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Abstract

ICU in controlling the transmission of CRKP.

5-year study period.

Phylogenetic analysis

Purpose: Carbapenem-resistant Klebsiella pneumoniae (CRKP) is one of the leading causes of healthcare-associated
infections (HAIs) and is particularly pervasive in intensive care units (ICUs). This study takes ICU layout as the research
object, and integrates clinical data and bacterial genome analysis to clarify the role of separate, small wards within the

Methods: This study prospectively observed the carriage and spread of CRKP from a long-term in-hospital patient
(hereafter called the Patient) colonized with CRKP in the gut and located in a separate, small ward within the ICU. The
study also retrospectively investigated CRKP-HAIs in the same ICU. The relationship and transmission between CRKP
isolates from the Patient and HAI events in the ICU were explored with comparative genomics.

Results: In this study, 65 CRKP-HAI cases occurred during the investigation period. Seven CRKP-HAI outbreaks were
also observed. A total of 95 nonrepetitive CRKP isolates were collected, including 32 strains from the Patient in the
separate small ward. Phylogenetic analysis based on core genome single-nucleotide polymorphism (cgSNP) showed
that there were five possible CRKP clonal transmission events and two clonal outbreaks (A1, A2) during the study.
CRKP strains from the Patient did not cause CRKP between-patient transmission or outbreaks in the ICU during the

Conclusion: The presence of a long-term hospitalized patient carrying CRKP and positioned in a separate, small ward
did not lead to CRKP transmission or infection outbreaks in the ICU. Combining a small-ward ICU layout with norma-
tive HAI control measures for multidrug-resistant pathogen infection was effective in reducing CRKP transmission.
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Introduction

The increasing prevalence of antimicrobial resistance is a
serious threat to global public health [1, 2]. In 2017, the
World Health Organization (WHO) listed carbapenem-
resistant Enterobacteriaceae (CRE) as one of the most
troubling types of resistant bacteria, and Klebsiella pneu-
moniae is the most notorious CRE [3]. In China, carbape-
nem-resistant K. pneumoniae (CRKP) accounts for about
64% of CRE infections [4]. CRKP resists carbapenems
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mainly via the production of carbapenemases [4, 5].
Global dissemination of CRKP has been largely attrib-
uted to the expansion of K. pneumoniae clonal group
CG258, of which the main sequence types (STs) are
ST258 and ST11; ST11 remains the most prevalent clone
in China [6, 7]. Nosocomial infections frequently occur in
intensive care units (ICUs) because of the complex ICU
environment, the critical condition of the patients, the
frequency of invasive operations, the heavy consumption
of antibiotics, and the lack of sufficient medical staff [8,
9]. CRKP is one of the most common agents for health-
care-associated infection (HAI) and is of paramount con-
cern in the ICU owing to its significant morbidity and
mortality [10]. Infections caused by CRKP are difficult
to treat because they often display resistance to multiple
antibiotics, limiting therapeutic options. Therefore, it is
critical to prevent the transmission of CRKP in ICUs and
other healthcare settings [11, 12]. As early as 1996, the
U.S. Centers for Disease Control and Prevention (CDC)
recommended the implementation of single-room and
contact precaution measures (SCP; single room, gown
and gloves) to prevent infection by multidrug-resistant
organisms (MDROs) [13].

Transmission of MDROs among patients is the main
source of HAI outbreaks, especially in clinical units with
crowded patients, more invasive operations, and high
antibiotic consumption, such as neurosurgery and ICU
settings [14]. In China, ICUs are often designed as a sin-
gle large bay for the purpose of easier patient monitor-
ing; each large room can accommodate 20-30 patients
at a time, and the beds are relatively closely spaced [11,
15]. This crowded environment may contribute to the
frequent occurrence of HAIs [16]. Previous studies on
separate, small wards in ICUs focused on whether strict
isolation measures reduced the prevalence of MDROs
[17], but the impact of ward size itself on the transmis-
sion of MDROs remains poorly understood. In particular,
there is a lack of studies on MDRO spread confirmed by
high-resolution genomic methods [18].

