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Abstract

Background K. oxytoca generally has a benign susceptibility profile and low virulence but can cause invasive
infections in vulnerable populations, like preterm infants. We aim to describe how whole-genome sequencing
(WGS) was used to inform management of a prolonged K. oxytoca outbreak on a neonatal intensive care unit (NICU)
and implications for outbreak response involving similar organisms.

Methods We retrospectively reviewed outbreak-associated clinical and environmental isolates from a Swiss NICU.
WGS was used to track evolution of resistance and highlighted multiple concurrent outbreaks. WGS was performed
using a MiSeq or NextSeq 500 lllumina sequencer. The resulting genome sequences were analysed using Ridom Seg-
Sphere. The current report conforms to ORION reporting guidelines.

Results Of 152 Klebsiella spp. patient-derived isolates, 83 were genotyped using WGS, along with six environmental
isolates. This confirmed two outbreak waves (November 2021-February 2022, ST18 wildtype; July 2022-June 2023,
main cluster ST18 KI B-lactamase hyperproducer), with multiple genotypically connected clusters during the sec-
ond wave. Confirmed sepsis (K. oxytoca ST18 wildtype) occurred in four preterm or low birthweight infants. Twins
presented a genotypically identical ST with a different susceptibility phenotype (ST18 wildtype vs. K1 OXY-hyperpro-
ducer). WGS combined with epidemiological investigation and environmental sampling identified an environmental
source. There was a second outbreak wave after source removal, presumably due to the prolonged presence of colo-
nised infants with typically long NICU stays and insufficient standard infection prevention and control measures

to prevent transmission.

Conclusion WGS use in NICU outbreaks involving low-virulence bacteria can support identification and removal

of potentiating environmental sources. These measures, however, will often be insufficient to contain the outbreak,
and ongoing WGS surveillance of ubiquitous species may uncover multiple concurrent outbreaks, presumably driven
by continuing transfer-transmission between different sources and infants in the NICU. Maximising standard infection
prevention and control (IPC) measures is appropriate in this context.
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Background

Neonatal unit outbreaks caused by Enterobacterales and
especially by Klebsiella spp. are increasingly reported
[1-3]. K. oxytoca complex includes at least six species (K.
grimontii, K. huaxiensis, K. michiganensis, K. oxytoca, K.
pasteurii and K. spallanzanii). All species are human com-
mensals, notably ubiquitous, and potential opportunistic
pathogens, described as being responsible for nosocomial
outbreaks [2, 4]. Possible sources and nosocomial reser-
voirs have been described, and it has also been shown that
K. oxytoca can survive transiently on hands [1, 2].

K. oxytoca generally has a favourable susceptibility
profile and low virulence but can cause invasive infec-
tions in vulnerable populations, like preterm newborns
and infants admitted to neonatal intensive care units
(NICUs) [5-8]. Despite being recognised as a pathogen in
susceptible, high-risk populations in healthcare settings,
the lack of comprehensive surveillance data on K. oxy-
toca makes it challenging to accurately estimate the inci-
dence of neonatal outbreaks across Europe and globally
[2, 8]. A recent outbreak report including a systematic
review has identified nine further NICU outbreak reports
involving K. oxytoca, mostly located in Europe [3]. Cases
of neonatal invasive infection have been described along
colonisation and identification in environmental sources,
reporting antimicrobial resistance in the majority of the
available reports, generally with a long time-to-resolution
(from two months to over one year) (Table 1).

Timely identification of outbreaks, their efficient
management and targeted infection prevention and
control (IPC) measures can minimise adverse patient
impacts. Among tools used for outbreak charac-
terisation and transmission patterns investigation,
whole-genome sequencing (WGS), combined with
epidemiological investigation, can reveal or refute
epidemiological links, enable tracking of evolution of
resistance and highlight multiple concurrent outbreaks.

We aim to describe how WGS was used to inform
management of a biphasic K. oxytoca outbreak on a
Swiss third-level NICU and implications for outbreak
response involving similar organisms.

Materials and methods
Setting and outbreak detection
This is an outbreak report, reflecting measures imple-
mented in real practice to contain the outbreak. The
outbreak occurred in the 32-cot, level III NICU of the
University Children’s Hospital Basel in Basel, Switzer-
land, offering routine care to extremely preterm infants
(<28 weeks’ gestational age) with ~600 neonates admit-
ted yearly.

For the current report, medical and laboratory records
were retrospectively reviewed and relevant clinical data
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Table 1 Research in context

Evidence before this study

K. oxytoca is a low-virulence pathogen, reported as a cause of invasive
hospital-acquired infections in vulnerable populations, such as preterm
infants. There is a lack of comprehensive surveillance data on K. oxytoca,
making it challenging to accurately estimate the incidence of neonatal
outbreaks across Europe and globally. We searched Ovid Embase, Ovid
MEDLINE and Scopus, without date or language restrictions (last search
on 23.01.2025), with search terms [neonat* OR newborn*] AND [infec-
tion* OR sepsis OR septic* OR “nosocomial infection”] along with [center®
OR unit(s) OR nursery OR nurseries OR hospital* OR NICU OR neona-
tology] AND [outbreak* OR epidemic* OR cluster*] AND ["Klebsiella
oxytoca"OR"K. oxytoca”]. The full search strategy is available in the Sup-
plementary Materials. We further performed a manual search of reference
lists for relevant publications. We included K. oxytoca complex outbreak
reports in neonatal intensive care units (NICUs), neonatal units or neona-
tal special care units. Nearly two-thirds of twenty relevant reports were
from Europe. Antibiotic resistance was commonly described, with most
recent studies reporting a majority of extended-spectrum-{-lactamase
(ESBL)-producing strains, followed by K1 [hnOXY] phenotype and Verona
integron-mediated metallo-B-lactamase (VIM carbapenemase) produc-
ing. Just over half of the reports described colonisation rates over 50%,
and most described at least one case of infection, especially bacterae-
mia. Probable outbreak sources were identified in a minority of studies.
Several different genotyping and sequencing techniques were described
for outbreak characterisation from 1994 onwards, often with multiple
techniques per study with whole genome sequencing uncommon.
Identified STs were ST179, ST201, ST11, ST308, ST389, ST392 (K. oxytoca),
and ST50 (K. michiganensis)

