX-M-27, blaCTX-M-14 and blaCTX-M-15

(P . 0.05), the predominant blaCTX-M types identified. Five isolates
encoding blaCTX-M-55 were also identified, two of which also
encoded blaCTX-M-14.

Other resistance genes

The resistance genes for other antibiotic classes with �90% se-
quence coverage are illustrated in Table S1 and the Nullarbor out-
put file (available as Supplementary data at JAC-AMR Online).
Notably, a partial (61%) mcr-1 gene sequence (encoding colistin
resistance) was only found in one isolate.

Of the 65 isolates, resistance genes for aminoglycosides were
found in 39 (60.0%), macrolides in 35 (53.8%), sulfonamides in 39
(60.0%), tetracyclines in 39 (60.0%) and trimethoprim in 40
(61.5%) isolates. Less commonly identified resistance genes
included those to chloramphenicol in 12 (18.4%), fosfomycin in 3
(4.6%), lincosamides in 1 (1.5%) and both quinolones and amino-
glycosides in 13 (20.0%). Genes encoding resistance to three or
more classes of antibiotics were found in 41 (63.1%) isolates. This
phenomenon was observed more frequently in isolates carrying
blaCTX-M ESBLs (38/56, 67.9%) than those carrying blaTEM-1B/blaOXA-

9/blaSHV-12 ESBLs (3/9, 33.3%) (P , 0.05). The incidence of this phe-
nomenon did not differ greatly between different blaCTX-M types
(blaCTX-M-14, 11/17 [64.7%]; blaCTX-M-15, 9/14 [64.3%]; blaCTX-M-27,
14/18 [77.8%]).

Phylogenetic relationship and MLST

There were five clusters evident in the core genome phylogeny
tree, while the pan-genome phylogeny tree showed three clusters
(Figure 1 and Figure S1). The most common Clermont phylogenetic
groups were B2 and D (38/65, 58.5% and 15/65, 23.1%, respective-
ly). The Achtman MLSTs of this set of isolates (Figure 1) showed
a high degree of diversity with 23 different STs, but the most
common ST was ST131 (27/65, 41.5%).35 A statistically significant
association of ST131 with blaCTX-M-27 was observed (P , 0.01).
The H30 clone was the most common fimH allele (20/65, 30.8%),
with 13 of these belonging to the subclone H30R (fluoroquinolone
resistance).

The core genome phylogeny and MLSTs of the 65 Otago iso-
lates were examined in the context of the ESBL-Ec from the na-
tionwide 2016 ESR survey of ESBL-producing Enterobacteriaceae
(Figure 2).35 Over the 1 month survey period, 521 non-duplicate
ESBL-producing Enterobacteriaceae were isolated, of which 386
(74.1%) were E. coli; of the ESBL-Ec, 47.4% were from patients
�65 years old and 68.1% were from community patients.35 WGS
data were available on 300 (77.7%) of the ESBL-Ec. Considering
both datasets, ST131 was dominant, representing 54.2%
(198/365) of isolates; an ST could not be determined in 11 (3.0%).
ST131 frequency among Otago isolates (27/65, 41.5%) was lower
than among ESR isolates (171/300, 57.0%). ST38 was the second
most frequently occurring ST among Otago isolates (7/65, 10.8%)
and ESR isolates (21/300, 7.0%). ST1193 (20/300, 6.7%) and ST12
(10/292, 3.4%) were the next most commonly occurring STs within
the set of ESR isolates, however, they were less common among
the Otago isolates (ST1193: 1/65, 1.5% and ST12: 1/65, 1.5%
respectively). In contrast, ST405 was more common amongst the
Otago isolates (5/65, 7.7%) than the ESR isolates (7/300, 2.3%).
ST69 was equally represented in both sets of isolates at 3.1%
of Otago isolates and 3.3% of ESR isolates. The ESR isolates showed
more diversity with 37 different ST; 22 of these were not repre-
sented in the Otago isolates. Of the Otago isolates, six STs were
not represented within ESR isolates (ST14, 297, 448, 636, 744
and 4204).

MinION sequencing

ESBL-encoding plasmids were able to be isolated from 44 of 65
(67.7%) ESBL-Ec isolates (Table S2). Of these, 32 (72.7%) were
isolated by conjugation and 12 (27.2%) by transformation.

