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Integrating multiple genomic technologies to
investigate an outbreak of carbapenemase-
producing Enterobacter hormaechei
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Carbapenem-resistant Enterobacteriaceae (CRE) represent an urgent threat to human health.
Here we report the application of several complementary whole-genome sequencing (WGS)
technologies to characterise a hospital outbreak of blayp.4 carbapenemase-producing E.
hormaechei. Using Illumina sequencing, we determined that all outbreak strains were
sequence type 90 (ST90) and near-identical. Comparison to publicly available data linked all
outbreak isolates to a 2013 isolate from the same ward, suggesting an environmental source
in the hospital. Using Pacific Biosciences sequencing, we resolved the complete context of the
blayp-4 gene on a large IncHI2 plasmid carried by all IMP-4-producing strains across dif-
ferent hospitals. Shotgun metagenomic sequencing of environmental samples also found
evidence of ST90 E. hormaechei and the IncHI2 plasmid within the hospital plumbing. Finally,
Oxford Nanopore sequencing rapidly resolved the true relationship of subsequent isolates to
the initial outbreak. Overall, our strategic application of three WGS technologies provided an
in-depth analysis of the outbreak.
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arbapenem antibiotics have become the mainstay of
therapy for serious infections caused by multidrug-
resistant (MDR) gram-negative bacteria, especially for
strains expressing extended-spectrum (-lactamase (ESBL) or
AmpC-type enzymes!. Increased use has driven resistance to
carbapenems and the emergence of carbapenemase-producing
Enterobacteriaceae (CPE) and carbapenem-resistant Enter-
obacteriaceae (CRE), which include common enteric species such
as Escherichia coli, Klebsiella pneumoniae and Enterobacter spp.2.

Before 2005, an estimated 99.9% of Enterobacteriaceae were
susceptible to carbapenems3. However, the isolation of CRE has
since increased dramatically and these organisms are now
reported in all WHO health regions*. The mortality rates for CRE
infections are reported to be as high as 48%>, and resistance to
last-line antibiotics used in lieu of carbapenems, such as colistin,
has also emerged®.

Resistance to carbapenems in Enterobacteriaceae occurs via a
range of mechanisms. Of greatest concern is the acquisition of
genes encoding carbapenemases’. This most frequently occurs via
transfer of mobile genetic elements (MGEs), such as plasmids,
occasionally carrying multiple B-lactamases co-located with other
resistance determinants, rendering these strains MDR or exten-
sively drug-resistant (XDR)8. Australia has experienced low rates of
CRE?, although sporadic introduction of K. pneumoniae carbape-
nemase (KPC)!0 and New Delhi metallo-B-lactamase (NDM)!! has
been reported, including significant nosocomial outbreaks!2.
The most frequently encountered carbapenemase in Australia is
blapvp.s, particularly in  Enterobacter spp.!3. IMP-producing
Enterobacter spp. have caused occasional outbreaks within inten-
sive care or burns units in Australian hospitals!4-1°,

Within the last decade, whole-genome sequencing (WGS) has
become more accessible and affordable, resulting in its increased
use in many fields, including clinical microbiology. One of the
main features of using WGS to characterise clinically relevant
bacteria comes from its ability to provide strain relatedness at the
resolution of a single nucleotide. WGS has been utilised to
understand transmission within hospital settings beyond what
can be determined using traditional culture-based diagnostics
alone. Examples include the expansion of a single clone!”-1° and
less commonly the expansion of an MGE2%-21. However, many of
these studies were conducted retrospectively and focused pri-
marily on a single sequencing technology.

Here, we describe the integration of several WGS technologies
to investigate an outbreak of IMP-4-producing Enterobacter
hormaechei within an intensive care unit (ICU) and burns facility
of a large tertiary referral hospital. Using Illumina sequencing, we
were able to accurately determine the exact relationship between
all outbreak isolates. Interrogation of publicly available data
linked the outbreak strain to a 2013 isolate from the same ward,
suggesting persistence of the organism in the environment for at
least 2 years. Pacific Biosciences long-read sequencing enabled the
detailed resolution of the blayyp_4 gene on a large IncHI2 plasmid,
which we detected in seven unrelated IMP-4-positive Enter-
obacteriaceae from surrounding hospitals. Metagenomic
sequencing of the hospital environment suggested the presence of
both the outbreak strain and the IncHI2 plasmid in the hospital
plumbing. We also applied Nanopore sequencing to reveal the
true relationship of isolates subsequent to the original outbreak.
Together, these results demonstrate the breadth of analyses that
can be undertaken using a variety of sequencing techniques to
completely characterise and monitor an outbreak.

Results
Clinical case report. Two patients in mid-2015 were transferred
from regional Queensland hospitals to the ICU with burn injuries

sustained from the same accident (Fig. 1). E. cloacae complex was
cultured from the endotracheal tube (ETT) of patients 1 and 2 on
days 6 and 8 of admission, respectively. Both E. cloacae complex
isolates were confirmed as MDR by phenotypic testing used in the
diagnostic setting (Table 1). Real-time PCR amplification of
blapyp.4 confirmed their status as carbapenemase-producers. Both
of these patients were previously well, with no prior hospital
admission or contact with healthcare facilities. Neither had been
resident or hospitalised overseas for more than 20 years.

Patient 1 underwent debridement and split skin grafting for
29% total body surface area burns on day 2 of ICU admission and
subsequently had three procedures in the burns operating rooms
(Fig. 1). An additional MDR-E. cloacae complex isolate was
isolated from urine on day 21, 8 days after discharge from the
ICU. After no further colonisation with MDR-E. cloacae complex
was identified, patient 1 was discharged from the hospital on
day 38.

Patient 2 underwent multiple grafting and debridement
procedures and was discharged from the ICU on day 17 (Fig. 1).
MDR-E. cloacae complex colonisation in samples from the ETT
and from urine was noted on day 8 and day 15, respectively. By
day 19, the patient developed clinical signs of sepsis, with a
phenotypically identical isolate identified in blood cultures and
from a central venous line (CVL) tip culture. The patient received
piperacillin/tazobactam 4.5g 8-hourly for 2 days, improved
following line removal, and did not receive further antibiotics
for this episode. A subsequent E. cloacae complex isolate in urine
collected from a urinary catheter 17 days later demonstrated a
different antibiogram with susceptibility to third-generation
cephalosporins, meropenem and gentamicin. The patient received
3 days of oral norfloxacin 400 mg twice daily with microbiological
resolution.

Patient 3 was admitted with 66% total body surface area burns
to the same ICU 5 weeks after patients 1 and 2 were admitted and
20 days after they had been discharged from the ICU (Fig. 1).
MDR-E. cloacae complex was cultured from the ETT of patient 3
on day 12 of ICU admission. The patient had frequent brief
admissions to several hospitals since 2010 (never to ICU), and no
MDR gram-negative bacilli were identified in clinical or screening
samples during previous admissions. MDR-E. cloacae complex
with Pseudomonas aeruginosa were isolated from eight skin swabs
and an additional ETT aspirate. On days 19 and 21, MDR-E.
cloacae complex was isolated from blood cultures in the context
of skin graft breakdown and signs of systemic inflammatory
response syndrome (SIRS) with increasing inotrope requirements
(Fig. 1). Streptococcus mitis was cultured from blood on day 19.
On day 36, the patient’s condition worsened with signs of SIRS.
Transesophageal echocardiography demonstrated aortic and
mitral valve lesions consistent with endocarditis. Pancytopenia
developed, with a bone marrow aspirate and trephine suggestive
of peripheral consumption. Multiple suspected cerebral, pulmon-
ary, splenic and renal septic emboli were identified on imaging.
The patient was palliated on day 47 of admission due to extensive
cerebral emboli (Fig. 1).