Added value of this study

We describe how whole-genome sequencing (WGS) was used to inform
management of a biphasic K. oxytoca outbreak in a Swiss NICU. WGS
revealed or refuted epidemiological links, highlighted multiple concur-
rent outbreaks with an otherwise low-virulence pathogen and ena-

bled tracking of evolution of resistance. The identification of potential
environmental sources is often difficult and not frequently described

in published reports. In the NICU, likely multidirectional transfer-trans-
mission between environmental sources and infants means that source
identification and removal may not be sufficient to contain an out-
break. Indeed, after removal of the identified environmental source

there was persisting potential for onward infant-to-infant transmission
due to typically long NICU stays and consequent prolonged presence

of colonised infants, leading to a second outbreak wave. Furthermore,
twins presented a genotypically identical ST with a different susceptibility
phenotype, wildtype vs. K1. (hyperproducer of OXY [hOXY-KoC], follow-
ing point mutations in the consensus sequences of their promoters). This
pertains to the emergence of resistance during an outbreak in a patho-
gen that is otherwise well-treatable

Implications of all the available evidence

The use of WGS in the context of NICU outbreaks involving low-virulence
bacteria can support identification and removal of potentiating envi-
ronmental sources. These measures, however, will often be insufficient
to fully contain the outbreak. Ongoing WGS surveillance of ubiquitous
species may uncover multiple concurrent outbreaks, driven by ongoing
transfer-transmission between different sources and infants. Cost-
efficient outbreak response, especially for low-virulence pathogens,
must combine outbreak-specific investigations with maximisation

of standard measures, such as optimal hand hygiene practices. Hand
hygiene with appropriate monitoring to boost compliance would
significantly reduce multiple transfer-transmission events. Collaborations
between infection prevention and control (IPC) and microbiology teams
would enable the identification of tailored measures to address outbreak
risks to patients and expected efficiency of IPC measures
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extracted systematically. An outbreak was defined as
the occurrence of at least two epidemiologically and
genotypically related clinical cases in the context of con-
tinuous genomic evaluation of invasive isolates in our
institution. Infants were considered confirmed outbreak
cases if molecular subtyping with WGS revealed a clear
genotypic link between isolates, whether from clinical
or screening cultures. Inpatients positive for any K. oxy-
toca strain in any specimen were considered potential
outbreak cases. We further distinguished between infec-
tion cases (clinically symptomatic with positive cultures),
and colonised infants, defined as the positivity of surveil-
lance swabs (mostly rectal) without associated clinical
symptoms.

Infants are routinely screened for multidrug-resistant
organisms (MDRO) at 2—3 days and 4 weeks of life, if still
hospitalised on the unit. During the first outbreak wave,
an intensive and targeted screening was implemented to
identify susceptible K. oxytoca strains, that would have
been missed with baseline screening. Subsequently, dur-
ing the second wave additional screening timepoints
were introduced (at birth and one week of life), target-
ing susceptible Klebsiella spp. and non-susceptible,
K1-producing Klebsiella strains. Infants were screened
multiple times during the outbreak, thus contribut-
ing to longitudinal data. If presenting multiple positive
samples in time, only the first positive sample was con-
sidered for this report. Routine water testing takes place
twice a year, including tap filters and sinks outside the
rooms. Targeted screening was implemented during the
two outbreak waves (during the first wave to identify the
source/potentiator, then in the second wave to confirm
no further source had been overlooked). Agents used for
disinfection were alcohol-based hand rubs (Skinman'/
Sterilium®pure) for hand sanitising; alcohol-based tissues
(Bacillol® AF Tissues) and solutions (Incidin"™ Pro, bacte-
ricidal, virucidal) for surface disinfection. The nurse-to-
patient ratio is 1:3 to 1:2/1:1 (the latter in case of critical
patients).

WGS is routinely applied during outbreak investiga-
tions. Eighty-three out of 152 Klebsiella spp. isolates cul-
tured from patient samples were genotyped using WGS,
along with six environmental isolates. The sequencing
results have been uploaded on the National Centre for
Biotechnology Information (NCBI) under project num-
ber PRJNA1198653.

Microbiological and molecular methods

Following clinical suspicion of invasive infection, blood
samples were taken as part of routine sepsis work-up.
As per routine practice, blood was cultured at 37 °C
for up to five days in an aerobic BacT/ALERT culture
medium (bioMérieux, France). Upon bacterial growth, a
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subculture was done. Rectal swabs were obtained as part
of outbreak investigation to assess prevalence of colonisa-
tion by the outbreak strain. The samples were cultured for
48 h at 37 °C on a 5% sheep-blood agar plate. After col-
ony growth and preliminary morphological assessment
of Klebsiella spp., species identification was performed
on 9-20 colonies per infant using MALDI-TOF MS with
a MALDI Biotyper® sirius or microflex system (Bruker
Daltonics, Bremen, Germany). Environmental samples,
including components of bathtubs and water, were tested
for Enterobacterales according to ISO 21528-2 and spe-
cies identification in positive samples was conducted
with MALDI-TOF-MS (Shimadzu, Japan). For anti-
microbial susceptibility testing, VITEK2 (BioMérieux,
France) was used. After identifying K. oxytoca, a pool
of 3-5 colonies underwent WGS, which was performed
using a MiSeq or NextSeq 500 Illumina sequencer. The
resulting genome sequences were analysed using Ridom
SeqSphere (v8 4.1). Both sequencing and data analysis
are accredited according to the ISO/IEC 17025 standard.

DNA was extracted with the EZ1 Advanced XL (QIA-
GEN) and then sequenced on the Illumina NexSeq 500
platform. Raw reads were quality-checked with FastQC
(v0.11.9) and trimmed with Trimmomatic (v0.36) to
remove adaptors. Draft assemblies were generated with
Unicycler (v0.4.8) following the Illumina-only assembly
pipeline and quality checked with QUAST (v5.2.0).

