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Abstract

Background In May 2018, an outbreak of NDM-5-carrying Escherichia coli NDM-5-EC) was detected at the hemato-
oncology department of a tertiary care center in Austria. This report details the outbreak investigation, control meas-
ures and the whole genome sequencing (WGS) data of the outbreak isolates.

Methods A total of 15 isolates (seven clinical isolates from allogenic stem cell transplant (SCT) recipients and eight
wastewater isolates recovered from patients'toilets) were analyzed by whole genome sequencing.

Results Genome based typing identified two clusters of the high risk clones ST167/CT12607 and ST617/CT2791.
Long-read sequencing of selected isolates from both clusters identified two different plasmids, however with a highly
similar genetic context of the blaypy.s containing region. Genomic analysis revealed the presence of additional
resistance genes, including blacry .15 and bldgyaq, and virulence factors. Four patients were colonized with NDM-
5-EC, two patients suffered bacteremia caused by the outbreak strain and two deaths were associated with an NDM-
5-EC infection. The outbreak source was traced to toilet sewage pipes, which remained persistently contaminated
despite extensive cleaning and disinfection. Successful eradication of NDM-5-EC from the installations required disas-
sembly, hot water pressure washing of the sewage pipes and complete replacement of all movable parts. Addition-
ally, colonized patients were instructed to use wheeled commodes instead of toilets, and a pre-admission screening
strategy was implemented for all patients undergoing hematologic stem cell transplantation. The outbreak was suc-
cessfully terminated in November 2020.

Conclusion NDM-5-EC, especially high-risk clones such as ST167 and ST617, can persist in hospital wastewater
systems despite cleaning and disinfection efforts and can cause prolonged outbreaks. Therefore, a comprehensive
bundle of interventions like the ones applied in our study is essential, especially in clinical settings with heavily immu-
nosuppressed patients.
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Background

The rapid emergence and dissemination of New Delhi
metallo-B-lactamase (NDM-5) producing Escherichia
coli (NDM-5-EC) poses a significant threat to public
health (1). NDM-5, a variant of the NDM enzyme first
identified in 2009 (2), confers resistance to a broad
spectrum of pB-lactam antibiotics, including carbapen-
ems, which are considered last-resort treatments for
multidrug-resistant bacterial infections. The NDM-5
carbapenemase has been increasingly reported in
Enterobacterales worldwide (3—7) and NDM-5-EC has
been implicated in numerous hospital outbreaks (4, 8).
These outbreaks frequently involve high-risk clones
of sequence types ST167, ST405, ST410, ST617 and
ST648, which are known for their capacity to spread
rapidly (9, 10). The genetic adaptability of blaypy.s
often carried on plasmids, facilitates its horizontal
transfer between different bacterial species, thereby
enhancing its dissemination potential (11).

In this study, we described a wastewater-associated
outbreak of NDM-5-EC in a stem cell transplant unit
at a tertiary care center in Austria. By integrating com-
prehensive genomic data with epidemiological inves-
tigations, we aimed to enhance our understanding of
the mechanisms driving the spread of NDM-5-EC and
inform effective strategies for controlling its dissemina-
tion in the hospital environment.

Methods

Department description

The affected department at a tertiary care center
comprises a general oncology ward (16 rooms for 33
patients), a leukemia and autologous stem cell trans-
plantation (SCT) ward (eight rooms for 12 patients),
an allogenic SCT unit (five single rooms) and an outpa-
tient clinic. Its bed occupancy rate ranges between 90
and 100%. The outbreak affected the SCT and the gen-
eral oncology ward.

Outbreak description

In May 2018, a surveillance stool culture from a
hemato-oncological patient (A) and a blood culture
from another patient (B) were positive for an NDM-
carrying E. coli. A third patient (C) had an NDM-car-
rying E. coli positive surveillance stool culture in the
end of August 2018 followed by a positive blood cul-
ture in September 2018. Suspecting a reservoir in the
sanitary installations, water samples were taken from
sinks, shower drains and toilets in the affected patients’
rooms. NDM-positive E. coli was first found in toilet
wastewater in September 2018 and thereafter repeat-
edly in a total of six patient room toilets on two wards.
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The fourth patient (D) had a positive surveillance
stool culture in September 2018. A fifth patient (E) had
a positive surveillance urine culture in November 2018.
In July 2019, a positive surveillance stool culture from a
sixth patient (F) was detected, and the seventh and last
patient (G) had a positive surveillance urine culture in
November 2019.