All patients harbour carbapenemase-producing Enterobacter.
With the exception of MS7889 (isolated from the urine of patient
2 on day 36), all E. cloacae complex isolates collected from the
outbreak were resistant to ceftriaxone, ceftazidime, ticarcillin-
clavulanate, piperacillin-tazobactam, meropenem, gentamicin
and trimethoprim-sulphamethoxazole by Vitek 2 testing
(Table 1) and demonstrated carbapenemase production by
Carba-NP. The MICs for meropenem were considerably lower
when tested by Etest?2, often falling below the clinically suscep-
tible breakpoint defined by EUCAST, but above the
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Fig. 1 RBWH clinical case study outline. Three burns patients were admitted to the RBWH ICU ward in mid-2015. Patients 1 and 2 were admitted on the
same day. Subsequent to admission, both patients developed carbapenem-resistant E. hormaechei infections, with two samples taken from patient 1
(source =ETT [purple] and urine [grey]), and four samples taken from patient 2 (source =ETT [purple], urine [grey], and blood [red]). Patient 3 was
admitted 37 days after patients 1 and 2 had been admitted and after they had been discharged from the ICU. Patient 3 also developed infection due to a
carbapenem-resistant E. cloacae infection, and had four samples taken from ETT (purple), blood (red) and wound sites (orange). After intensive antibiotic
and antifungal treatment, the patient was palliated on day 47 of ICU admission. Sequencing and genomics analysis of all ten isolates was undertaken
following confirmation of all three patients being infected with blajmp_4-producing E. hormaechei (period shown in purple shading). Environmental swabbing
was undertaken 65 days after the initial admission of patients 1 and 2, and 29 days after the admission of patient 3 (orange square).

epidemiological cut-off (ECOFF)23. MS7889 was fully susceptible
to carbapenems (meropenem MIC =0.032 by Etest) and was
negative for IMP-4-like genes by PCR (Table 1).

WGS identifies link to previous IMP4-producing isolate. WGS
of ten isolates from patients 1, 2 and 3 was initiated after an
additional microbiological confirmation of a blajyp.4 E. cloacae
complex isolate from a third patient from the RBWH ICU (Fig. 1
and Supplementary Table 1). In silico analysis determined all to
be sequence type (ST)90 E. hormaechei (part of the E. cloacae
complex), with the majority exhibiting the same resistance gene
profile, including a 100% identical blayyp.4 gene (Table 1). The
exception was the carbapenem-susceptible isolate MS7889, which
was confirmed by WGS to have lost the blayyp 4 gene as well as
several additional resistance genes conserved in the other E.
hormaechei isolates (Table 1). All ten isolates contained an
IncHI2 plasmid. Sequence analysis suggested that AmpC dere-
pression was unlikely to contribute to carbapenemase activity in
these strains (see Supplementary Note 1 for further details).

Comparison of the E. hormaechei genomes to publicly available
draft assemblies identified a close match to E. hormaechei Ecll
(GenBank: JRFQ01000000; formerly E. cloacae), an ST90 strain
isolated from a burns patient at the RBWH ICU almost 2 years
prior to the 2015 outbreak!324. Antibiotic resistance gene
profiling of the Ecll genome revealed an identical resistance
gene profile compared to the majority of the 2015 isolates
(Table 1).

The 2015 isolates were near-identical to a 2013 isolate. To
investigate the relationship between the isolates at single-
nucleotide resolution, reads from the 2015 RBWH isolates were
mapped to E. hormaechei draft assembly for Ecll. All 2015
RBWH isolates differed by fewer than five core single nucleotide
variants (SNVs) (4,934,357 bp core genome), consistent with a
direct ancestral relationship (Fig. 2 and see Supplementary
Note 2). Two isolates from patient 1 and two isolates from patient
3 were indistinguishable at the core genome level (Fig. 2),
although all of the isolates from patient 3 had lost a prophage
region (see Supplementary Note 3 and Supplementary Fig. 1).
Ecll (isolated in 2013) was very closely related to these isolates,
differing by only one core SNP. All four isolates from patient 2

contained a discriminatory single-nucleotide deletion, thereby
ruling out patient 2 to patient 3 transmission (Fig. 2).

Integration of WGS with infection control response. WGS
analysis unequivocally linked all ten isolates to the 2013 isolate
Ecll from the same ward, confirming that the clone had not been
an incursion from the accident affecting patients 1 and 2 and that
the hospital environment was suspected as the most likely ori-
ginal source of infection in the 2015 cases. In response, 28
environmental samples from the ICU, burns wards and operating
theatres were collected 65 days after patients 1 and 2 were
admitted and inoculated onto MacConkey agar with 8 mg/mL
gentamicin (laboratory standard screening medium for MDR
gram-negative bacilli). No carbapenemase-producing Enter-
obacter spp. were detected. Additionally, no carbapenemase-
producing Enterobacter spp. were detected in patients admitted to
the ICU or burns unit for a 6-month period following the
outbreak.

Queensland CPE isolates associated with an IMP-4-carrying
plasmid. To determine the broader context of IMP-producing
Enterobacteriaceae in surrounding hospitals, seven additional
blajyp_4-producing Enterobacteriaceae (E. cloacae complex n =6,
E. coli n=1) were sequenced. These represented a selection of
blayyp_4-producing Enterobacteriaceae identified from Brisbane
public hospitals via Pathology Queensland Central Microbiology
for 2015. Both MLST and SNP analysis found no relationship to
the 2015 RBWH E. hormaechei isolates, with approximately
50,000 SNP differences between the ST90 representative strain
Ecll and its nearest non-ST90 phylogenetic neighbour (Fig. 3).
Despite not being clonally related, all additional Enterobacter-
iaceae isolates possessed very similar antibiotic resistance gene
profiles (Supplementary Table 2), suggesting the possibility of
lateral gene transfer via MGEs (e.g. integrons and/or plasmids).
WGS analysis revealed that all 18 CPE isolates in this study,
including the E. coli isolate, harboured an IncHI2 plasmid
(plasmid ST1) and an identical blapyp.4 gene, strongly suggesting
plasmid-mediated circulation of blapyp., between Enterobacter-
iaceae in Brisbane hospitals.
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Fig. 2 CPE isolate timeline and relationship matrix. a Ten isolates were collected from three patients at various time-points in mid-2015. Coloured blocks
indicate the source of the isolated strain: purple: respiratory, grey: urine, red: blood, and orange: wound. b Relationship matrix (left) shows specific core
single nucleotide variant (SNV) differences identified between strains. Strains within the same circle have identical core SNV profiles. Lines connecting
circles represent accumulating SNV differences between strains (not-to-scale), where each line represents one SNV (including nucleotide deletion).
Specific nucleotide differences between isolates are given in the table in panel (b). Locations and consequences of nucleotide change are shown in
Supplementary Data 1. All 11 isolates differed by 5 SNVs overall.
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Fig. 3 E. hormaechei isolates from Hospitals A and B in relation to RBWH isolates. Trimmed reads from six E. hormaechei isolates (Hospitals A and B)
were aligned to the reference E. hormaechei Ecl1 (isolated in 2013 at the RBWH) to determine core single nucleotide polymorphisms (SNPs) between all
isolates. Ecl1 in this figure represents all 2015 RBWH isolates (n =10) as they were found to be near-identical at the core genome level. 63,861 core SNPs
were identified and used to generate an ML tree with RAXML (1000 bootstrap replicates), which determined no relationship between the RBWH isolates
(pink) and the Hospital A (blue)/Hospital B (green) isolates. Four closely related strains were identified from Hospitals A and B (red box). Alignment of
trimmed reads from MS8077, MS8079 and MS7926 to MS7924 identified 117 core SNPs; however, a number of these SNPs were removed as they were
identified as residing within transposon or phage regions. The remaining 58 core SNPs were used to generate an ML tree (1000 bootstrap replicates),
showing that Hospital B strains differ by less than 20 SNPs.
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Fig. 4 Large IncHI2 plasmid with ~55 kb multidrug resistance region containing blajp.4. a A 330,060 bp IncHI2 plasmid carrying multiple resistance
operons, including a large ~55 kb multidrug resistance (MDR) region, was fully recovered and assembled using Pacific Biosciences (PacBio) SMRT
sequencing of strain MS7884 (patient 1, isolate 1). The multidrug resistance region was found to contain two class 1 integrons (In809, In37) along with
several other antibiotic resistance genes, as indicated. Comparison of this MDR region to publicly available genomes found a close match to pEI1573,
isolated in 2012 from an E. cloacae isolate in Sydney, Australia. b A predicted model of homologous recombination between two nearly identical aacA4/aac
(6’)-Ib-cr genes (red asterisks) within the ~55 kb MDR region in MS7889 (patient 2, isolate 4, IMP-, carbapenem-susceptible) leading to the loss of a ~34
kb region containing blayp-4 as well as several other antibiotic resistance genes.