In silico screening for antimicrobial resistance genes
(ARGs) and replicon sequences was performed using
AMRFinder, ResFinder v4.1, and PlasmidFinder v2.1
(50% minimum percentage identity) software from the
Center for Genomic Epidemiology (CGE), and RIDOM
Segsphere+v8.5.1, respectively. Multilocus sequence
typing (MLST) was done with MLST v2.0 (CGE) and the
K. oxytoca species complex typing database (PubMLST)
respectively with RIDOM Seqsphere+. Accurate spe-
cies confirmation was conducted with the Type Strain
Genome Server (TYGS). The bla,y, genes were anno-
tated according to the Kilebsiella locus/sequence
definitions database from the Institut Pasteur (BIGSdb-
Pasteur). To characterise the promoter sequences, draft
assemblies were annotated with Prokka (v1.13), and the
contigs containing the bla,y, were extracted with a cus-
tom perl script. The upstream regions (—33 to —32 bp) of
the blayy were manually scanned for the —35 (TTGTCA
), 17 bp spacer, and —10 (GATAGT, GATAAT, TATAGT
, and TATACT) promoter sequences. Unless specified,
all bioinformatics steps above were done with default
parameters.

Ethics
Patient identifying data were not collected and pri-
vacy guaranteed. This report was started as part of the
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implementation of outbreak management strategies by
the IPC team and followed the ORION checklist of items
for outbreak reports (checklist provided in the Supple-
mentary Materials) [9]. Furthermore, this research pro-
ject was evaluated by the Ethics Committee Northwest
and Central Switzerland (EKNZ) as not falling under the
scope of the Human Research Act (Req-2024-0084 I).
The planning conduct and reporting of this study was in
line with the Declaration of Helsinki, as revised in 2013.

Results

From November 2021 to June 2023, 152 Klebsiella spp.
isolates were cultured from patient samples and 83 were
genotyped using WGS (Table 2 and 3), along with six
environmental isolates. This confirmed two outbreak
waves, with multiple genotypically connected clusters
during the second wave. 816 infants were screened for
colonisation overall. 1117 blood cultures were collected
over the surveillance period. Sixty (5.4%) tested positive,
of which four (6.7%) grew K. oxytoca. All clinically rele-
vant cases recovered after receiving antibiotic treatment.

First outbreak wave

Chronologically, two K. oxytoca ST18 late-onset sepsis
episodes with fully susceptible isolates occurred between
November and December 2021, heralding the first wave
of the outbreak lasting until February 2022. Following
this alert to a potential outbreak, rectal swabs were taken
from all patients and specifically tested for K. oxytoca. Of
10 potential outbreak cases identified between November
2021 and February 2022, two were identified as sequence
type (ST) 36 and 37, while eight were wildtype ST18 con-
firmed by WGS to be part of an outbreak (two sepsis
cases, six asymptomatic gut carriers).

Outbreak containment measures

Because K. oxytoca has typically low virulence and a
broad antimicrobial susceptibility, cases were neither
cohorted nor isolated, in line with standard local IPC
procedures. Targeted environmental sampling of water,
sinks, syphons, bathtub, milk refrigerators, incubators
and shared equipment was implemented during the out-
break window, revealing the bathtub, draining water via a
permanently attached plastic hose, as a potential primary
or intermediary source in February 2022 (infants were
directly bathed; the bathtub was moved inside the rooms
for bathing practices and placed in the NICU’s disposal
unit whilst not in use. The bathtub would be filled with
water from the sink in the disposal unit and emptied in
the same sink). Upstream water sources were system-
atically considered in targeted, outbreak-specific envi-
ronmental surveillance. Wildtype ST18 K. oxytoca was
isolated from the bathtub syphon and water from hose
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(Table 4). The IPC team arranged for prompt replace-
ment of the bathtub with a different model, without a
drain or overflow.

Second outbreak wave

No further cases were notified to the IPC team until July
2022, when a set of twins was diagnosed with proven K.
oxytoca ST18 sepsis (twin A) and colonisation with sub-
sequent suspected pneumonia (twin B). The strain from
twin B was identified as a K1-p-lactamase hyperproducer,
showing a different resistance profile from the previously
identified wildtype strain. WGS confirmed genotypic
links of both strains to the first outbreak wave.

Reviewing patient flow to and from the unit, one col-
onised infant of the first outbreak wave remained hos-
pitalised until July 2022, likely promoting an outbreak
resurgence despite elimination of an environmental
source. A case of confirmed sepsis by a non-K1 K. oxy-
toca strain in April 2022 was retrospectively notified.
This could not be sequenced but is likely linked to the
outbreak. In addition, several infants had K1 pheno-
type Enterobacterales incidentally identified on routine
screening samples in summer 2022. Additional screening
timepoints for infants on the unit were instituted at birth
and at one week of life. This delineated a second outbreak
wave occurring from July 2022 to June 2023 (Fig. 1).

Results of WGS typing

Of 137 patient samples growing Klebsiella spp since July
2022, 73 were typed, showing three concurrent clusters
(Fig. 2). The main cluster was due to K. oxytoca ST18,
with 38 confirmed cases, of which 37 were associated
with the K1 [hOXY] phenotype. A second cluster was
due to K. oxytoca ST199, with 29 related confirmed cases,
mostly non-K1. ST199 was also found in pooled samples
from the milk refrigerators (Table 4). Last, K. michigan-
ensis was identified with a small cluster by ST381 (three
colonised patients and one environmental sample from a
washbasin). Of the patient samples that were not typed
(samples not stored or unavailable, Supplementary
Table S2), 33 were found to be Kl-expressing. Over-
all, confirmed sepsis involving ST18 wildtype occurred
in three very or extremely preterm, very/extremely low
birth weight infants, who all recovered after receiving
antibiotic treatment (Table 2). One further late-onset
sepsis episode occurred in a very preterm infant, but the
K. oxytoca isolate was not genotyped (Table S2).