In this study, a patient in a separate, small ward within
the ICU (hereafter called the Patient) and the rest of the
patients in the ICU were taken as the research objects.
The occurrence of CRKP-HAIs in the ICU was moni-
tored from February 2015 to December 2019. The
outbreak and transmission of CRKP infections were
analyzed by whole-genome sequencing, and the role of
separate, small wards within the ICU in preventing trans-
mission of CRKP was clarified.

Methods

Ward and bed setting in the ICU

There were three separate wards (Room-1, -2, -3) within
the ICU, which could accommodate three, four, and two

patients (Fig. 1). Each ward was equipped with a separate
handwashing basin and hand disinfectant. There was a
public toilet in a separate room outside the wards. There
were two nurses to every three patients, with an individ-
ual nurse potentially being responsible for patients in two
different wards at the same time.

Prevention and control strategies for nosocomial infection
in the ICU

The routine hospital infection control strategies in the
ICU included personnel training, hand hygiene, environ-
mental disinfection, medical waste management, treat-
ment of patient excreta, surface cleaning and disinfection
of furniture, monitoring and reporting of HAIs, infection
prevention and control protocols for invasive procedures,
occupational protection, etc. No additional infection
control measures were added during the study.

Definition of nosocomial infection
CRKP-HAI was defined as an infection that occurred
more than 48 h after admission, with CRKP confirmed
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Fig. 1 Schematic showing the ICU wards. There were three individual
small wards (Room-1, Room-2, and Room-3), a doctor’s office, and a
public toilet. The yellow bed shows the location of the patient with
CRKP (Room-3-B9)
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as the cause through the culture of clinical samples [18].
A CRKP-HAI outbreak was defined as the occurrence of
more than three infections in the ICU within a month.
CRKP strains with less than 25 cgSNPs (core genome sin-
gle-nucleotide polymorphisms) were classed as the same
clone, and clonal spread was defined as>25 cgSNPs. A
clonal outbreak of CRKP-HAI was defined as an HAI
outbreak caused by a single CRKP clone [19, 20].

HAI diagnosis and patient management

From February 2015 to August 2019, we prospectively
collected monthly fecal samples from the Patient for
CRKP screening. The Patient was hospitalized for colon
cancer in February 2015. Physical examination showed
that the Patient had comorbidity diseases such as coro-
nary heart disease and diabetes. The Patient stayed in
Room-3, Bed 9 (Room-3-B9) from admission until the
end of the study (Fig. 1). The Patient twice tested posi-
tive for bloodstream infections caused by CRKP: on April
11, 2015 and April 27, 2015. A combination of imipenem/
cilastatin and tigecycline was used for therapy, and the
Patient subsequently recovered. No further CRKP infec-
tions were observed in the Patient. The medical records
and HAI reports for other patients admitted to the ICU
were retrieved, and the occurrence of CRKP-HALI in the
other patients in the ICU over the same period was ret-
rospectively observed, including bloodstream infections
(BSIs), urinary tract infections (UTIs), intra-abdomi-
nal infections (IAIs), central nervous system infections
(CNS), etc.

Bacterial identification and antimicrobial susceptibility
testing (AST)

A single bacterial clone was identified by matrix-assisted
laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF/MS) (Bruker, Bremen, Germany)
[21]. Antimicrobial susceptibility (minimum inhibitory
concentrations, MICs) of 14 antimicrobial agents was
determined by agar dilution methods, except for colis-
tin and tigecycline, for which the broth microdilution
method was used. The MIC results were interpreted on
the basis of the breakpoints described in the Clinical and
Laboratory Standards Institute document M100-S25
except for tigecycline, for which the criteria of the U.S.
Food and Drug Administration (FDA) were followed.

Whole-genome sequencing (WGS) and genomic analysis

Genomic deoxyribonucleic acid (DNA) of all isolates was
extracted from pure cultures of K. pneumoniae using
a Gentra Puregene Yeast/Bact. Kit (QIAGEN, Hilden,
Germany). Whole-genome sequencing (WGS) was per-
formed on the extracted DNA by Novogene (Beijing,
China) using the Illumina HiSeq sequencing platform.