Table 1. ESBL and other b-lactamase genes detected

b-Lactamase-encoding genes Number %

Total blaCTX-M 56 86.2

total group 9 35 53.8

total blaCTX-M-14 17 26.1

blaCTX-M-14 7 10.8

blaCTX-M-14/blaTEM-1B 10 15.4

total blaCTX-M-27 18 27.7

blaCTX-M-27 14 21.5

blaCTX-M-27/blaTEM-1B 2 3.1

blaCTX-M-27/blaOXA-1 2 3.1

total group 1 19 29.2

total blaCTX-M-15 14 21.5

blaCTX-M-15 4 6.2

blaCTX-M-15/blaOXA-1 4 6.2

blaCTX-M-15/blaOXA-1/blaTEM-1B 4 6.2

blaCTX-M-15/blaTEM-1B 2 3.1

total blaCTX-M-55 5 7.7

blaCTX-M-55 2 3.1

blaCTX-M-55/blaTEM-1B 3 4.6

total group 1!group 9 2 3.1

blaCTX-M-14/blaCTX-M-55 2 3.1

Total blaSHV/blaTEM/blaOXA only 9 13.8

blaTEM-1B 1 1.5

blaSHV-12 1 1.5

blaSHV-12/blaTEM-1B 5 7.7

blaSHV-12/blaTEM-1A/blaOXA-9 2 3.1
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The EPI2ME quality analysis of the reads of all four MinION runs
showed an average read length of 12 247 bp, quality score of
10.048, read number of 3044.61 and yield of 33.2 Mbp. Most
plasmids (40/44, 90.9%) were able to be completed by hybrid
assembly; 16 required the Bowtie 2 pre-filter. However, sufficient
information could still be obtained from three of four of these
non-circularized plasmids to characterize the plasmid type and
insertion sequences around the ESBL gene. Conversely, plasmid
type was unable to be identified with PlasmidFinder in three other
isolates despite completed, circularized plasmids.

b-Lactamase gene type of isolated plasmids

WGS identified all b-lactamase genes present in the isolates. With
the MinION data, only the plasmids that were able to be

conjugated or transformed in vitro were sequenced. Not all b-lac-
tamases from the original isolates were present on the isolated
plasmids (Table 2 and Table S2). The b-lactamases that were not
transferred are also shown. Of the nine isolates that contained
only one or more of TEM/SHV/OXA, a plasmid was able to be iso-
lated from six (66.7%). Of 56 CTX-M-encoding isolates, 38 (67.9%)
ESBL-encoding plasmids were able to be isolated. While an ESBL-
encoding plasmid could be isolated from most CTX-M-27-
encoding isolates (16/18, 88.9%), it was only possible in 6/17
(42%) CTX-M-14-encoding isolates. Of the isolates encoding a
group 1 CTX-M, a plasmid could be isolated from 8/14 (57.1%) CTX-
M-15-encoding and 4/5 (80%) CTX-M-55-encoding isolates.
Notably, a blaTEM-1B gene was transferred from one isolate (1/16,
6.25%) wherein blaCTX-M-14 co-occurred but was not isolated. A
plasmid carrying both blaCTX-M-15 and blaTEM-1B was able to be
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Figure 1. Core genome SNP phylogenetic tree annotated with ESBL genes and genetic context. Identical isolates in terms of gene, IS, plasmid incom-
patibility type, Clermont type, fimH subclone and MLST are marked with the same colour star. The five clusters determined with fastbaps (version
1.0.4) are highlighted. Produced by FastTree (version 2.1.10 Double precision [No SSE3], Open MP [64 threads]) with SNPs from Snippy-core (version
3.2-dev) using a reference genome of ST131 ESBL-Ec (GenBank: HG941718.1). Core SNP alignment has 65 taxa and 209 001 bp. Core SNP density was
209 001 SNPs across 5 109 767 bp in the reference genome. The scale bar indicates the number of substitutions per site. Figure generated using iTOL
online (version 6.0).
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Figure 2. Core genome SNP phylogenetic tree annotated with ST and isolate source. Produced by FastTree (version 2.1.10, double precision
[No SSE3]) with SNPs from Snippy-core (version 4.6.0) using the reference genome ST131 ESBL-Ec (GenBank: HG941718.1). Core SNP alignment
has 365 taxa and 154 607 bp. Core SNP density was 154 607 SNPs across 5 109 767 bp in the reference genome. Figure generated using iTOL
(version 6.3).
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isolated. In the two isolates in which blaCTX-M-14 and blaCTX-M-55 co-
occurred, a plasmid encoding only blaCTX-M-14 was isolated.