The outbreak was declared contained by the end of June
2023 and the outbreak-specific surveillance was discon-
tinued in August 2023. Support for optimal hand hygiene
with electronic monitoring tools was only introduced in
summer 2023 (overall average hand hygiene level was
35% for 105 NICU staff members between August and



Page 5 of 16

(2025) 14:76

Minotti et al. Antimicrobial Resistance & Infection Control

(skep 9)
od uioexo}jol
-dD 01 Yiys ejuownaud
(sKep 1) Al (snainp aqQ uonosajul
uIDeYIWY + pIoe ‘S JUB}WIOD SAISeAUl
dlueNAeRD -uod Ja1e|) [UlehEYREN pa1dadsns Rl
SAI[e ‘PaInD) -Ul||IDIXoWy DI0JAXO Y |eayel| Ajjeatuip uloqu |eubep M3 ARWanx3  g/EONNDIN
(skep /)
Al We1DRgOZE)
-uljjpesadid (‘nunf2;
Ajpusnbasgns -2bqojauy ejuownaud
‘(sKep ) Al ‘Snainp °§ aqg uonoajul
uey WY + pIoe 1UBWOD SAISeAUl
JjueINARD -uod) UCJIETREN pa1dadsns waud
SAI[R ‘PaIND DI0JAXO Y |eayoel| Ajjeatuip ujoquy uon29s-) M3 IWENIE Vel #LONNDIN
(skep ) Al
wiauadoiay 01
payiys
Apusnbasgns
upey Wy
(sAep ¢€) upey
-y + (shep g)
pIDe DIUB|NAR|D (39suo wisaud
SAlje ‘paInd) DI01AXO Y poolg  91e|) sisdag uloquy uondas-d M3 Aj2Wa11x3 £LONNDIN
(shep 1)
Al WU
-adols|y 01
PayIys ‘Al poe
dlueNARD-UI|
-|IDIXOWY/ + Ul (39suo
SAI[R ‘PaIND) eIy DI01AXO Y poojg  a1e)) sisdag uloquy [euibep MITA  wia1aid AISp £OONNDIN
(shep 1)
Al ploe
J1ue|nAeR-Ul|
-|DIXOWY + U (19suo wis1aid
SAlje ‘paInd) -y DI0JAXO Y poolg  91e)) sisdag uioqu uop23s-D) M3 Al2Wa11x3 ZOONNDIN
yuiq
(skep K10b621e> e K10BO1ED
‘uoneanp) Wybram abe
jJuswieas) adfy JSEVNIET o} yuiq |euoneisab 9pod
awodIno noiquuy  1STN uaboyleq 9|dwes sisoubelq uJoqgino/uj Jo adAL juaned juaned 9|dwes

SN1P1S UOISSaIAXD |y pue (1STIA) buidAl ouanbas sndojinw 4o synsai

UM 'S35BD 3221GIN0 JURASJR A|[BD1UID JO SDsHa1deIeY) T 3jqeL



Page 6 of 16

snouaAenul Al ‘9dA1 9duanbas sndojinw ST ‘sisoubelp |ernuaiayip
@q ‘uondas uealesaed uoias-) ‘(6 0001 >) ybBram yuig moj Apwanxe Mg737 ‘(b 0051 >) ybiam yriiq mo| A1an Mg/ ‘be [euoneisab syaam ze > uloq ‘wialaid A1an ‘Dbe [euoneisab syaam gz > uioq ‘wiaaid Apwalixg

(2025) 14:76

Minotti et al. Antimicrobial Resistance & Infection Control

(skep 5)
wauad
-0IN + UIDAW
-OdUBA O YIYyS
(skep €)
Al 9]0Zep|uo)
19N ‘(sAep 1)
Al pIoe uond3yUl
Jlue|NAR|-U| SAISBAUL
IXOWY + UDD [VeEYREN pa1dadsns wJs1ald
SAlje ‘pauInd -y 661 - D20IAXO Y [esyoel] Ajjeoid uloqu UOoRS9s-3 8 MdT Apwinxg €80NNDIN
(skep ) Al (VSSIA 3uey eluownaud
pIoe Djue|NARD -|WOdU0D) [UlelEYREN pa1e100sse wisald
SAI[R ‘PaIND 661 - D20JAXO0 Y |eayoel| -101B|1IUIA ujoqu uond3s-) sak 7l Mg13 Apwaix3 18ONNDIN
(sKep ¥) Al (snainp's
pioe djuenAg 1UBHWOD elUOWINAUY
-Ul||DIXowy -uod) [SlelEYREN pa1e120sse
SAI[R ‘PaIND) ‘upey Iy 81 I DI0IAXO Y |eayel| -101B|1IUIA uloquy uond3s-) 9 MEIA  wisiaid Aisp 690NNDIN
(shep 4)
Al UPDAWOD
-UBA+ WU
-adosay
01 YIys ejuownaud
‘(Kep 1) Al pioe (snainp’s ag uondayul
Jiue|nAeR-Ul| JURWIOD SAISBAUI
-|DIXOWY + U -uod) SleNETREN pajdadsns wia1aid
SAle ‘paind -eylwy 8l [ DOOAXO ) [esyoel] Ajeaud uioquy uons9s-) vl MaT3 Apwanxg 8EONNDIN
(skep) Yyuiq
(skep 9)dwes K10b631e> e K1063)1Ed
‘uoneanp) aAsod wybram abe
jJuswieas) adfjouayd adfy JSEVNIET o} (s9k)  1siy3e Aers yuiq |euonelsab 9pod
awodINQ noiquuy  ISTW  [AXOYl LY  uaboyieq 9|dwes  sisoubeiq uloqino/uj Jo adAL uim]  jo yibua jusned juaned 9|dwes