The blayyp.4 gene resides on an IncHI2 plasmid. Due to the
presence of multiple repetitive elements surrounding blaryp. 4,
including insertion sequences (IS) and two suspected integrons
with similar gene content, we were unable to accurately resolve
the context of blapp.4 using Illumina sequencing alone. One
representative isolate (MS7884) was sequenced twice using Pac-
Bio SMRT sequencing (see Supplementary Notes 4 and 5),
which was able to resolve a complete closed chromosome of
4,810,853 bp and two plasmids (Supplementary Table 3 and
Supplementary Note 6): pMS7884A, a 330,060 bp IncHI2 plasmid
carrying blapyp 4 within a ~55kb MDR region (Fig. 4a, Supple-
mentary Fig. 2), and pMS7884B, a smaller untypeable plasmid of
126,208 bp (Supplementary Fig. 3). The pMS7884A MDR region
harbours two different class 1 integrons (In37 and In809) as well
as a composite transposon conferring resistance to tetracycline

and chloramphenicol (Fig. 4a). BLASTn and read-mapping ana-
lysis revealed the presence of identical plasmids in all but one of
the 18 isolates sequenced by Illumina in this study: isolate
MS7889 is predicted to have lost a ~34 kb region from its MDR
plasmid, including blapp 4, due to homologous recombination
between two almost identical aminoglycoside resistance genes
(Fig. 4b, Supplementary Notes 7 and 8, Supplementary Figs. 4
and 5). Notably in 15% of cases, sub-culture of MS7884 in the
absence of meropenem selection resulted in loss of blayyp_4 or the
entire plasmid (Supplementary Note 9).

Continued WGS surveillance reveals persistence of outbreak.
Ongoing surveillance has been in place for blapp_4-positive E.
hormaechei isolates within the hospital since 2015. In 2016,
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during an unrelated outbreak, a blaj\p_4-positive E. hormaechei
was isolated (MS14389) and following Illumina sequencing found
to be only two SNPs different from the 2015 isolates, demon-
strating continued persistence in the hospital environment
(Supplementary Fig. 6).

In 2017, another blapyp 4-positive E. hormaechei (MS14449)
was isolated from the haematology ward. Oxford Nanopore
MinION sequencing has advanced in recent years to provide
long-read sequencing and real-time analysis of bacterial isolates!®.
However, it remains a challenge to rapidly contextualise new
isolates during an outbreak, in part due to the relatively high
single-read error rate of long-read data. These errors, which are
not easily differentiated from true differences, make it difficult to
determine the precise genetic relationship between new isolates
and the outbreak strain. However, we found that Nanopore data
alone was sufficient to rule out MS14449 from the ongoing
outbreak within 2 days of receiving the isolate (see Supplementary
Note 10). By contextualising the de novo Nanopore assembly
with genomes of publicly available E. cloacae complex strains and
existing outbreak isolates, we determined that the E. hormaechei
isolated was not related to the 2015 outbreak isolates, but did
carry a near-identical IncHI2 plasmid (Supplementary Figs. 7-9).
A blayp_4-positive K. pneumoniae isolate (MS14448) taken from
the same patient was also sequenced (using only Illumina short-
read sequencing) and found to carry a very similar IncHI2
plasmid, albeit missing a small section of the MDR region
(Supplementary Fig. 10).

Shotgun metagenomic sequencing reveals source in plumbing.
Despite continued routine surveillance of the hospital environ-
ment using traditional culture methods, an environmental source
for the ST90 E. hormaechei was not found. In July 2018, 50 swab
and water samples from the ICU and Burns ward environments
were collected in response to an unrelated outbreak and subjected
to both shotgun metagenomic sequencing and traditional cul-
turing (Supplementary Data 2). From this round of surveillance,
Klebsiella oxytoca, E. cloacae complex and Leclercia adecarbox-
ylata were detected via traditional culturing methods from four
samples (Supplementary Table 4); however, Illumina sequencing
of these isolates determined that they were unrelated to the
outbreak. Despite being clonally unrelated, three of these isolates
were found to carry a blapp_4-like gene (based on real-time
PCR), which upon further inspection of the sequencing data
corresponded to an IncHI2 plasmid with high identity to
pMS7884A (Supplementary Fig. 11).

While traditional culturing was unable to detect the ST90 E.
hormaechei, metagenomic sequencing identified two samples with
high confidence matches to the ST90 E. hormaechei reference
MS7884 and the IncHI2 plasmid pMS7884A. Nucleotide
comparison of the metagenomic assembled genomes (MAGs)
for these samples (R5514 and R5537, both taken from floor
drains) to our E. hormaechei reference genome revealed a high
level of nucleotide identity across the entirety of the chromosome
and plasmid, equivalent to 93—97% average nucleotide identity
(ANI) across >95% of the reference sequences (Supplementary
Data 2 and Supplementary Figs. 12 and 13). MLST analysis of
both MAGs was also able to detect an almost identical set of
alleles for ST90 (Supplementary Table 5). Additionally, screening
for resistance genes identified the blayyp_4 gene in both samples,
further supporting the presence of ST90 E. hormaechei and an
IncHI2 plasmid similar to pMS7884A in the floor drains. Analysis
of three other environmental samples (R5505, R5506 and R5522)
revealed low confidence hits to E. hormaechei (likely non-ST90)
and/or the MDR region in pMS7884A (Supplementary Table 5).
MAGs for these samples were unable to be matched with

sufficient sensitivity to our reference genome to the extent that
the strain could be confidently identified (Supplementary Table 5
and Supplementary Figs. 12 and 13).

Discussion

While there has been a dramatic improvement in the cost and
availability of WGS, incorporating these advances into routine
clinical microbiology remains a challenge. Several studies have
demonstrated the ability of WGS to provide optimal dis-
crimination between strains to help inform a response to out-
breaks or nosocomial acquisition!”-2>-27, Here, we demonstrate
that integrated WGS approach can help rapidly characterise an
outbreak in a critical care setting, particularly regarding trans-
mission pathways. We highlight how WGS can be used to link
contemporary outbreak isolates to historical isolates to inform
infection control and incorporate long-read sequencing technol-
ogies to resolve complete genomes (including plasmids) and to
rapidly resolve suspected outbreak cases. Finally, we demonstrate
the potential of using complete genome sequences to interrogate
environmental shotgun metagenomic sequencing data to identify
outbreak sources.