Case definition

A case was defined as any patient with NDM-EC iden-
tified from May 2018 onwards. An ongoing surveillance
program (stool, urine, throat swab cultures) had shown
no cases before this date. Cases were included in this
study until the end of November 2020, when the out-
break was declared terminated.

Patients

Demographic and epidemiological data such as patient
outcome (death/survival), stem cell transplant date,
microbiology test results and other parameters were col-
lected by chart review, anonymized and then analyzed
using Microsoft Excel 2016.

Culture based screening of patients

All neutropenic patients were screened by throat swab,
stool culture, urine culture and blood culture twice
weekly with a focus on detection of VRE, MRSA and
gram-negative bacteria using the following agars: Tryp-
tone Soya Agar with 5% sheep blood, MacConkey Agar,
Brilliance ESBL/Brilliance CRE BiPlate, Brilliance VRE
(all Thermo Fisher Scientific, UK) and CHROMID MRSA
(Biomérieux, France).

Environmental isolates

During the outbreak, environmental isolates were col-
lected by plating 1 ml of toilet trap water on Tryptone
Soya Agar with 5% sheep blood and on MacConkey
Agar. Additionally, 10 ml toilet trap water was filtrated
using the Microfil funnel and filter system (Merck Milli-
pore, UK) with a pore size of 0.45 pm and the filters were
placed on plates for culture. Only eight environmental
isolates from random time points were archived.

Identification and susceptibility testing

Identification of presumptive Enterobacterales was done
by Maldi TOF (Bruker Daltonics, Hilden, Germany) and
susceptibility testing according to EUCAST was applied.
Isolates meeting screening cut-off values for carbapene-
mase-producing Enterobacterales (12) and/or growing on
the Brilliance ESBL/Brilliance CRE BiPlate were further
characterized by PCR.
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Bacterial isolates and carbapenemase gene PCR
These isolates were analyzed by conventional PCR with
previously published primer sets covering the most prev-
alent ESBL and carbapenemase genes (13, 14).

The first clinical isolates from all seven patients
(labelled A-G) and eight isolates (labelled 1-1 to 6-1)
obtained from toilet wastewater of six different patient
rooms (one toilet was sampled three times over one
year) were included in the study. Isolates (n=15) were
retrieved from cryobanks (Mast, Reinfeld, Germany) and
cultured on Tryptone Soya Agar with 5% sheep blood for
whole genome sequencing (WGS).

DNA isolation, WGS and typing

DNA from overnight cultures was extracted using the
DNeasy UltraClean Microbial Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions.
DNA libraries were prepared using the Illumina DNA
Prep M Tagmentation Kit combined with IDT for Illu-
mina UD Indexes (Illumina, San Diego, USA) followed by
whole-genome sequencing on the iSeq 100 system (Illu-
mina, San Diego, USA) with 2x 150 bp paired end reads.
Bioinformatic analyses were performed with Ridom Seq-
Sphere + software v9.0.8 (Ridom GmbH, Miinster, Ger-
many) (15). FastQC v0.11.9 was used for quality analysis
of the sequences (16). Raw reads were assembled with
SKESA v2.4.0 (17) and assembly remapping and polish-
ing was performed with the BWA-MEM v0.7.15 algo-
rithm (18).

NCBI AMRFinderPlus 3.11.2 was used for identifica-
tion of resistance genes (19). Likewise, Warwick MLST
(20) and cgMLST (Enterobase) (21) analyses were run
on SeqSphere+and a minimum spanning tree (MST)
was generated using the default threshold of <10 allelic
differences (AD). Genomes were additionally analysed
using VirulenceFinder-2.0 Server with default settings
(Software version: 2.0.5 (2024-01-31), Database ver-
sion: (2022-12-02)) (22).