(panunuod) z 3jqey



Page 7 of 16

(2025) 14:76

Minotti et al. Antimicrobial Resistance & Infection Control

wiaraid
SNIY - 3l Lyl DOOMXO Y Cems [2103Y uioqu |euiben soh ¢ 6000£-6005C  ARIRIBPON  FEONNDIN
wiaraud
SAIY - 661 - DI0JAXO Y QBMS |e1daYy uloquy uond3s-d) ¢ Ma13 APWaNX3  €CONNDIN
nuowub -y
SN - 31 I DI0JAXO Y QeMS [PIDDY uloquy uo23s-) sak € MGTIA  wieRid AISA BOEONNDIN
BN\ - 31 N D20JAXO Y CeMS [PIDY uloqu uonds-d) sah ¢ Mg widl  6Z0ONNDIN
NIy - 8l I DOOMX0 Y Cems [e103Y uloqu uondas- sak ¢ 6000e-6005¢ Wil 8ZONNDIN
SAIY - 31 N DI0JAXO Y gBMS |e1DaYy uloquy uond3s-d) sah | MgT  wislaid 1e7  ZZONNDIN
SN - 31 N DI0JAXO Y CeMS [PIDY uloqu uond9s-) ¢ MgT  wisaid 3187 SZONNDIN
SN - 31 I DI0JAXO Y QeMS [PIDY uloquy uo23s-) Vad Mg wislaid 91e7  #ZONNDIN
wald
SN - 31 I DI0JAXO Y QeMS [PIDDY uloqu uo23s-) sak 8l Ma13 APWanx3  €ZONNDIN
wald
SN - 31 I DI0JAXO Y CeMS [PIDDY uloqu uon23s-) sak 8l MITA ARWanx3  ZZONNDIN
SAIY - 31 N DI0JAXO Y gBMS |e1DaYy uloquy uond3s-d) sah [oY4 Mg13 wuaiaud AI9A LZONNDIN
SNV - 31 N DI0JAXO Y CeMS [PIDY uloqu uondas-d) sak [oY4 MZTIA  wiLwid AIBA 0ZONNDIN
SNV - 8l [ DOOMXO Y Cems [e103Y uloqui UONS9s-) z 600056 0007 usl  61ONNDIN
SNV - 8l M DOOMX0 Y Cems 2103y uloqui UOoR39s-H ¢ B000t-b 000 wiel 8LONNDIN
wiaud
ONIIY - 3l LYl DOOMX0 Y Cems 8103y uioqu |euiben € Md1  AlRIeIBpON  ZLONNDIN
wiaud
NI - 3l I DOOMXO Y Cems [e103Y uioqu UoRd3s-) 3 MdT  ARIRIBPON  9LONNDIN
wi9taid
NI - 3l I DOOMXO Y Cems [2103Y uioqu Uond3s-) 8C MAIA  AjS1eIopo  SLONNDIN
wi1a.d
SNV - L€ - DOOMXO Y Cems [e103Y uloqui uonsas-) /01 Ma13 Apwanxy  LLONNDIN
SN - og - DI0JAXO Y CeMS [PIDY uloqu |eulbep s Mg wia1aid A19A  OLONNDIN
SNV - 31 - DI0JAXO Y QeMs [PIDY uloquy uond3s-) 3 MFTIA  wiewid AISA 600NNDIN
OAIY - 8l - DI0JAXO Y QBMS |10y uloquy uonI9s-) ¥l MEIA  wiaraud AISA 80ONNDIN
wiaud
SAIY - 31 - DI0JAXO Y gBMS |e1DYy uloquy uonds-D) ¢ MgT  Aj2ei9polN  ZOONNDIN
SNV - 31 - DI0JAXO Y CeMS [PIDY uloqu uondas-) 97 MZTIA  wiawid AIBA 900NNDIN
SAIY - 31 - DI0JAXO Y QBMS |e1DaYy uloqinQ uond3s-) T4 MFIA  wiswId AISA SOONNDIN
wi12.1d
QA - 3l - DO0MXO Y eMS [e1DaY wioquy uons9s-) 09 MdT13 Alpwanx3  $OONNDIN
(skep) Yyuiq
(skep 9|dwes e K1063a3ed
‘uoneanp) aAnsod K10b6310> abe
juswleany adfyouayd adfy JSEINIET ) (s9k) 1sayiehers ybBwm yuiq euonelssb 9pod
awodnQ  >dnoiqnuy 1STW  [AXOuYl X uaboyieq 9)dwes swoldwAs uioqino/uj Jo adA} ump Jo yibua juaned jusaned 9|dwes

SN1LIS UOIssaIdxa [y pue (1STIA) BuidAl 9ouanbas snJojiNW JO S} NS YIM ‘S3SED 3ea1gino diiewoidwAse Jo soispioeley) € ajqel



Page 8 of 16

(2025) 14:76

Minotti et al. Antimicrobial Resistance & Infection Control

SISUa wija1a1d
QAN - 8¢ - -upbiydiw Y gems [eday - wioquy uonses-H L MA1 Al21RI9pOy  ¥9ONNDIN
wi1a1d
Y - 661 - DO0MX0 Y gems [euy - usoquj uo13395-0 4 MdT  ARIRIBPON €90NNDIN
SISU
NIV - 18€ - -upbiIW Y dems 8103y - uloquj [eutbep ¢ b0ooov-b 000€ Wil Z9ONNDIN
oAl - 661 - DO0MXO Y eMS [e1D3Y - wioginQ Jeuiben sok L 6000%-6 000¢ Wl L90ONNDIN
Ol - 8l M DI0JAXO "y gems upis - wiogino uondes-H L M1 wisiaid 237 090NNDIN
NIV - 8l L DI0JAX0 Y qems 109y - uloqINO [euiben € 6000e-6005z wieId BT 6SONNDIN
SISUa wii1a4d
EAI - 18¢ - -upbiydiwy  gems [eday - uioquyj uond9s-) soh 8 MATA Alpwiaix3  8SONNDIN
wi1a1d
NI - 661 - DI0IAXO Y QBMS [R1DdY - uloquy uonI9s-d) sak 3 MGTIA APWax3  ZSONNDIN
wi9taud
NIV - 661 - DI0JAXO Y gBMS |e1DaY - uloquy Uond3s-D) Z M1 A21eI9pOIN  9SONNDIN
EAI - 661 - DO0MXO Y eMS [e1D3Y - wioginQ Jeuiben sak € Ma1 wial - SSONNDIN
NI - 8l I DOOIAXO Y qems [e103y - woano leuben = 0 6000e-b005¢ widl  #SONNDIN
EI - 661 - DO0MXO Y CeMS [e1D3Y - uloqui |euiben ¢ 6000v-6 000¢ wiel  €SONNDIN
wi1a1d
EN\ - 8l I DOOMX0 Y Cems 2103y - usoquj Uuo1339s-) N% Man3 Apwanx3g  pzSONNDIN
EAI - 8l M DOOMX0 Y Cems [e103Y - uioquyj uondes-) L 6000%-6 000¢ Wil LSONNDIN
oAV - 8l M DOOMXO Y Cems [e103Y - uloqui |euibep ¢ 600056 000t wel - 0SONNDIN
S1nsal SIsuo
SAIY - juapynsuy| - -UDDIYIIWI Y OeRMS [B1D3Y - uloqinQ |euibep 9 Mg1  wiid 2187 670NNDIN
EWN\Y - 661 - DI0JAXO Y gBMS |e1DY - wioquy| uo329s-) S MEIA  wiiaud AISA 8FONNDIN
oAl - 8l M DOOMXO Y Cems [e103Y - uioquy |euiben ¢ Booor-b000s wimRid ey ZFONNDIN
NIV - 8l L DOOMX0 Y Cems [e103Y - uloquj |eutbep ¢ b0ooov-b 000€ Wil 9¥ONNDIN
SNV - 661 N DI0JAXO Y QBMS |e1DY - uloquy |euibep ¢ MgT  wisaid 9187 SEONNDIN
SISUd
EAI - 61 - -upbiydiwy  gems [edsy - uioquj Jeuiben 14 (0l401% wel  e¥ONNDIN
wi1a.d
EI - 661 - DO0MXO Y eMS [e1D3Y - uioquj uond9s-) € MAT  ARIRISPON  6EONNDIN
wi1a.1d
EI - 661 - DO0MXO Y eMS [e1D3Y - uioquj uondes-H €l Md1  ARIRISPON 9EONNDIN
wi1a.1d
SN - 8l Ll DO0MXO Y CeMS [e1D3Y - uioqu |euiben sok € 6000€-6005z  AR1RIBPON  SEONNDIN
(sAep) g
(skep ajdwes 1e Kio631ed
‘uopeinp) aAsod K106331e> abe
juawileal) adfijouayd adfy JSEINIET ) (s9k) 1sayjeKers  ybBrwm yuiq jeuonelsab ?pod
awodnQ  >dnoiqnuy 1STW  [AXOul X uaboyied 9)dwes swoldwAs uioqino/uj Jo adA} ump Jo yabua juaned juaned 9|dwes