Alignment of antimicrobial-resistance (AMR) genes was
performed through the ResFinder platform (https://cge.
cbs.dtu.dk/services/ResFinder). Multilocus sequence typ-
ing (MLST) was performed on bacteria (https://cge.cbs.
dtu.dk/services/MLST). Virulence genes were identified
by blasting the Virulence Factor Database (VEDB; http://
www.mgc.ac.cn/VFs).

Phylogenetic analysis

Roary v3.13.0 [22] was used to perform a pan genome
analysis and create core gene alignments on 95 isolates,
and SNP alignments were extracted from the core gene
alignments. Using K. pneumoniae (GCF_000240185) as
a reference sequence [23], Snippy v4.6.0 (https://github.
com/tseemann/snippy) was used to perform reference-
based mapping and identify SNPs [24]. The alignment file
was filtered from variants with elevated densities of base
substitutions as putative recombination events by Gub-
bins version 2.4.1 [25]. PHYLOViZ 2.0 (http://www.phylo
viz.net/tutorials.html) was used to construct a maximum
likelihood tree [26].

Constructing the putative transmission map

Genome and patient information were integrated to
construct the putative map of clonal transmission of
CRKP and clonal HAI outbreaks. Taking the first CRKP
detected during the study as the index isolate, the mini-
malist transmission map was obtained by calculating the
genetic distance among all strains, and the most likely
transmission map was determined when the total genetic
distance between strains was at a minimum (the mini-
mum number of cgSNP). Patient information was used to
distinguish transmission maps with the same possibility
according to genetic distance [19].

Statistical analysis

Statistical analyses were performed using the Wilcoxon
rank-sum test, Chi-square test or Fisher’s exact test. Sta-
tistical significance was determined at p <0.05. Genome-
wide association analysis was performed with Scoary
vl.6.16.

Data availability

The whole-genome sequences of 95 K. pneumoniae iso-
lates have been deposited in the GenBank database under
BioProject accession no. PRINA839803.

Ethical statement

This study was conducted according to the Declara-
tion of Helsinki, and approval was obtained from the
Medical Ethics Committee at The First Affiliated Hospi-
tal of Zhejiang University. The ethics permit number is
IIT20220585A.
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Results

Occurrence of CRKP-HAIs and strain identification

A total of 32 CRKP isolates were prospectively collected
from the Patient in the separate small ward from Febru-
ary 2015 to August 2019. The Patient tested positive for
bloodstream infection (BSI) caused by CRKP on April 11,
2015 and April 27, 2015. Since then, the Patient did not
develop a HAI caused by CRKP. A total of 30 CRKP iso-
lates were detected in the fecal screening of the Patient.

Over the same period, 63 CRKP-HAIs were diagnosed
in other patients in the ICU: 11 in 2015 (17.5%), 4 in 2016
(6.3%), 9 in 2017 (14.3%), 17 in 2018 (27%), and 22 in
2019 (34.9%). HAIs were mainly comprised of UTIs (23,
36.5%), followed by BSIs (21, 33.3%), IAIs (14, 22.2%),
respiratory tract infections (RTIs) (3, 4.8%), and CNS (2,
3.2%).

Seven CRKP-HAI outbreaks were observed (Fig. 2).
Three outbreaks occurred in 2019 with 12 episodes of
CRKP-HAIL nine UTIs (75%) and 3 BSIs (25%). Three
outbreaks occurred in 2018 with nine episodes: five UTIs
(55.6%), two BSIs (22.2%), and two IAIs (22.2%). One
outbreak occurred in 2015 with three episodes: two BSIs
(66.7%) and one IAI (33.3%).

Transmission of CRKP in the ICU

WGS of all 95 CRKP strains was performed. The predom-
inant clone in the ICU was ST11 CRKP (76/80%), fol-
lowed by ST37 (7/7.4%), ST660 (4/4.2%), ST15 (4/4.2%),
ST893 (1/1.1%), ST152 (1/1.1%), ST1 (1/1.1%), and an
unknown type (1/1.1%). The cgSNP-based phylogenetic
analysis of the 95 CRKP strains (Fig. 3) demonstrated
that there were three clades in the ST11 evolutionary tree
(clade A, n=48; clade B, n=24; clade C, n=4). Clade A
was the most prevalent infective lineage in the ICU; all
isolates in clade B were from the Patient; and clade C

consisted of four CRKP isolates, which appeared only
briefly and were not prevalent in the ICU.