For further investigation of the location of blayp,, 5 in
the bacterial genome, four selected isolates (patient C,
patient F and two environmental isolates: room 2—-1 and
room 6-1) additionally underwent long-read sequencing
with Oxford Nanopore Technologies. Genome librar-
ies were prepared using the rapid barcoding kit SQK-
RBK004 (ONT, Oxford, United Kingdom) according
to the standard protocol and loaded on a R9.4.1 flow-
cell (FLO-MIN106D, ONT, Oxford, United Kingdom).
Sequencing was performed on a MinION M1kB for 72 h.
Quality check and fast basecalling were done with Min-
KNOW and Guppy v6.3.5 software. Hybrid assembly was
performed using unicycler v. 0.5 with default parameters.
For plasmid visualization and comparison DNA Features
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Viewer v. 3.1.2 was used (23). Plasmids were annotated
for resistance genes using NCBI-AMRFinder version
3.12.8 (db version 2024—05-02.2) (24).

Results

Patients

A total of seven allo-SCT patients were affected by this
outbreak, with their demographic and epidemiological
characteristics summarized in Table 1.

Figure 1 shows the epidemiological curve of the out-
break by collection date of the first NDM-5-EC isolate
from each patient. Most patients had multiple positive
samples, typically collected from stool, urine or throat
swabs as part of routine screening, four of them were
considered colonized. Patient B and C had NDM-5-EC
bacteremia and patient B and E did not survive the infec-
tion. Three additional patients died of unrelated causes
during follow-up. Two patients are still alive and persis-
tently colonized, as shown by screening of stool samples
during follow-up until the time of this publication.

Isolate susceptibility data

All isolates were multidrug resistant according to the def-
inition of the ECDC (25). Detailed results of antimicro-
bial susceptibility testing are presented in Table 2.

Outbreak control measures

When the movement of patients in the affected wards
was tracked, it was found that patients A and B had con-
secutively occupied the same room (Room 1). A screen-
ing regimen for neutropenic patients (twice weekly rectal
swab/stool sample, urine, throat swab) was already in
place and was continued with special regard to NDM
carrying E. coli. Additionally, a pre-admission screening
strategy was implemented for all patients undergoing
hematologic stem cell transplantation. Single-room care
for colonized patients with strict contact precautions
and increased frequency of cleaning and disinfection of
patient-near surfaces especially in bathrooms was initi-
ated after detection of the first case.

In September 2018, after detection of patient C and D
(who had also occupied Room 1), a source in the patient
room was suspected. Following reports describing hos-
pital water as a reservoir for carbapenemase producing
organisms causing infections (26), analysis of water sam-
ples revealed contamination of the pipes draining the
toilets. Consequently, a vigorous cleaning routine was
established: All affected toilets were intensively cleaned,
and weekly application of 500 ml of household bleach
(2.8 g sodium hypochlorite per 100 g solution) was ini-
tiated. Weekly, and later monthly, surveillance of waste-
water from the affected toilets was implemented. Toilets
were cleared for use only after three negative surveillance
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Table 1 Characteristics of the seven allogenic stem cell transplant recipients affected by the outbreak (GvHD: graft versus host
disease, SCT: stem cell transplant)

PatientID Sex Age (years) First Detection of Samples Status Outcome Died days after Association
detectionof NDMS5-ECdays positive for first NDM5-EC  with rooms
NDM5-EC after/before NDM5-EC detection
SCT
A m 68 2018-05-15 154 stool colonized died of unrelated 24 1,2,4
causes
B f 57 2018-05-20 66 blood culture, infection  died (NMD-5-EC 9 1
stool sepsis, mucor-

mycosis, multi
organ failure)

C m 44 2018-08-24 -20 blood culture, infection  died of unrelated 70 3,6
stool, throat causes
swab
D m 49 2018-09-19 21 stool colonized alive no 1,2,6
E f 31 2018-11-27 22 stool, urine infection  died (assumed 215 1,3
NDM-5-EC sep-
sis, GvHD, multi
organ failure)
F f 61 2019-07-03 30 stool, urine, colonized alive no 1,6
throat swab
G m 50 2019-11-12 33 stool, urine colonized died of unrelated 91 4.5
causes
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I cetection of NDMS-EC in toilet trap water
final infection control event

Fig. 1 Epidemiological curve representing the seven patients (A-G) with NDM-5-EC and their occupation of the affected rooms within

the outbreak period from May 2018 to December 2019. Only first detections are shown. Additionally, sampling dates for the environmental isolates
(denoted in blue) and infection control events are shown (*: disinfection of toilet bowl with bleach and UV light, increased frequency of cleaning
and disinfection of patient-near surfaces, #: change of toilet rubber cuff, °: weekly application of bleach in toilet trap water until negative cultures, §:
hot water pressure washing and change of movable parts)

cultures. However, due to the repeated reappearance intense cleaning of the drainpipes with hot water pres-
of the outbreak strain, especially in Room 1, and ongo-  sure washing (Fig. 2).

ing transmission to patients, four of the affected toilets Ultimately, colonized patients were discouraged from
could only be released for use after the total renewal of all  using the toilets and were instead advised to use wheeled
movable parts (toilet bowl, rubber seal, closet flange) and  commode chairs without connection to the hospital
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wastewater system for the total length of their hospital
stay to prevent re-contamination of the installations.