(penunuod) € ajqeL



Page 9 of 16

(2025) 14:76

Minotti et al. Antimicrobial Resistance & Infection Control

SAIY - 661 N DI0JAXO Y QBMS |e1DYy - uloquy uond3s-) ¢ Mg1  wiid 3187 L60NNDIN
OAIY - 661 - DIOJAXO Y QBMS |10y - uloquy uond9s-d) ¢ MEIA  wiaud AISA 060NNDIN
EAI - 661 - DOOMXO Y Cems [e103Y - uioqui uondas-) ¢ 6000¢-b 005C wiel - 680NNDIN
SAIY - 661 - DI0JAXO Y gBMS |e1DaYy - uloquy Uond3s-) sok ¥4 MEIA  wiud AISA 88ONNDIN
waraid
EINIIY - 661 - DI0JAXO Y QBMS |e1daYy - uloquy Uond3s-) sak ¢ M1 Aj21eI9polN  Z8ONNDIN
waraud
EINIIY - 661 - DI0JAXO Y QBMS |e1daYy - uloquy Uond3s-d) sak ¢ M1 A21e49pOIN  98ONNDIN
(1102 7 ue}
-ILODU0D) wieud
EAI - 8l M DD0IAXO Y aulin - uioquyj uondes-) a4 MdTa Apwanxg  pSBONNDIN
EINIIY - 661 - DI0JAXO Y QBMS |e1DYy - uloquy |euibep ¢ Mg1  wiid 3187 $8ONNDIN
ANV - 8l L D20MAX0 Y gems [e123Y - uloqu |eutben ¢ b0ooov-b 000€ W3l Z8ONNDIN
EINIIY - 661 - DI0JAXO Y QBMS |e1DY - uloquy uonI9s-) sak ¢ Mg1  wiaid 2187 08ONNDIN
(dds
SN22020J2)U7
pubp ySSw
1UDIIWODUOD)
SAIY - 661 - DI0JAXO Y QBMS |e1DaYy - uloquy Uond3s-d) sak / Mg1  wiid 2187 6Z0NNDIN
SISUD
oAl - S I -ubBiyoiwy gems sy - uioqui |euibep ¢ 6000s-6 000F wel - 8/0NNDIN
EAI - 8l M DO0MXO Y CeMS [e1D3Y - wiogino |euiben ¢ 6000¥-6 000¢ Wil //ONNDIN
EINIY - 3l N DI0JAXO Y QBMS |e1DYy - uloquy uond3s-d) 37 MEIA  wiaud AISA 9Z0NNDIN
661 - 25/0NNDIN
SNV - 8l N DI0JAXO Y CeMS [PIDY - uloqu uondas-d) Vad M7 wia1aid AI9A  2HZ0NNDIN
SAIY - 661 - DI0JAXO Y QBMS |e1DaYy - uloquy Uond3s-D) sah / Mg13 wiaid A19A €Z0NNDIN
OAIY - 661 - DI0JAXO Y gBMS |10y - uloquy uonI95-) sak / gIA  wieraud A1ISA ZZONNDIN
EINIY - 3l N DI0JAXO Y QBMS |e1DYy - uloquy |euibep ¥ 6 000v-6 000§ w3l [ZONNDIN
SNV - 661 - DO0MAX0 Y CeMms [e1DaY - uiogqInO uonsss-) £ 6000t-6 000¢€ Wizl 0ZONNDIN
wi1a.1d
SAIY - 3l N DI0JAXO Y QBMS |e1DaY - uloquy Uond3s-) sak ¢ M1 Aj21e49pOlN  890ONNDIN
SNV - 661 - DI0JAXO Y CeMS [PIDY - uloqu uond9s-) ¢ MgT  wia1aid A19A  2Z90NNDIN
wi1a.d
BN\ - 8l Iy DI0JAXO Y CeMS [PIDY - uloqu uonas-) sak Il MITA APWanx3y  990NNDIN
wi1aid
OAIY - 31 1y DI0JAXO Y QBMS |10y - uloquy UonI95-) sak / META ARWanx3  S9ONNDIN
(sAep) g
(skep a|dwes 1e K1o631ed
‘uoneinp) aAsod K10b631e> abe
juawileal) adfijouayd adfy Kidnep (s9k) 1sayjeKers  ybBwm yuiq jeuonelsab ?pod
awodnQ  Jnoiqnuy 1STW  [AXOul LY uaboyieq 9)dwes swoldwAs uioqino/uj Jo adA} ump Jo yabua juaned juaned 9|dwes