The finding that the outbreak strains were virtually indis-
tinguishable from an IMP-4-producing E. hormaechei isolate
identified 2 years previously from the same unit was unexpected
and highlighted the need to consider both environmental sources
and potential person-to-person transmission during outbreak
investigation, as has been previously described in Australian ICU
and burns units!4. Despite ongoing surveillance, traditional
culture-based detection methods were unable to find the ST90 E.
hormaechei in the environment. Direct DNA extraction and
metagenomic sequencing has in recent years revolutionised
infectious disease surveillance, allowing detection of all micro-
organisms in a sample without the biases and limitations of tra-
ditional pathogen detection?8. Using metagenomic sequencing
and a high-quality complete reference genome we were able to
detect two samples with high confidence hits to ST90 E. hor-
maechei and an IncHI2 plasmid, confirming its presence in the
environment. We were also able to observe the overall commu-
nity profile within each environmental sample, supporting the use
of metagenomic sequencing as a powerful infection control and
surveillance tool for tracking (i) the types of bacteria present in
the environment, (ii) the types of resistance genes circulating, and
(iii) the effectiveness of environmental cleaning. Metagenomic
sequencing does, however, have certain limitations when con-
sidering its implementation in routine infection control, includ-
ing the necessity for a reasonable amount of starting DNA, and
the chance of amplification inhibition during library preparation
(causing low yield or failed sequencing). Metagenomic sequen-
cing can also be quite costly??, as the sequencing output needs to
be sufficiently high to provide an accurate population structure
and detect low-abundance organisms. In our study, while meta-
genomic sequencing of the environmental samples yielded posi-
tive results, it is still unclear how these reservoirs might act as a
source for reinfection in patients. It is possible that healthcare
workers are somehow involved, with previous studies confirming
carriage of a range of clinically important bacteria30-32.

Using SMRT sequencing technology, we determined the full
context of blajyp 4 and its location within a large, complex and
highly repetitive MDR region harbouring two integrons: In37 and
In809. In37 is a widespread class 1 integron that has been found in
many bacterial species’®34, In809, which carries blayyp.y has
previously been described from K. pneumoniae (GenBank:
KF250428.1, HQ419285.1, AJ609296.3), E. cloacae (GenBank:
JX101693.1) and Acinetobacter baumannii (GenBank: AF445082.1,
DQ532122.1) in various plasmid backgrounds including
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IncA/C23, IncL/M and IncF*°. Most recently, a carbapenemase-
producing Salmonella sp. isolated from a domestic cat in Australia
was shown to contain blapp 4 within an IncHI2 MDR plasmid
(pIMP4-SEM1)37. Remarkably, we found that pIMP4-SEM1 was
near-identical to pMS7884A (Supplementary Fig. 2). This finding
supports a role for domestic animals in the spread of antibiotic
resistance genes.

Analysis of several CPE in this study suggested that a common
plasmid or integron carrying multiple antibiotic resistance genes
is likely the major driver of antibiotic resistance dissemination
across a broad range of Enterobacteriaceae. In addition to the
presence of blapyp_4, four resistance genes (blatpm.1b, blamvp-a
qnrB, and aac(6’)-1b) carried by these isolates were previously
detected by PCR in the majority of 29 IMP-4-producing E.
cloacae complex isolates surveyed from Queensland hospitals
between June 2009 and March 201413, Only one of these isolates
was ST90, suggesting lateral transfer of these genes to different
Enterobacter clones in Queensland before 2013. During ongoing
surveillance at RBWH we identified an E. hormaechei isolate that
also carried the blajyp 4 plasmid, but was not closely related to
the outbreak isolates, suggesting ongoing later transfer within the
hospital environment. In this instance, the Oxford Nanopore
MinION sequencing platform was instrumental in ruling out this
isolate from the ongoing outbreak of blapyp_4 ST90 E. hormaechei.
Our work highlights the potential for integrating this highly
portable and rapid technology as part of the “genomic toolkit” for
infection control alongside more established platforms.

There were significant discrepancies between meropenem
MICs according to the testing modality used, with the Etest
consistently testing as “susceptible/intermediate” (MIC < 4 mg/L;
range 0.5-4mg/L) and Vitek 2 as “resistant” (usually with
MICs > 16 mg/L). According to pharmacokinetic/pharmacody-
namic (PK/PD) principles, provided the MIC to a carbapenem
falls within a susceptible range, the agent may still be effective
despite the presence of a carbapenemase38. Robust clinical data to
help guide therapy are lacking and many clinicians rely on
combination therapy to optimise efficacy against carbapenemase-
producers, largely based on observational studies suggesting
benefit3%40, The presence of carbapenemase genes may be missed
if clinical breakpoints for carbapenem MICs are used?3, however
it can be rapidly ascertained by WGS, without a priori assump-
tions of which genes are likely to be present. A wealth of addi-
tional information that may influence clinical decisions can be
obtained, such as the presence of other B-lactamases, factors that
may regulate resistance gene expression (e.g. IS elements),
mutations in outer-membrane proteins, or other known
resistance genes.

We used an integrated WGS approach to help elucidate genetic
relationships between blajyp 4 carbapenemase-producing E. hor-
maechei identified from our ICU and Burns facility. Rapid
application of this technology revealed an unexpected clonal
relationship with a strain isolated from the same unit 2 years
previously. Continued routine WGS surveillance has enabled
detailed monitoring of the outbreak, with rapid nanopore
sequencing crucial for ruling out a suspected case in a previously
unaffected ward. Comparisons with other Enterobacteriaceae
containing blapyp 4 isolated from surrounding hospitals revealed
its carriage on a broad host range IncHI2 plasmid, assumed to be
circulating via lateral gene transfer across different E. cloacae
complex clones and also E. coli. SMRT sequencing enabled the
genetic context of all resistance genes within this plasmid to be
resolved and revealed the mechanism of loss of resistance genes in
one E. hormaechei strain that reverted to a fully carbapenem-
susceptible phenotype. The availability of a complete E. hor-
maechei reference chromosome and blapp_4 plasmid were also
instrumental in locating a suspected source of the outbreak in the

hospital plumbing with shotgun metagenome sequencing. As
WGS technologies become increasingly available, they are likely
to prove essential tools for the clinical microbiology laboratory to
respond to emergent infection control threats, with advances in
their real-time use to provide important and timely information
for infection control personnel.

Methods

Study setting. Primary isolates were obtained from patients admitted to the Royal
Brisbane & Women’s Hospital (RBWH), a tertiary referral hospital with 929 beds
in South-East Queensland, Australia. Additional IMP-producing isolates, cultured
from patients admitted to other hospitals in the metropolitan Brisbane area
(referred to as Hospitals A and B), were obtained from Pathology Queensland—
Central Microbiology for comparison (Supplementary Table 2).

Ethics and consent. Ethical approval for this work was provided by the Metro
North Hospital and Health Service Human Research Ethics Committee (HREC/16/
QRBW/253). In addition, written consent was obtained from the patients or their
next of kin to publish clinical details.

Antimicrobial susceptibility and carbapenemase detection. All bacterial isolates
were identified by matrix-assisted laser desorption/ionisation mass spectrometry

(MALDI-TOF) (Vitek MS; bioMérieux, France). Antimicrobial susceptibility test-
ing was carried out using Vitek 2 automated AST-N426 card (bioMérieux) with

Etest to determine MICs for meropenem, imipenem and ertapenem. Carbapene-

mase activity was assessed by the use of the Carba-NP test (RAPIDEC; bioMérieux)
and the presence of the blapp.4ike carbapenemase gene confirmed using an in-

house multiplex real-time PCR (also targeting NDM, KPC, VIM and OXA-48-like
carbapenemases)*!.

Bacterial DNA extraction. Single colonies were selected from primary bacterial
cultures and grown in 10 mL Luria Bertani (LB) broth at 37 °C overnight (shaking
250 rpm). DNA was extracted using the UltraClean® Microbial DNA Isolation Kit
(MO BIO Laboratories) as per the manufacturer’s instructions.