The toilet installations were finally cleared from NDM-
5-EC in June 2020.

WGS-based typing
Two different sequence types / ¢cgMLST complex types
were assigned to the outbreak isolates (ST617/CT12607
n=12, ST167/CT2791 n=3). A cgMLST analysis
grouped the 15 isolates into two clusters (threshold: <10
AD) corresponding to the two STs, respectively (Fig. 3).
The two clusters differed by 700 alleles and isolates within
the clusters differed by a maximum of two and three
alleles, respectively (Fig. 3). Table 3 provides an overview
of assigned STs and ¢gMLST CTs for all isolates. They
shared a common betalactam resistance gene pattern
(blaypps Placrx s blaoxa.;) with variable detection
of blargy..; and multiple resistance genes for other antibi-
otic classes (Table 3). Moreover, a wide array of virulence
genes as well as genes associated with disinfectant toler-
ance and biofilm formation was detected (Table 3).
Analysis of the hybrid assemblies from isolates of both
clusters (patient C (ST167/ CT2791), patient F (ST617/
CT12607), room 2-1 (ST617/ CT12607) and room 6-1
(ST167/ CT2791)) revealed the localization of blaypy,. s
on IncFII type plasmids (Fig. 4, image generated with
DNA Features Viewer). The plasmids were of different
sizes: Plasmid 1 measured approximately 133-139 kb
(patient C and room 6-1) and Plasmid 2 approximately
168 kb (patient F and room 2-1). Plasmids of similar size
were highly identical over large collinear blocks (Fig. 4),
while Plasmid 1 and Plasmid 2 were approximately 97%
identical (74% coverage). All plasmids shared com-
mon identical blocks encoding blayp,,.s on a 13,801 bp
long identical segment. The recombined regions around
blaypy.s were interspersed with multiple copies of the
insertion sequence 1S26.

Discussion

In this study, we report a wastewater-associated NDM-
5-EC outbreak in an Austrian hospital, which led to
colonization as well as infection of allogenic stem cell
(allo-SCT) transplant recipients. This patient popula-
tion is particularly vulnerable due to bone marrow sup-
pression, impaired mucosal barriers and often prolonged
hospitalization with exposure to broad-spectrum anti-
biotics (such as antipseudomonal cephalosporins and
carbapenems) during therapy of neutropenic fever (27).
Colonization with multidrug resistant bacteria such as
NDM-5-EC has been shown to pose a risk for subsequent
invasive infection in allo-SCT recipients and negatively
impact survival (28). Therefore, prompt detection of
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colonized patients through screening is recommended to
minimize onward transmission (27).

Hospitals are critical reservoirs for multidrug-resistant
bacteria due to the high antimicrobial selection pressure,
especially in wards treating heavily immunocompro-
mised patients (29). Antibiotics excreted by patients are
discharged into the hospital wastewater system, where
they may reach high concentrations (30), exerting selec-
tion pressure on environmental bacteria and promoting
the emergence and spread of multidrug-resistant clones
(31). Several studies have investigated the role of toilets
and sanitary installations in the transmission of carbap-
enemase-producing bacteria within hospital settings. A
recent paper covered a prolonged outbreak of carbapen-
emase-producing K. pneumoniae and P. aeruginosa, find-
ing that environmental and clinical isolates were closely
related (29). An outbreak of NDM-producing ST167 E.
coli was linked to a toilet in a Danish hospital where envi-
ronmental samples from the toilet water trap revealed
the presence of the outbreak isolate, indicating a possi-
ble source of infection (4). Similarly, in the burn center of
Ghent University Hospital, an outbreak of OXA-48-pro-
ducing Klebsiella pneumoniae was traced to toilet and
drain water. The outbreak strain persisted in some rooms
even after two months of daily disinfection with bleach,
highlighting the potential of the strain to spread between
rooms through common wastewater plumbing and the
failure of disinfectants to prevent recolonization after
discontinuation (32). This corresponds to our experience
of continuing reappearance of NMD-5-EC in affected toi-
lets until complete replacement of the affected installa-
tions, underscoring the importance of targeted infection
control measures and environmental disinfection to miti-
gate the risk of pathogen transmission through hospital
sanitary facilities, especially if they encode diverse persis-
tence and resistance mechanisms.