(penunuod) € ajqeL



Page 10 of 16

(2025) 14:76

Minotti et al. Antimicrobial Resistance & Infection Control

snouaaesjul Al ‘9dAy aduanbas

SND0|1INW STV ‘UOIIDDS UeIBSIRD U0MD3s-D ‘(6 0001 >) 3YBram yuiq mo| Ajawanxa Mg73 ‘(6 0051 >) 1ybiam yuiig moj K19 Mg ‘(6 0052 >) 1ybIam yuig moj pg7 ‘2be [euoneisab syaam /g < uioq ‘wid) ‘abe jeuonelsab
S99M /€ PUB € U9IMIDQ UJoq ‘Wid1aid d1e| ‘abe [euoie1sab $3oam € pue Zg Usamiaq uloq ‘wiaiaid A|a1esapow ‘abe [euolielsab syaam g€ > ulod ‘wiaiaid A1an ‘abe [euoieisab syeam gz > uiog ‘wislaid Apwanxg

wislaud
NI - 661 - DIOMXO Y gems [e1day - uoquy [euiBen LT JYERE! ApWaing  €60NNDIN
sIsua
-upbiydIw -y
ANy - 1SL - DIOIAX0 Y gems [e1dy - uloquy o9 v 6000t-6 000€ wisl  Z60NNDIN
(skep) Yyuiq
(skep a|dwes e K1ob3a3ed
‘uoneinp) ansod Ki10b6310> abe
juswilealy adfijouayd adfy K1an19p (s9hk) 31sayieKeys  ybBrem yuiq |euonelsab ?apod
awodnQ  >dnoiqnuy 1STW  [AXOul LY uaboyieq 9)dwes swoldwAs uioqino/uj Jo adA| ummp Jo yabua janed jusaned 9|dwes

(panunuod) € a1qey



Minotti et al. Antimicrobial Resistance & Infection Control (2025) 14:76

Page 11 of 16

Table 4 Positive environmental samples with results of multilocus sequence typing (MLST) and K1 expression status

Sample code Source First Klebsiella spp. Sample type Pathogen K1 [hOXY] MLST
positive sample date phenotype

NICUEOO1 Bathtub 10.02.2022 Water from hose K. oxytoca - 18
NICUE002 Bathtub 10.02.2022 Water from hose K. oxytoca - 18
NICUEOO03 Bathtub 10.02.2022 Syphon K. oxytoca - 18
NICUE004 Washbasin—outside 11.10.2022 - K. oxytoca - 37
NICUE0O05 Milk refrigerators 1-3 (pooled) 11.10.2022 - K. oxytoca - 199
NICUE006 Washbasin—outside 20.12.2022 - K. michiganensis - 381

MLST multilocus sequence type

December 2023) [10]. A single point-prevalence survey
was conducted for follow-up in February 2024, showing
four infants with positive rectal swabs for K. oxytoca and
K. michiganensis, with STs unrelated to the previous out-
breaks (Table 5).

Discussion

This report highlights some of the challenges of bacterial
outbreaks in the NICU, especially those involving low-
virulence ubiquitous pathogens. These become apparent
when applying genome-based surveillance such as WGS.

Invasive infections were limited to higher-risk infants,
with a 100% survival rate and no clearly attributable
residual morbidity. In the context of multiple concurrent
outbreaks being identified by WGS, the extensive use
of measures such as cohorting, isolation or cot closures
becomes less justifiable and feasible. Such findings align
with previously published K. oxytoca complex neonatal
outbreak reports (1984-2024), which mainly describe
infant colonisation. Cases of neonatal infection were
documented, especially bacteraemia in high-risk infants
(mostly preterm or low birth weight), alongside colonisa-
tion, but affected few infants [3, 7, 11-28]. Case fatalities
were also reported, though generally rare, and often fol-
lowing invasive infection [11, 13, 15, 19, 20, 23] or due to
unrelated causes in fragile infants with multiple comor-
bidities [3, 26]. Cohorting and/or isolation of patients,
and rarely cohorting of staff, were among the most fre-
quently applied outbreak control measures according to
published K. oxytoca outbreak reports (Table S1) [7, 11,
15, 18, 20, 22, 26, 27].

Several different genotyping and sequencing tech-
niques have been described in the literature for microbial
identification, outbreak characterisation and epidemio-
logical surveillance. Techniques applied in K. oxytoca
neonatal outbreaks, often with multiple techniques per
study, were PCR-based methods [20-22, 24-26], DNA
fingerprinting and comparative genotyping (Pulsed-field
gel electrophoresis, PFGE; Restriction Fragment Length
Polymorphism, RFLP or Small Fragment Restriction

Endonuclease Analysis, SF-REA) [3, 7, 14, 15, 21, 23, 24,
27], next-generation sequencing (NGS), including WGS
and 16S rRNA sequencing [15, 19, 21, 27, 28]. The latter
have been increasingly applied over the last decade, nota-
bly WGS, which also plays a key role in the standardisa-
tion of prospective genomic surveillance for nosocomial
pathogens and MDRO transmission [29].

Real-time WGS during outbreaks can enable faster
identification of outbreak variants, differentiate between
persistent environmental contamination versus patient-
to-patient spread, thus informing tailored IPC inter-
ventions. This approach is resource-intensive, however
lower-resource NICUs might adopt a phased approach
(e.g. trigger-based WGS after case clusters). Combining
real-time WGS of invasive isolates with trigger-based
WGS of screening isolates would allow managing costs
and maximising information gained. WGS revealed sev-
eral observations of interest over the reported outbreak.
First, it detected multiple concurrent outbreaks of previ-
ously unreported STs, especially during the second wave,
proving effective in tracing transmission chains. K. oxy-
toca ST18 and ST199 and K. michiganensis ST381 were
also identified in corresponding positive environmen-
tal samples. While WGS combined with epidemiologi-
cal investigation and environmental sampling helped to
identify an environmental source or potentiator, there
was persistent onward infant-to-infant transmission
linked to NICU-typical prolonged presence of colonised
infants. The identification of environmental sources can
be difficult and is variably described in published reports.
Documented environmental sources include medical
equipment and devices, such as blood gas analysers [11],
disinfectant solutions [19, 28], humidifiers [21], water
sources like sinks, drains/siphons and washing machines
[7], feeding equipment or IV fluids, such as enteral nutri-
tion tubes [20] and intravenous infusion bags [17]. How-
ever, not infrequently such sources are either purposely
not investigated [3], not identified [15, 23, 26, 27]or not
mentioned [12-14, 18, 22, 24, 25]. Outbreak investiga-
tions should consider upstream environmental testing.
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- August 2023); B Timeline of key

outbreak events, environmental findings and IPC interventions. Wave 1: 10 cases (8 confirmed: K. oxytoca ST18; 2 potential: 1 K oxytoca ST36, 1 K.
oxytoca ST37). Wave 2: 73 cases (70 confirmed: 1 K. oxytoca ST18; 37 K oxytoca ST18 K1; 29 K. oxytoca ST199; 3 K. michiganensis ST381; 3 potential: 1 K.
oxytoca ST151; 1 K michiganensis ST52; 1 K. michiganensis ST 194). Not typed: 69 isolates