The Patient in the separate small ward did not leave
the ward in the 5-year study period. A total of 32 CRKP
strains were collected from the Patient, including 25 for
ST11 and 7 for ST37. Except for the two ST11 strains
that caused the two BSI episodes, the strains were all gut-
colonizing bacteria. Phylogenetic analysis showed that
most of the ST11 strains from the Patient (24/25) were
in clade B, and the ST37 strains were clustered in a single
clade (Fig. 3). Compared with the other isolates from the
Patient, one ST11 strain (LZQ41) located in clade A had
a median cgSNP of 275 (range 268—278), indicating that
LZQ41 might have been a temporary colonization from
other patients in the ICU. ST37 CRKP was never isolated
from other patients during the study period. This result
shows that, from February 2015 to December 2019, nei-
ther the BSI isolates nor the gut-colonizing strains from
the Patient caused transmission in the ICU, suggesting
that the long duration stay by a patient with persistent
gut-colonizing CRKP in a small ward was not the source
of CRKP transmission in the ICU.

Alongside the cgSNP and phylogenetic analysis, five
clonal transmission events were monitored (Fig. 4),
involving 20 isolates in total from Room-1 (6, 30%),
Room-2 (12, 60%), and Room-3 (2, 10%), but never con-
nected with the Patient. The infection types of these
clonal transmissions were BSI (8, 42.1%), UTI (7, 36.8%),
and IAI (4, 21.2%).

Pathway of CRKP-HAI clone spread in the ICU

A phylogenetic tree of CRKP based on cgSNPs indi-
cated that the epidemic clade A (n=48/76, 63.16%) of
ST11 caused two possible clonal outbreaks (Al, A2)
(Fig. 3). Combining WGS and patient clinical informa-
tion, the possible transmission maps of the CRKP clonal
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Fig. 3 Isolation time and phylogenetic analysis of 95 CRKP isolates in the ICU. The upper figure shows the phylogenetic analysis of 76 ST11-CRKP

isolates, and the lower figure shows the phylogenetic analysis of 19 other ST-type CRKP isolates. The dots on the clade indicate the sample origin of
the isolate. Solid red rectangles represent clonal outbreaks in clade A, and dashed red rectangles represent CRKPs (ST11 and ST37) isolated from the
Patient (Room-3-B9). Wards and beds are represented by a combination of colors and shapes. Isolates with HAls occurring before ICU admission are

indicated by red circles

outbreaks were reconstructed (Fig. 4). The Al clonal
outbreak comprised four patients in total from Room-1
and Room-2, and occurred from February 26 to March
18, 2015. The Al outbreak lasted for a total of 22 days,
starting with patient Room-2-B7 (BSI) and spreading to
patients Room-1-B2 (BSI) and Room-2-B5 (BSI), and

then spreading within Room-1 from patient Room-1-B2
to patient Room-1-B3 (IAI). The A2 clonal outbreak
comprised five patients and occurred from January 22
to May 15, 2018. This outbreak lasted a total of 113 days,
starting from patient Room-2-B6 (UTI), spreading within
the same ward to patient Room-2-B5 (BSI) and also to
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patient Room-1-B1 (IAI); it then spread from patient
Room-2-B5 to patient Room-3-B10 (UTI), and from
patient Room-1-B1 to patient Room-2-B7 (UTI).