There were two cases of incongruence. One plasmid isolated
was found to carry a blaSHV-183 ESBL gene, despite this gene not
being identified in the Illumina WGS results (which identified
blaCTX-M-14 and blaTEM-1B). In another instance, a plasmid that car-
ried blaCTX-M-15 and blaTEM-127 was identified from an isolate which,
according to the Illumina WGS results, only carried blaOXA-9/blaSHV-

12/blaTEM-1A b-lactamase genes. In both cases the anomalous
genes were found in the raw MinION reads using the EPI2ME resist-
ance workflow. The genes were absent in both the filtered and raw
Illumina reads (CARD and CGE ResFinder). Furthermore, no b-lacta-
mase gene was present in both sets of Bowtie 2-filtered Illumina
sequence. The most likely explanation is carryover contamination
of barcodes from previous libraries despite an intervening wash
step, which has been observed in other studies.36,37 Though the
same barcodes were not used for isolates containing the respect-
ive incongruent gene in these experiments, the same flow cell had
been used for other experiments with other E. coli isolates. For this
reason, these two plasmids were excluded from later analyses.

Genetic context of ESBL genes

Multireplicon ESBL-encoding plasmids were common in this set of
isolates, with IncFIA/IncFII being one of the two most common in-
compatibility types in this set of plasmids, alongside IncFII (both
n"10, 22.7%) (Figure 1). The plasmid incompatibility type of four
of the isolates was unable to be identified.

ISEcp1 occurred upstream (50) of all blaCTX-M genes. There was
an exclusive association of downstream orf477 with group 1 and
IS903D with group 9 CTX-M groups. There was a varying presence
of IS26 and Tn3 both upstream and downstream of ESBL genes,
plus a varying presence of iroN-Tn3-IS26 downstream of IS903D.
The ISEcp1-IS26 element was associated with blaCTX-M-27 (14/16,
87.5%). All four isolates carrying blaSHV-12 had different insertion
sequences surrounding the gene. The genetic context of ESBL
genes in different isolates is summarized in Table S2 and six exam-
ples are shown in Figure 3.38

Overall considerable genetic diversity was seen with isolates
differing in at least one of the categories of MLST, plasmid type and
genetic context (Figure 1). Only in the isolates carrying blaCTX-M-27

were notable clones observed. Clusters of three ST38/IncFII/TnA,
IS26, ISEcp1-blaCTX-M-27-IS903D, iroN, Tn3, IS26, TnA isolates and
six ST131/IncFIA-IncFII/TnA, IS26, ISEcp1-blaCTX-M-27-IS903D, IS26
isolates were identified. There were also two ST131/IncFII/TnA,
IS26, ISEcp1-blaCTX-M-27-IS903D, iroN, Tn3, IS26 isolates seen. The
remaining isolates carrying blaCTX-M-27 differed in MLST, Clermont
type, fimH subclone, plasmid incompatibility type and/or insertion
sequences.

There was, however, evidence of common MGEs in unrelated
ESBL-Ec (Figure 1 and Table S2). An IncI plasmid encoding TnA,
ISEcp1-blaCTX-M-15-orf477, TnA was found in two isolates (59 and
73) with different STs (ST162 and ST131 respectively). Similarly, an
untypeable plasmid encoding ISEcp1- blaCTX-M-15-orf477, TnA was
found in two isolates (46 and 56) of different STs (ST131 and ST12
respectively). There was also evidence of the same ESBL gene in
the same genetic context but on different plasmids in isolates with
different STs. ISEcp1-blaCTX-M-14-IS903D was found in four isolates
(11, 18, 38 and 79) of different STs (ST131, ST101, ST405 and ST69,
respectively) on three different plasmid types (IncFIA/IncFII,
IncFII, IncB/O/K/Z and IncB/O/K/Z, respectively). Similarly, in add-
ition to the six ST131/IncFIA-IncFII/TnA, IS26, ISEcp1-blaCTX-M-27-
IS903D, IS26 isolates, TnA, IS26, ISEcp1-blaCTX-M-27-IS903D, IS26
was also found on an IncFII plasmid in a ST744 isolate. In addition
to the three ST38/IncFII/TnA, IS26, ISEcp1-blaCTX-M-27-IS903D,
iroN, Tn3, IS26, TnA isolates, TnA, IS26, ISEcp1-blaCTX-M-27-IS903D,
iroN, Tn3, IS26, TnA was also found on an IncFIA plasmid in a
ST393 isolate. In contrast, all the blaCTX-M-55, blaSHV and blaTEM

differed in their genetic context.