In our case, bathing practices and water exposure might
have influenced transmission, leading to contamination
and infant colonisation. No upstream contamination of
water sources, however, was identified in this outbreak.
Outbreaks often persist beyond interventions such as
prompt removal of potentiators and additional measures,
including enhanced environmental cleaning and disin-
fection, and even structural renovations. Likely multidi-
rectional transfer-transmission between environmental
sources and infants means that source identification and
removal may not be sufficient to contain an outbreak.
This highlights insufficient standard infection preven-
tion and control measures to prevent transmission, often

linked to understaffing and sub-optimal nurse-to-infant
ratios.

Considering the STs identified in our study, K. oxy-
toca ST18 and ST199 isolates have been previously
reported as being linked to clinical infections [30, 31].
K. michiganensis ST381 appears in both clinical and
environmental samples, with plants representing a
potential reservoir [30, 31]. Nevertheless, published
studies specifically addressing neonatal outbreaks with
K. oxytoca ST18, ST199 and K. michiganensis ST381
are lacking, with different STs being identified: K. oxy-
toca ST179 [27], ST201 [7], ST11, ST308, ST389, ST392
[3] and K. michiganensis ST50 [28].
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Fig.2 Minimum Spanning Tree of the Core Genome Multi Locus Sequencing Typing Analysis (cgMLST) — (samples: 2016-2024). The Minimum
Spanning Tree of the cgMLST includes samples collected for surveillance and typed between 2016 and 2024, including those part of the reported
outbreak. (NICUA, adult; NICUP, paediatric; NICUN, neonatal; NICUE, environmental; K1, associated with the K1 [nOXY] phenotype. The isolates

are shown as circles. If two strains are identical, they collapse into one circle. The numbers on the lines connecting the different circles show

the number of different alleles between two isolates (not to scales))

Second, a set of twins presented a genotypically
identical ST with a different susceptibility phenotype,
wild-type vs. K1 (hyperproducer of OXY [hOXY-KoC],
following point mutations in the consensus sequences
of their promoters). This pertains to the emergence
of resistance during an outbreak in a pathogen that is
otherwise well-treatable. The K1 phenotype is typically
susceptible to ceftazidime and cefepime, but resist-
ant to cefuroxime, piperacillin and aztreonam. The
distinction between the K1 and non-K1 phenotype is
clearly associated with the published blay, promoter
sequences and K. oxytoca ST18 vs. non-ST18 [32]. Not
all the collected samples were sequenced; however, it
can be assumed that the non-typed K1 samples were
likely ST18 and so part of the outbreak. The K1 phe-
notype was also described in a 2001 NICU outbreak in
South Korea involving six infants, half of which pre-
sented with localised infection [21].

Third, differently from viral outbreaks easily contained
by breaking the transmission chain, bacterial outbreaks
have a greater risk of endemicity [33]. In fact, the dura-
tion of K. oxytoca outbreaks has been reported to range
from 2 months to over a year [3, 7, 21-26].

If screening programmes are in place for MDRO/
ESBL, it should be noted that K1 hyperproducers would

be detected. This should then trigger an outbreak inves-
tigation if affecting more than one infant, even if the
K1 hyperproducer is a “benign” K. oxytoca. We suggest
the implementation of surveillance frameworks such as
routine point prevalence surveys for colonisation and
environmental sampling and targeted screening dur-
ing outbreaks. Optimal and cost-efficient outbreak
response, especially for low-virulence pathogens, must
combine outbreak-specific investigations with maximisa-
tion of standard measures, such as optimal hand hygiene
practices, including electronic monitoring tools. Hand
hygiene with appropriate monitoring to boost compli-
ance would significantly reduce multiple transfer-trans-
mission events [10, 34, 35]. Various measures have been
described for outbreak containment (Table S1), with
reinforcement of hand hygiene through monitoring and
training for optimal practice being one of the most fre-
quently implemented actions [3, 7, 11, 12, 15, 18, 20, 22,
26, 28].

Limitations of this work are due to its retrospective
design as an outbreak report. The actions described for
outbreak surveillance and management reflect real-
life practice and were not planned for the purpose of a
study. Surveillance followed the criterion of infant time-
since-admission on the ward (initially at 2—3 days of life
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and 4 weeks, additionally at birth and 1 week since the
second wave), instead of absolute, pre-established regu-
lar screening timepoints, i.e. on a weekly basis. Moreo-
ver, WGS sequencing was implemented according to the
local hospital practice, with limitations due to costs, and
therefore it could not be performed for all collected sam-
ples. This could result in an incomplete picture of con-
current clusters, though all non-typed K1 samples were
likely part of the main K. oxytoca ST18 cluster. Any lack-
ing information would have been unlikely, however, to
influence the management of the outbreak. Pathogens
identified concomitantly to Klebsiella spp. on screening
were not sequenced. Last, we did not perform a cost—
benefit analysis comparing WGS-based surveillance and
conventional approaches.

Conclusion

To conclude, the use of WGS in the context of NICU
outbreaks involving low-virulence bacteria enables pre-
cise mapping of transmission chains, revealing or refut-
ing epidemiological links. It further enables tracking of
evolution of resistance and its use can support identifica-
tion and removal of potentiating environmental sources.
Ongoing WGS surveillance of ubiquitous species may
further uncover multiple concurrent outbreaks in the
NICU, highlighting the added value of close collabora-
tion between IPC and microbiology teams. Such collabo-
rations enable the identification of tailored measures to
address outbreak risks to patients and expected efficiency
of IPC measures.
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