Genome sequencing, quality control and de novo assembly. Illumina sequen-
cing of the 2015 blaIMP + E. hormaechei isolates (n = 16) and E. coli isolate (n =
1) was done at the Australian Centre for Ecogenomics (ACE). E. hormaechei Ecll
(formerly identified as E. cloacae) had previously been sequenced on Illumina
HiSeq2000 at the Australian Genome Research Facility (Melbourne, Australia).
Libraries for isolates MS7884-MS7893 (RBWH isolates) were prepared using 2 x
150 bp Nextera XT V1 chemistry and run on an Illumina NextSeq. Isolates
MS7923-MS7926 and MS8077-MS8079 (Hospitals A and B) were prepared using
2 % 300 bp Nextera XT libraries with V3 chemistry and run on an Illumina MiSeq.
All libraries were quantified using Viaa7 Thermo Fisher qPCR with QC checks
with bioanalyzer analysis (Agilent). Contaminant searches on the raw reads were
performed using Kraken (v0.10.5-beta). All raw reads were filtered using Nesoni
(v0.130)#2 to remove Illumina adaptor sequences, reads shorter than 80 bp and
bases below Phred quality 5. MiSeq reads were additionally hard trimmed to 150 bp
due to low-quality bases between 1-10 and 160-300 using Nesoni (v0.130).

All isolates collected subsequent to the original outbreak were sequenced at
Queensland Forensic Scientific Services (MS14449, MS14448, MS14389, M87132,
M87133, M87134, and M87135). DNA was extracted using the DSP DNA Mini Kit
on the QIAsymphony SP (Qiagen). Libraries were prepared using the Nextera XT
DNA preparation kit (Illumina) and the sequencing was performed on the NextSeq
500 (Illumina) with 2 x 150 bp chemistry, NextSeq Midoutput kit v2.5.

Reads passing quality control (QC) were assembled using Spades v3.6.0*> under
default parameters (without careful flag). Contigs with coverage less than 10x were
removed from final assemblies. Final assembly metrics were checked using QUAST
v2.3%* (Supplementary Table 1).

Taxonomic identification. Illumina raw reads were analysed using Kraken
v0.10.5-beta to determine species and possible contamination. With the exception
of MS7925, which was found to be E. coli, initial analysis determined the isolates to
be E. cloacae. De novo assemblies for all E. cloacae complex isolates were compared
to representative publicly available complete E. cloacae complex genomes using
MASH v2.0%> and FastANI v1.14¢ at default settings. Genome comparisons were
made against Enterobacter asburiae (NZ_CP011863.1), Enterobacter bugandensis
(NZ_LT992502.1), Enterobacter cloace subsp. cloacae (NC_014121.1), Enterobacter
hormaechei subsp. steigerwaltii (NZ_CP017179.1), Enterobacter kobei
(NZ_CP017181.1), Enterobacter ludwigii (NZ_CP017279.1), Enterobacter roggen-
kampii (NZ_CP017184.1), Enterobacter hormaechei subsp. xiangfangensis
(NZ_CP017183.1), and Enterobacter hormaechei subsp. hoffmannii
(NZ_CP017186.1). The top hit, based on %ANI and greatest number of matching
hashes (for fastANI and MASH respectively), was used to identify the species for
that isolate.
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Determining reference for phylogenetic analysis. Kraken (v0.10.5-beta) analysis
using raw reads from the ten 2015 RBWH strains determined E. cloacae subsp.
cloacae NCTC 9394 (GenBank: FP929040.1) to be the closest match in the com-
plete genome division of GenBank. Subsequent comparison of the ten 2015 RBWH
draft genome assemblies to assemblies within the publicly available whole-genome
shotgun (WGS) database revealed a closer match to the IMP-4-producing E.
hormaechei strain Ecll from 201324 (Accession: JRFQ01000001; formerly identified
as E. cloacae). Both were subsequently used to confirm single nucleotide variations
(SNVs) between the 2015 RBWH strains.

Phylogenetic analysis. SHRiMP v2.2.3%7 as implemented in Nesoni v0.13042
under default settings was used to determine core single nucleotide polymorphisms
(SNPs) between the ten 2015 RBWH E. hormaechei genomes to the reference Ecll
and create a minimum spanning tree (see Supplementary Note 11 for details on use
of alternative bioinformatics tools). Maximum likelihood trees of Ecll and the six
E. cloacae from Hospitals A and B were built using RAXML v8.1.15%8 based on the
Nesoni core SNPs. RAXML was run with the GTRGAMMA nucleotide substitution
rate and an initial seed length of 456 (bootstrap 1000 with Lewis ascertainment bias
correction). Core genome size was estimated using Parsnp v1.24.

In silico genotyping methods. Multi-locus sequencing typing (MLST) of isolate
raw reads was performed using srst2 v0.1.5°0 with typing schemes available on
PubMLST?!. Plasmid typing was done based on Compain et al.>? by generating in
silico PCR products from the reference strains used, and similarity searches using
BLASTn v2.2.3. Antimicrobial resistance (AMR) genes were detected using the
ResFinder database®® and the ARG-ANNOT database>* with BLASTn v2.2.3 and
srst2 v0.1.5%0 respectively. Manual confirmation was carried out using BLASTn and
read mapping using Burrows-Wheeler Aligner (BWA v0.7.5a-r405)>°.

Reassembly of Ecl1 draft genome from raw reads. In order to determine the
relationship between E. hormaechei Ecll and the 2015 RBWH E. hormaechei
strains, core SNP distances were determined using a mapping approach as
implemented through Nesoni v0.130%2 against the publicly available Ecll genome
(Accession: JREQ01000001). Manual inspection of the Nesoni output identified a
number of clustered SNPs that we suspected were erroneous (Supplementary
Data 1). Reassembly of the raw reads using Spades v3.6.04> under default para-
meters (without careful flag) was unable to correct the erroneous SNPs (Supple-
mentary Data 1). Closer examination of the read pileups for Ecll identified strand-
specific clusters of SNPs, possibly due to technical problems at the time of
sequencing. To identify genuine variants, the read pileup for every SNP as reported
by Nesoni was manually curated using Artemis and Bamview. SNPs that were due
to strand-specific base call errors in the assembly, resided close to contig edges, or
resided in repetitive region (e.g. insertion sequences) were omitted from down-
stream analyses.

Whole-genome comparisons and phage analysis. Whole-genome comparisons
were performed using BRIG®. Regions of difference were further investigated
using the Artemis Comparison Tool (ACT)*’. A ~25kb region, missing in all
patient 3 strains, was analysed using BLASTn to determine predicted gene content.
As the region was predicted to contain phage-like proteins, Ecll, MS7884 (RBWH
patient 1), MS7886 (RBWH patient 2) and MS7890 (RBWH patient 3) draft
assemblies were analysed using PHAST?® to further characterise the phage-like
region.

Pacific Biosciences (PacBio) SMRT sequencing. A representative E. hormaechei
isolate from patient 1 (MS7884) was grown on LB agar at 37 °C overnight.
Genomic DNA was extracted using UltraClean® Microbial DNA Isolation Kit (MO
BIO) as per the manufacturer’s instructions. DNA was prepared for sequencing
using an 8-12 kb insert library and sequenced on a PacBio RSII sequencer using 1
SMRT cell. MS7884 (RBWH patient 1, isolate 1) was first sequenced on a PacBio
RSII sequencer using the P6-C4 sequencing chemistry at the University of Malaya
and assembled using the SMRT Analysis suite (version 2.3.0) to give a single
chromosome (MS7884B: 4,810,853 bp) and one un-typeable plasmid (pMS7884B:
126,208 bp). However, neither pMS7884B nor the chromosome contained any of
the previously identified antibiotic resistance genes, including the carbapenemase
blayvp-4 (previously identified using Illumina and PCR). To ensure that the sus-
pected MDR plasmid was retained, we re-extracted genomic DNA from MS7884
grown overnight with 2 pg mL~! meropenem (in 15 mL lysogeny broth, LB).
Sequencing was carried out using a different PacBio RSII Sequencer (P6-

C4 sequencing chemistry) at the Doherty Institute, University of Melbourne.
Assembly of this genome using the SMRT Analysis suite (version 2.3.0) gave an
identical chromosome (4,810,853 bp) and a single IncHI2 plasmid (330,060 bp)
carrying blapyp_4 (hereafter referred to as pMS7884A). To avoid duplication in the
complete genome databases, we have compiled the MS7884A chromosome,
pMS7884A plasmid and pMS7884B plasmid as a single-strain MS7884 genome,
consistent with our original observation (according to Illumina sequencing) that
both plasmids were present in the original patient isolate. Individual PacBio Raw
data files are available to enable comparisons of the methylome between the two
spontaneously cured MS7884 derivative isolates (Supplementary Tables 6 and 7).