Additionally, the characteristics of the outbreak strains
possibly contributed to the extended duration of this out-
break. The initially obtained short-read sequencing data
revealed two separate clusters, which could have been
interpreted as two distinct outbreak events. However,
due to the very low prevalence of NDM-5-EC in Austria
(33), we decided to perform further analysis by Nanopore
sequencing. As for the STs identified here, both ST167
as well as ST617 E. coli emerged from the ST10 clonal
complex and are known for causing outbreaks due to
unique virulence and surface antigen features (34), which
were also detected in our isolates. They are also carriers
of NDM-type carbapenemases and are often isolated in
healthcare settings (35-37). In our case, transmission of
blaypy.s between the two different E. coli sequence types
via plasmid exchange may be assumed, as the long-read
sequencing data demonstrate a highly similar genetic
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Fig. 2 Hot water high pressure cleaning of the drainpipes after complete removal of the toilet and view of the drainpipe biofilm before cleaning

context of blaypy.s in all four analyzed isolates despite
the differences between the detected plasmids. The NDM
gene is commonly located within recombination-prone
and transposon-rich genomic regions (38) which is con-
sistent with our findings. Indeed, recombination between
multiple plasmid types carrying blaypy.s has been well
documented in various bacterial species, even in a sin-
gle patient (39, 40). Additionally, plasmid DNA has
been shown to remain viable for several days in aqueous
environments with favorable conditions for biofilm for-
mation (41), and long-distance dissemination of antimi-
crobial resistance genes via outer membrane vesicles has
recently been described (42, 43). These factors suggest
that horizontal transfer of the NMD-5 gene between the
two E. coli STs could have occurred within the hospital’s
wastewater systems. Nevertheless, the overall differences
observed between the plasmids in the two sequence
types raise the possibility of a second independent intro-
duction of NDM-5-EC during this outbreak, although

this remains epidemiologically unlikely regarding the rar-
ity of such strains in Austria (44).

Taken together, all these factors contributed to the dif-
ficulties in terminating this outbreak. Only a combination
of measures covering installations (complete exchange
of parts, high-pressure cleaning, chlorination), infection
control (single room patient care with PPE, screening)
and patient behavior (education, use of commodes for
colonized patients) was successful.

Conclusions

Detection of wastewater-associated NDM-5-EC in a
low-incidence setting should prompt aggressive out-
break management, especially in high-risk wards such
as hemato-oncology. The study demonstrated that
traditional disinfection protocols were insufficient
to eliminate persistent contamination in wastewater
pipes, necessitating mechanical interventions such as
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Patient C
Room 3-1

O 167
Oe17
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Patient F
Room 1-2

Patient E

Patient D
Patient G
Room 1-1

Fig. 3 Minimum spanning tree showing the two clusters detected in the outbreak. ST167 isolates are colored blue, ST617 isolates are colored red

disassembly and high-pressure hot water cleaning, fol-
lowed by infrastructure replacements. Further research
including long-term genomic surveillance is essential
to explore the mechanisms of plasmid exchange and

resistance gene dissemination in hospital environments.
Additionally, optimized products and protocols to pre-
vent contamination of sanitary installations are needed
to prevent the spread of antibiotic-resistant pathogens in
healthcare facilities.
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Fig. 4 Comparison of common identical nucleotide blocks between the plasmids of four isolates. The image was created using DNA Features
Viewer. A minimum length of 1000 bp was required for a common block. Location of resistance conveying genes was added. Patient C and Room
6-1 (NDM-5-EC ST167) plasmids share large common blocks (block 2 and 3), while Patient F and room 2-1 (NDM-5-EC ST617) plasmids share

a common plasmid backbone (block 1 and 4). Some resistance gene cassettes, including blaypy.s, are common to all four plasmids (block 5 and 6)
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