Discussion

In this study we sequenced 80.2% of the ESBL-Ec isolates from
urine samples collected in the Otago region of New Zealand over a
12 month period. While there was some evidence of common
ESBL-Ec clones and MGEs, overall there was considerable genetic
diversity between isolates, plasmids and the genetic context of the
ESBL genes. This is consistent with multiple introductions from out-
side the region with limited clonal transmission of resistant strains,
plasmids and MGEs.

The dominance of blaCTX-M ESBL genes, IncF plasmids, ST131
and the H30 subgroup is in agreement with what has previously
been reported worldwide and in New Zealand.4,39–41 The 2016 ESR
survey of New Zealand (68.1%) and this study (76.9%) had a simi-
lar proportion of community isolates.4 There was a higher preva-
lence of blaTEM/blaSHV/blaOXA genes compared with nationwide
reports, which may be due to the low overall prevalence of ESBL-Ec

Table 2. b-Lactamase genes encoded by isolated plasmids

b-Lactamase gene
encoded by isolated
plasmids (MinION)

b-Lactamase genes
present in original

isolate (Illumina WGS) Number

blaCTX-M-14
a blaCTX-M-14 3

blaCTX-M-14/blaCTX-M-55 2

blaCTX-M-14/blaTEM-1B 3

blaCTX-M-15
a blaCTX-M-15 3

blaCTX-M-15/blaOXA-1 3

blaCTX-M-15/blaOXA-1/blaTEM-1B 1

blaCTX-M-15
a/blaTEM-1B

b blaCTX-M-15/blaCMY/blaTEM-1B 1

blaCTX-M-15
a/blaTEM-127

b, c blaOXA-9/blaSHV-12/blaTEM-1A 1

blaCTX-M-27
a blaCTX-M-27 12

blaCTX-M-27/blaOXA-1 2

blaCTX-M-27/blaTEM-1B 2

blaCTX-M-55
a blaCTX-M-55 1

blaCTX-M-55/blaTEM-1B 3

blaSHV-12
a blaSHV-12 1

blaSHV-12/blaTEM-1B 3

blaSHV-183
d, c blaCTX-M-14/blaTEM-1B 1

blaTEM-81
e blaSHV-12/blaTEM-1B 1

blaTEM-1B
b blaCTX-M-14/blaTEM-1B 1

aESBL phenotype.
bBroad-spectrum b-lactamase phenotype.
dPhenotype undefined.
cExcluded from further analyses.
eInhibitor resistant b-lactamase phenotype.
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Figure 3. Maps of insertion sequences surrounding the ESBL genes of six representative isolates. Produced using Simple Synteny (version 1.3.2).
Isolate 72 (TnA-IS26-ISEcp1/903D-iroN-Tn3-IS26-TnA) shares the same genetic context as isolates 41, 45 and 67. Isolate 82 (TnA-IS26-ISEcp1/
903D-IS26) shares the same genetic context as isolates 25, 27, 29, 44, 68, 69 and 78. Isolate 38 (ISEcp1/903D) shares the same genetic context as
isolates 11, 18, 31 and 79. Isolate 59 (TnA-ISEcp1/orf477-TnA) shares the same genetic context as isolate 73. Isolate 7 and isolate 66 are unique in
genetic context.
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in the Otago area.3,4,42 The statistically equal proportions of blaCTX-

M-27, blaCTX-M-15 and blaCTX-M-14 is in contrast to most countries
(including Portugal, Italy, USA, Mexico, Bolivia, India and South
East Asia), where blaCTX-M-15 increased and became dominant
from 2009–16, but in line with some countries (Israel, Spain,
Canada, United Kingdom, Egypt, China, Vietnam, Turkey, France,
Germany, Korea and Japan) where the proportion of blaCTX-M-15

decreased compared with pre-2007 in favour of blaCTX-M-27, al-
though not necessarily overtaking blaCTX-M-15.43,44 An association
between blaCTX-M-27 and ST131 has been reported in countries
where blaCTX-M-27 incidence is increasing or is greater than
blaCTX-M-15, and where there is a dominance of ST131.43–51