All PacBio SMRT sequences were manually closed using the Artemis
Comparison Tool (ACT)”. The chromosome and plasmids were polished using
both the PacBio reads (with Quiver through the SMRT Analysis suite) and the
Ilumina reads (using BWA v0.7.5a-r405 with consensus calling through Pilon
v1.21) to remove erroneous indels. The final genome was annotated using Prokka
(v1.12-beta). The integron regions were manually annotated using a combination
of RAC?, as implemented through MARA (http://app.spokade.com/mara/), and
Integrall'C. Insertion sequences (IS) were manually annotated using ISSaga!l.
Modified bases and associated motifs were detected using the SMRT analysis suite
(version 2.3.0) to determine genome-wide methylation.

Colony polymerase chain reaction (PCR) to identify plasmids in MS7884.
MS7884 was grown on LB agar overnight at 37 °C. Single colonies were resus-
pended in 50 uL sterile dH,O, boiled for 15 min and centrifuged at 280 x g for 2
min. Then, 5 uL of supernatant containing colony DNA was used in 25 uL OneTaq
PCR reactions, as per the manufacturer’s recommendations (New England Biolabs
Inc.). PCR primers were designed to identify both plasmids (Supplementary
Table 8). PCR was run as follows: Annealing 30 s at 55 °C, extension 1 min at 68 °C,
denaturing 30s at 94 °C, 29 cycles.

Oxford Nanopore MinlON sequencing. Hospital surveillance identified a blapp.
4-positive E. hormaechei isolate in October 2017 from a patient in the Haematology
ward of RBWH (MS14449). MS14449 was grown overnight on horse blood agar at
37°C. DNA was extracted using the MoBio UltraClean Microbial DNA isolation
kit (as per the manufacturer’s instructions). Briefly, 1.5 ug of DNA was prepared
using the 1D Genomic DNA by Ligation sequencing kit (SQK-LSK108 version
GDE_9002_v108_revT_180ct2016). The entire library was loaded onto a MIN106
R9.4 flow cell and run for 26 h using MinKNOW version 1.7.14 on a Mac OSX
operating system. A subset of 80,000 fast5 files were basecalled using Albacore
(v1.1.1). Basecalled reads were filtered for length (minimum 2000 bp) and quality
(minimum 10) using Japsa (https://github.com/mdcao/japsa). The remaining
62,093 reads were assembled using Canu (v1.3) at default settings resolving a single
chromosome and two plasmids.

Metagenomic sequencing and analysis of environmental samples. Swab and
water samples from the ICU and Burns Ward were collected in July 2018. DNA
was extracted directly from samples using the Qiagen DNeasy Powersoil extraction
kit including Biospec Products 0.1 mm diameter glass beads (as per the manu-
facturer’s instructions). Water samples were concentrated using a Whatman
Nuclepore 0.2 um polycarbonate 25 mm diameter filter prior to DNA extraction.
Sample DNA was sequenced at the Australian Centre for Ecogenomics on an
Illumina NextSeq 500. Libraries were prepared according to the manufacturer’s
protocol using Nextera XT Library Preparation Kit (Illumina #FC-131-1096). The
only alteration to the protocol as outlined was the reduction of total reaction
volume for processing in 96-well plate format. Library preparation and bead clean-
up was run on the Mantis Liquid Handler (Formulatrix) and Epimotion (Eppen-
dorf #5075000301) automated platform. These programs cover “Tagment Genomic
DNA” to “Amplify DNA” in the protocol (Mantis-Nextera XT library prep pro-
tocol) and “Clean Up Libraries” in the protocol (Epimotion—Library Clean Up
protocol). On completion of the library prep protocol, each library was quantified
and QC was performed using the Qubit™ dsDNA HS Assay Kit (Invitrogen) and
Agilent D5000 HS tapes (#5067- 5592) on the TapeStation 4200 (Agilent #
G2991AA) as per the manufacturer’s protocol.

Nextera XT libraries were pooled at equimolar amounts of 1 nM per library to
create a sequencing pool. The library pool was quantified in triplicates using the
Qubit™ dsDNA HS Assay Kit (Invitrogen). Library QC is performed using the
Agilent D5000 HS tapes (#5067-5592) on the TapeStation 4200 (Agilent #
G2991AA) as per the manufacturer’s protocol. The library was prepared for
sequencing on the NextSeq500 (Illumina) using NextSeq 500/550 High Output v2
2 x 150 bp paired end chemistry in the Australian Centre for Ecogenomics
according to the manufacturer’s protocol.

All samples were screened for species using Kraken v1.0%°. Samples were also
screened for resistance genes using srst2 v0.2.0°0 against the ARG-ANNOT
database. MinHash sketches of the ST90 E. hormaechei chromosome MS7884
(GenBank: CP022532.1) and the associated IncHI2 plasmid pMS7884A (GenBank:
CP022533.1) were generated using MASH v1.1.14° at default settings. Illumina
reads for each sample were screened against our reference sketches using the screen
function in MASH. Samples that shared >90% of hashes were mapped to the
reference sequences. Mapped reads were then parsed using Samtools fastq (v1.9)
and de novo assembled using Spades v3.11.1 for MLST analysis using Abricate v0.8
(https://github.com/tseemann/abricate) and nucleotide comparison using
FastANI*®, ACT>7 and BRIG>®.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
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Data availability

Genome data have been deposited under Bioproject PRINA383436. Illumina sequence
read data have been deposited to the sequence read archive (SRA) under the accessions
SRR5821451-SRR5821467, SRR8789021 and SRR8789023-SRR8789027 [https://trace.
ncbi.nlm.nih.gov/Traces/sra/?study=SRP106560]. Nanopore sequence read data have
been deposited to the SRA under the accession SRR8789022, PacBio sequence read data
have been deposited to the SRA under the accessions SRR5821468 and SRR5821469.
Environmental metagenomic sequence read data have been deposited to the SRA under
the accessions SRR8801892-SRR8801897 [https://trace.ncbi.nlm.nih.gov/Traces/study/?
acc=SRP106560&o=acc_s%3Aa]. The complete genome of MS7884 has been deposited
to Genbank under the accessions CP022532-CP022534 [https://www.ncbi.nlm.nih.gov/
assembly/GCA_002237465.1].

Received: 20 April 2019; Accepted: 2 December 2019;
Published online: 24 January 2020

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Paterson, D. L. & Bonomo, R. A. Extended-spectrum beta-lactamases: a
clinical update. Clin. Microbiol. Rev. 18, 657-686 (2005).

Gupta, N,, Limbago, B. M., Patel, J. B. & Kallen, A. J. Carbapenem-resistant
Enterobacteriaceae: epidemiology and prevention. Clin. Infect. Dis. 53, 60-67
(2011).

Sader, H. S., Biedenbach, D. J. & Jones, R. N. Global patterns of susceptibility
for 21 commonly utilized antimicrobial agents tested against 48,440
Enterobacteriaceae in the SENTRY Antimicrobial Surveillance Program
(1997-2001). Diagn. Microbiol. Infect. Dis. 47, 361-364 (2003).

World Health Organisation. Antimicrobial Resistance Global Report on
Surveillance (WHO, Geneva, 2014).

Akova, M., Daikos, G. L., Tzouvelekis, L. & Carmeli, Y. Interventional
strategies and current clinical experience with carbapenemase-producing
Gram-negative bacteria. Clin. Microbiol. Infect. 18, 439-448 (2012).

Li, Y. Y. et al. 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. 16, 161-168 (2016).
Nordmann, P. & Poirel, L. The difficult-to-control spread of carbapenemase
producers among Enterobacteriaceae worldwide. Clin. Microbiol. Infect. 20,
821-830 (2014).

Magiorakos, A. P. et al. Multidrug-resistant, extensively drug-resistant and
pandrug-resistant bacteria: an international expert proposal for interim
standard definitions for acquired resistance. Clin. Microbiol. Infect. 18,
268-281 (2012).

Turnidge, J., Gottlieb, T. & Bell, J. Enterobacteriaceae Sepsis Outcome
Programme (EnSOP): 2013 Antimicrobial Susceptibility Report. http://
agargroup.org.au/wp-content/uploads/2017/08/ AGAR-EnSOP13-Web-
Report-FINAL-2.pdf (2014).

Partridge, S. R. et al. Emergence of blagpc carbapenemase genes in Australia.
Int. ]. Antimicrob. Agents 45, 130-136 (2015).

Wailan, A. M. et al. Genomic characteristics of NDM-producing
Enterobacteriaceae isolates in Australia and their blaxpy genetic contexts.
Antimicrob. Agents Chemother. 60, 136-141 (2015).

Chang, L. W. et al. Managing a nosocomial outbreak of carbapenem-resistant
Klebsiella pneumoniae: an early Australian hospital experience. Intern. Med. J.
45, 1037-1043 (2015).

Sidjabat, H. E. et al. Dominance of IMP-4-producing Enterobacter cloacae
among carbapenemase-producing Enterobacteriaceae in Australia.
Antimicrob. Agents Chemother. 59, 4059-4066 (2015).

Leung, G. H,, Gray, T. J., Cheong, E. Y., Haertsch, P. & Gottlieb, T. Persistence
of related bla-IMP-4 metallo-beta-lactamase producing Enterobacteriaceae
from clinical and environmental specimens within a burns unit in Australia—
a six-year retrospective study. Antimicrob. Resist. Infect. Control 2, 35 (2013).
Peleg, A. Y., Franklin, C,, Bell, J. M. & Spelman, D. W. Dissemination of the
metallo-beta-lactamase gene blapp.4 among gram-negative pathogens in a
clinical setting in Australia. Clin. Infect. Dis. 41, 1549-1556 (2005).

Herbert, S. et al. Large outbreak of infection and colonization with gram-
negative pathogens carrying the metallo-beta-lactamase gene blanp.4 at a 320-
bed tertiary hospital in Australia. Infect. Control Hosp. Epidemiol. 28, 98-101
(2007).

Koser, C. U. et al. Rapid whole-genome sequencing for investigation of a
neonatal MRSA outbreak. N. Engl. J. Med. 366, 2267-2275 (2012).

Reuter, S. et al. A pilot study of rapid whole-genome sequencing for the
investigation of a Legionella outbreak. BM] Open, https://doi.org/10.1136/
bmjopen-2012-002175 (2013).

Quick, J. et al. Rapid draft sequencing and real-time nanopore sequencing in a
hospital outbreak of Salmonella. Genome Biol. 16, 114 (2015).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Conlan, S. et al. Single-molecule sequencing to track plasmid diversity of
hospital-associated carbapenemase-producing Enterobacteriaceae. Sci. Transl.
Med. 6, 254ral26 (2014).

Mathers, A. J. et al. Klebsiella pneumoniae carbapenemase (KPC)-producing
K. pneumoniae at a single institution: insights into endemicity from whole-
genome sequencing. Antimicrob. Agents Chemother. 59, 1656-1663
(2015).

European Committee on Antimicrobial Susceptibility Testing. Breakpoint
tables for interpretation of MICs and zone diameters version 6.0, http://www.
eucast.org (2016).

European Committee on Antimicrobial Susceptibility Testing. EUCAST
guidelines for detection of resistance mechanisms and specific resistances of
clinical and/or epidemiological importance, http://www.eucast.org/
resistance_mechanisms/ (2012).

Sidjabat, H. E., Heney, C., George, N. M., Nimmo, G. R. & Paterson, D. L.
Interspecies transfer of blajyp.4 in a patient with prolonged colonization by
IMP-4-producing Enterobacteriaceae. J. Clin. Microbiol. 52, 3816-3818
(2014).

Kanamori, H. et al. Next-generation sequencing and comparative analysis of
sequential outbreaks caused by multidrug-resistant Acinetobacter baumannii
at a large academic burn center. Antimicrob. Agents Chemother. 60,
1249-1257 (2015).

Stoesser, N. et al. Dynamics of MDR Enterobacter cloacae outbreaks in a
neonatal unit in Nepal: insights using wider sampling frames and next-
generation sequencing. J. Antimicrob. Chemother. 70, 1008-1015 (2015).
Howden, B. P. et al. Genomic insights to control the emergence of
vancomycin-resistant enterococci. MBio, https://doi.org/10.1128/mBio.00412-
13 (2013).

Miller, R. R,, Montoya, V., Gardy, J. L., Patrick, D. M. & Tang, P.
Metagenomics for pathogen detection in public health. Genome Med. 5, 81
(2013).

Forbes, J. D., Knox, N. C,, Peterson, C. L. & Reimer, A. R. Highlighting clinical
metagenomics for enhanced diagnostic decision-making: a step towards wider
implementation. Comput. Struct. Biotechnol. ]. 16, 108-120 (2018).
Friedman, N. D. et al. Prevalence of Clostridium difficile colonization among
healthcare workers. BMC Infect. Dis. 13, 459 (2013).

Dulon, M., Peters, C., Schablon, A. & Nienhaus, A. MRSA carriage among
healthcare workers in non-outbreak settings in Europe and the United States:
a systematic review. BMC Infect. Dis. 14, 363 (2014).

Lubbert, C. et al. Long-term carriage of Klebsiella pneumoniae
carbapenemase-2-producing K pneumoniae after a large single-center
outbreak in Germany. Am. J. Infect. Control 42, 376-380 (2014).

Quiroga, M. P. et al. Complex class 1 integrons with diverse variable regions,
including aac(6’)-Ib-cr, and a novel allele, gnrB10, associated with ISCR1 in
clinical enterobacterial isolates from Argentina. Antimicrob. Agents
Chemother. 51, 4466-4470 (2007).

Wang, M. et al. Plasmid-mediated quinolone resistance in clinical isolates of
Escherichia coli from Shanghai, China. Antimicrob. Agents Chemother. 47,
2242-2248 (2003).

Ho, P.-L. et al. pIMP-PH114 carrying blayyp.4 in a Klebsiella pneumoniae
strain is closely related to other multidrug-resistant IncA/C2 plasmids. Curr.
Microbiol. 68, 227-232 (2014).

Roy Chowdhury, P. et al. Dissemination of multiple drug resistance genes by
class 1 integrons in Klebsiella pneumoniae isolates from four countries: a
comparative study. Antimicrob. Agents Chemother. 55, 3140-3149 (2011).
Abraham, S. et al. Isolation and plasmid characterization of carbapenemase
(IMP-4) producing Salmonella enterica Typhimurium from cats. Sci. Rep. 6,
35527 (2016).

Morrill, H. J., Pogue, J. M., Kaye, K. S. & LaPlante, K. L. Treatment options for
carbapenem-resistant Enterobacteriaceae infections. Open Forum Infect. Dis.
2, ofv050 (2015).

Tumbarello, M. et al. Predictors of mortality in bloodstream infections caused
by Klebsiella pneumoniae carbapenemase-producing K. pneumoniae:
importance of combination therapy. Clin. Infect. Dis. 55, 943-950 (2012).
Daikos, G. L. et al. Carbapenemase-producing Klebsiella pneumoniae
bloodstream infections: lowering mortality by antibiotic combination schemes
and the role of carbapenems. Antimicrob. Agents Chemother. 58, 2322-2328
(2014).