The dominant Clermont phylogenetic groups in this study (B2
and D) have been associated with pathogenic urinary E. coli
strains.52 ST131 has been implicated in the rise in ESBL resistance
worldwide, and is particularly important in UTIs due to their
increased biofilm formation ability and common MDR to fluoroqui-
nolones.39,53 Future studies to determine the presence of H30Rx or
H30R1 subclones and any associations to blaCTX-M-15 or blaCTX-M-27,
as has been described in previous studies, would be useful for
comparison.4,40,53,54

A total of 21/65 (32.3%) plasmids were not able to be isolated.
Both conjugation and transformation were used for isolation of
the ESBL-encoding plasmid. The conjugation method better dem-
onstrates the transferability of these plasmids in the environment,
as opposed to electroporation. The large size of the plasmids
(40–150 kb) may have affected transferability under laboratory
conditions.19 Alternatively, the resistance gene may have been
located on the chromosome in a transposon. A plasmid was able
to be isolated from isolates of nearly all MLST types (except two).
All MLST types carried transferable plasmids, and none in particular
were associated with highly transmissible plasmids. Further opti-
mization of conjugation techniques and electroporation conditions
might allow isolation of more plasmids.

The specificity of downstream insertion sequences to blaCTX-M

groups has been previously observed.43,55–62 The ISEcp1-IS26
element was associated with blaCTX-M-27, which has been observed
in a previous large-scale study in Japan, though that study did not
assess for the presence of TnA, which occurred upstream of the
IS26-ISEcp1 element in most blaCTX-M-27 isolates (14/16, 87.5%) in
Otago.40 IS3000 only appeared upstream of blaSHV ESBL genes,
though it has been observed upstream of group 9 blaCTX-M ESBL
genes in a previous study.55

The high genetic diversity and limited number of identical iso-
lates in terms of gene, IS, plasmid incompatibility type and MLST
(three ST38/IncFII/TnA, IS26, ISEcp1-blaCTX-M-27-IS903D, iroN, Tn3,
IS26, TnA isolates, six ST131/IncFIA-IncFII/TnA, IS26, ISEcp1-
blaCTX-M-27-IS903D, IS26 isolates and two ST131/IncFII/TnA, IS26,
ISEcp1-blaCTX-M-27-IS903D, iroN, Tn3, IS26) indicates multiple intro-
ductions into the Otago population with more limited evidence of
horizontal transmission.63,64 These introductions could be from
numerous sources. Misuse of antibiotics in humans or agriculture
could constitute selection pressures for the mobilization of
antibiotic resistance genes.65–67 Recent studies have shown that
the low antibiotic concentrations that have been found in environ-
mental residues (such as hospital and wastewater effluent) are
sufficient for the positive selection of ESBL resistance.65–67 Many of
the ESBL genes and associated sequence and plasmids types

found in this study have been commonly isolated from animal and
environmental sources in international studies.43,46,49,55,68–72

Future epidemiological studies investigating the presence of ESBL
genes in the environment, animals and faecal carriage in asymp-
tomatic humans will be important for the elucidation of potential
reservoirs, identification of person-to-person contact, or common
exposure to potential sources. Future studies should also collect
travel and migration history from patients. The finding that the
increase in ESBL-Ec UTI incidence in Otago is not due to the trans-
mission of highly virulent clones is important to avoid inappropriate
outbreak management.67

Funding
This project was funded by a grant from the Southern Victorian Charitable
Trust through the Otago Medical Research Foundation.

Transparency declarations
None to declare.

Supplementary data
Table S1 and S2, Figure S1 and the Nullarbor report are available as
Supplementary data at JAC-AMR Online.

References
1 WHO. Antimicrobial Resistance: Global Report on Surveillance. 2014.
https://apps.who.int/iris/handle/10665/112642.

2 Foxman B. Epidemiology of urinary tract infections: incidence, morbidity,
and economic costs. Am J Med 2002; 113: 5–13.