Carter, L. in PCR for Clinical Microbiology: An Australian and International
Perspective (eds Schuller, M. et al.) 423—427 (Springer Netherlands, 2010).
Victorian-Bioinformatics-Consortium. Nesoni, https://github.com/Victorian-
Bioinformatics-Consortium/nesoni (2014).

Bankevich, A. et al. SPAdes: a new genome assembly algorithm and its
applications to single-cell sequencing. J. Comput. Biol. 19, 455-477 (2012).
Gurevich, A, Saveliev, V., Vyahhi, N. & Tesler, G. QUAST: quality assessment
tool for genome assemblies. Bioinformatics 29, 1072-1075 (2013).

Ondov, B. D. et al. Mash: fast genome and metagenome distance estimation
using MinHash. Genome Biol. 17, 132 (2016).

| (2020)11:466 | https://doi.org/10.1038/541467-019-14139-5 | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA383436
https://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP106560
https://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP106560
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR8789022
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR5821468
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR5821469
https://trace.ncbi.nlm.nih.gov/Traces/study/?acc=SRP106560&amp;o=acc_s%3Aa
https://trace.ncbi.nlm.nih.gov/Traces/study/?acc=SRP106560&amp;o=acc_s%3Aa
https://www.ncbi.nlm.nih.gov/assembly/GCA_002237465.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_002237465.1
http://agargroup.org.au/wp-content/uploads/2017/08/AGAR-EnSOP13-Web-Report-FINAL-2.pdf
http://agargroup.org.au/wp-content/uploads/2017/08/AGAR-EnSOP13-Web-Report-FINAL-2.pdf
http://agargroup.org.au/wp-content/uploads/2017/08/AGAR-EnSOP13-Web-Report-FINAL-2.pdf
https://doi.org/10.1136/bmjopen-2012-002175
https://doi.org/10.1136/bmjopen-2012-002175
http://www.eucast.org
http://www.eucast.org
http://www.eucast.org/resistance_mechanisms/
http://www.eucast.org/resistance_mechanisms/
https://doi.org/10.1128/mBio.00412-13
https://doi.org/10.1128/mBio.00412-13
https://github.com/Victorian-Bioinformatics-Consortium/nesoni
https://github.com/Victorian-Bioinformatics-Consortium/nesoni
www.nature.com/naturecommunications

ARTICLE

46. Jain, C,, Rodriguez, R. L., Phillippy, A. M., Konstantinidis, K. T. & Aluru, S.
High throughput ANT analysis of 90 K prokaryotic genomes reveals clear
species boundaries. Nat. Commun. 9, 5114 (2018).

47. David, M., Dzamba, M., Lister, D., Ilie, L. & Brudno, M. SHRiMP2: sensitive
yet practical short read mapping. Bioinformatics 27, 1011-1012 (2011).

48. Stamatakis, A. RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics 30, 1312-1313 (2014).

49. Treangen, T. J., Ondov, B. D., Koren, S. & Phillippy, A. M. The Harvest suite
for rapid core-genome alignment and visualization of thousands of
intraspecific microbial genomes. Genome Biol. 15, 1-15 (2014).

50. Inouye, M. et al. SRST2: rapid genomic surveillance for public health and
hospital microbiology labs. Genome Med. 6, 90 (2014).

51. Miyoshi-Akiyama, T., Hayakawa, K., Ohmagari, N., Shimojima, M. & Kirikae,
T. Multilocus sequence typing (MLST) for characterization of Enterobacter
cloacae. PLoS ONE 8, e66358 (2013).

52. Compain, F. et al. Targeting relaxase genes for classification of the
predominant plasmids in Enterobacteriaceae. Int. J. Med. Microbiol. 304,
236-242 (2014).

53. Zankari, E. et al. Identification of acquired antimicrobial resistance genes. J.
Antimicrob. Chemother. 67, 2640-2644 (2012).

54. Gupta, S. K. et al. ARG-ANNOT, a new bioinformatic tool to discover
antibiotic resistance genes in bacterial genomes. Antimicrob. Agents
Chemother. 58, 212-220 (2014).

55. Li, H. & Durbin, R. Fast and accurate short read alignment with Burrows
—Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

56. Alikhan, N. F.,, Petty, N. K., Ben Zakour, N. L. & Beatson, S. A. BLAST Ring
Image Generator (BRIG): simple prokaryote genome comparisons. BMC
Genom. 12, 402 (2011).

57. Carver, T. J. et al. ACT: the Artemis Comparison Tool. Bioinformatics 21,
3422-3423 (2005).

58. Zhou, Y., Liang, Y., Lynch, K. H., Dennis, J. J. & Wishart, D. S. PHAST: a fast
phage search tool. Nucleic Acids Res. 39, W347-W352 (2011).

59. Wood, D. E. & Salzberg, S. L. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol. 15, R46 (2014).

Acknowledgements

We thank Krispin Hajkowicz, Trish Hurst and Michelle Doidge (Infectious Diseases
Department, RBWH, Brisbane, Australia) for collecting environmental samples used in
this study. We also would like to acknowledge Andrew Henderson and Ama Ranasinghe
(UQCCR) for their help with MIC testing.

Author contributions
LW.R, P.N.AH, S.AB. and M.AS. designed the study. PN.A.-H,, D.LP,, E.C, HES,
H.B., J.L., A.A. and C.H. carried out clinical aspects of study, collected isolates and

undertook clinical microbiology analyses. M.-D.P., J.A.G. and L.W.R. cultured isolates
and extracted DNA. LW.R,, NL.B.Z, M.S.-C. and B.M.F. performed the bioinformatic
analysis of initial outbreak isolates. L.W.R. performed the molecular testing of initial
outbreak isolates and bioinformatic analysis of all subsequent isolates and metagenomic
samples. LW.R. completed the Nanopore sequencing and analysis. LW.R. and B.M.F.
performed the reference genome assembly and metagenomic analysis. K.-G.C., T.M.C.
and W.-E.Y. provided the Pacific Biosciences sequencing data. S.A.B. and P.N.A.H.
supervised the study. LW.R., P.N.A.H. and S.A.B. wrote the original manuscript. All
authors assisted in review of the original manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-14139-5.

Correspondence and requests for materials should be addressed to P.N.A.H. or S.A.B.

Peer review information Nature Communications thanks Fernando Gonzalez-Candelas
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:466 | https://doi.org/10.1038/s41467-019-14139-5 | www.nature.com/naturecommunications 11


https://doi.org/10.1038/s41467-019-14139-5
https://doi.org/10.1038/s41467-019-14139-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Integrating multiple genomic technologies to investigate an outbreak of carbapenemase-producing Enterobacter hormaechei
	Results
	Clinical case report
	All patients harbour carbapenemase-producing Enterobacter
	WGS identifies link to previous IMP4-producing isolate
	The 2015 isolates were near-identical to a 2013 isolate
	Integration of WGS with infection control response
	Queensland CPE isolates associated with an IMP-4-carrying plasmid
	The blaIMP-4 gene resides on an IncHI2 plasmid
	Continued WGS surveillance reveals persistence of outbreak
	Shotgun metagenomic sequencing reveals source in plumbing

	Discussion
	Methods
	Study setting
	Ethics and consent
	Antimicrobial susceptibility and carbapenemase detection
	Bacterial DNA extraction
	Genome sequencing, quality control and de novo assembly
	Taxonomic identification
	Determining reference for phylogenetic analysis
	Phylogenetic analysis
	In silico genotyping methods
	Reassembly of Ecl1 draft genome from raw reads
	Whole-genome comparisons and phage analysis
	Pacific Biosciences (PacBio) SMRT sequencing
	Colony polymerase chain reaction (PCR) to identify plasmids in MS7884
	Oxford Nanopore MinION sequencing
	Metagenomic sequencing and analysis of environmental samples
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