3 Petty NK, Ben Zakour NL, Stanton-Cook M et al. Global dissemination of a
multidrug resistant Escherichia coli clone. Proc Natl Acad Sci USA 2014; 111:
5694–9.

4 Heffernan H, Woodhouse R, Draper J et al. 2016 Survey of Extended-
Spectrum b-Lactamase-Producing Enterobacteriaceae. Antimicrobial
Reference Laboratory and Health Group, Institute of Environmental Science
and Research Limited (ESR). 2018. https://surv.esr.cri.nz/PDF_surveillance/
Antimicrobial/ESBL/ESBL_2016.pdf.

5 Foxman B. The epidemiology of urinary tract infection. Nat Rev Urol 2010;
7: 653–60.

6 Li Q, Chang W, Zhang H et al. The role of plasmids in the multiple antibiotic
resistance transfer in ESBLs-producing Escherichia coli isolated from waste-
water treatment plants. Front Microbiol 2019; 10: 633.

7 Jørgensen SB, Søraas A, Sundsfjord A et al. Fecal carriage of extended
spectrum b-lactamase producing Escherichia coli and Klebsiella pneumoniae
after urinary tract infection – a three year prospective cohort study. PLoS One
2017; 12: e0173510.

8 Brolund A, Sandegren L. Characterization of ESBL disseminating plasmids.
Infect Dis (Lond) 2016; 48: 18–25.

9 EUCAST. Breakpoint Tables for Interpretation of MICs and Zone Diameters,
Version 6.0. 2016. https://www.eucast.org/fileadmin/src/media/PDFs/
EUCAST_files/Breakpoint_tables/v_6.0_Breakpoint_table.pdf.

10 EUCAST. EUCAST Guidelines for Detection of Resistance Mecha-
nisms and Specific Resistances of Clinical and/or Epidemiological Im-
portance. 2016. https://www.eucast.org/fileadmin/src/media/PDFs/
EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_
mechanisms_170711.pdf

Hapuarachchi et al.

8 of 10

http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlab147#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlab147#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlab147#supplementary-data
http://academic.oup.com/jacamr/article-lookup/doi/10.1093/jacamr/dlab147#supplementary-data
https://apps.who.int/iris/handle/10665/112642
https://surv.esr.cri.nz/PDF_surveillance/Antimicrobial/ESBL/ESBL_2016.pdf
https://surv.esr.cri.nz/PDF_surveillance/Antimicrobial/ESBL/ESBL_2016.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_6.0_Breakpoint_table.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_6.0_Breakpoint_table.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf


11 Seemann T, Goncalves da Silva A, Bulach DM et al. Nullarbor. GitHub.
https://github.com/tseemann/nullarbor.

12 Tonkin-Hill G, Lees JA, Bentley SD et al. Fast hierarchical Bayesian analysis
of population structure. Nucleic Acids Res 2019; 47: 5539–49.

13 Clermont O, Dixit OV, Vangchhia B et al. Characterization and rapid identi-
fication of phylogroup G in Escherichia coli, a lineage with high virulence and
antibiotic resistance potential. Environ Microbiol 2019; 21: 3107–17.

14 Beghain J, Bridier-Nahmias A, Le Nagard H et al. ClermonTyping: an easy-
to-use and accurate in silico method for Escherichia genus strain phylotyping.
Microb Genom 2018; 4: e000192.

15 Roer L, Johannesen TB, Hansen F et al. CHTyper, a web tool for subtyping
of extraintestinal pathogenic Escherichia coli based on the fumC and fimH
alleles. J Clin Microbiol 2018; 56: e00063-18.

16 Lampkowska J, Feld L, Monaghan A et al. A standardized conjugation
protocol to asses antibiotic resistance transfer between lactococcal species.
Int J Food Microbiol 2008; 127: 172–5.

17 Woodall CA. DNA transfer by bacterial conjugation. In: E. coli Plasmid
Vectors, Vol. 235. Humana Press, 2003; 61–6.

18 Heringa SD, Monroe JD, Herrick JB. A simple, rapid method for extracting
large plasmid DNA from bacteria. Nat Prec 2007; doi:10.1038/npre.2007.
1249.1.

19 Sheng Y, Mancino V, Birren B. Transformation of Escherichia coli with large
DNA molecules by electroporation. Nucleic Acids Res 1995; 23: 1990–6.
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