Antimicrobial resistance (AMR) genetic analysis

and antimicrobial susceptibility testing (AST) of epidemic
clone ST11

AMR gene analysis and AST showed that clade A (except
LZQ41 from the Patient) carried more AMR genes than
clade B (isolates from the Patient; p <0.05, Supplemen-
tary Material 1), and the AMR profile had a broader
phenotype in clade A, with more frequent resistance
to aminoglycoside. Most of the strains isolated in 2018
and 2019 carried aminoglycoside-resistance genes and
showed resistance to aminoglycoside antibiotics, indi-
cating that ST11-CRKP in the ICU was in the process
of continuous dynamic evolution. Compared with clade
A, clade B tended to harbor the quinolone-resistance
genes ogxA and ogxB. The AMR genes and resistance

phenotypes carried by clade C were similar to those of
clade A (Fig. S1).

ST11-CRKP virulence genes

Virulence gene analysis revealed that clade A (except
LZQA41 from the Patient) carried more acquired sidero-
phore and hypermucoidy genes than clade B (isolates
from the Patient; p<0.05, Supplementary Material 1),
including the siderophores enterobactin genes (entC,
entE, entF), yersiniabactin genes (ybtA, ybtE, ybtP, ybtS,
ybtT, ybtl), aerobactin genes (iucA, iucC), salmochelin
gene (IroE), and hypermucoidy genes (rmpA, rmpA2). In
addition, compared with clade A, clade B carried more
pullulanase genes (pul), which are involved in carbohy-
drate metabolism. Clade C had a similar virulence gene
profile to clade A but did not carry the hypervirulent
genes iucA, iucC, rmpA, rmpA2, etc. These data indicate
that clade A likely had higher virulence (Fig. S2).
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Discussion

Because of the limited therapeutic options and extremely
high mortality, CRKP infection has become one of the
most troubling problems in healthcare [27, 28]. CRKP
infections account for 64% of CRE infection in China [4].
In Europe, the incidence of CRKP infection increased
sharply from 1% in 2009 to 15% in 2010 and 34% in
2016 [29]. CRKP can lead to different types of infection,
including BSIs, UTIs, and CNS, with a mortality rate of
up to 42.1% [30]. Both the WHO and the CDC list CREs,
especially CRKP, as the most urgent pandrug-resistant
bacteria to be controlled, and have formulated preven-
tion and control guidelines [31]. The prevention and con-
trol of CRKP require timely identification of infection or
colonization, patient isolation, minimization of physical
contact, disinfection of the environment, hand hygiene,
and rational management of antibiotics use [32]. Bernard
et al. evaluated the application of CRKP infection—pre-
vention measures by comparing 34 related studies. Active
screening, rational use of antibiotics, and exposure pre-
vention effectively reduced the spread of CRKP, but staff
behavioral changes were a greater barrier [33, 34].

A CRKP outbreak in Israel that was successfully con-
trolled demonstrated that admission screening for CRKP,
strict isolation of patients, and a separate medical cohort
are of great value for timely control of a CRKP outbreak
[35]. Severe patient illness and substandard healthcare
procedures, such as substantial invasive operations,
heavy consumption of antibiotics, and an insufficient
number of medical staff, often hold back the implemen-
tation of infection—prevention measures, and make ICUs
particularly likely to have a high incidence and preva-
lence of CRKP infections [8, 9]. Surveillance data show
that the prevalence of CRKP in ICUs can be as high as
20.8-48.1% [36, 37], which is significantly higher than
that in other clinical departments. A major factor in
this is the high incidence of CRKP clone transmission
in ICUs. Molecular epidemiological studies showed that
ST11 was the predominant clone in ICUs in China [38],
which may be because of excessive patient crowding in
large wards [11, 14]. Therefore, changing the ward lay-
out may help control the prevalence of MDROs, includ-
ing CRKP. Halaby et al. showed that in large-room ICUs
where patients were concentrated, extended-spectrum
B-lactamase—producing K. pneumoniae (ESBL-Kp) was
continuously detected even after the implementation of
contact isolation, but detection of ESBL-Kp decreased
by 83.3% after the implementation of single-room isola-
tion for patients [18]. Biehl et al. found similar benefits to
single-room isolation in a multicenter prospective study
on HAIs [17]. However, these studies focused on observ-
ing the changes in the prevalence of antibiotic-resistant
bacteria, without analyzing the specific mechanisms

through which single-room wards can reduce MDRO
transmission. Thus, whether the decrease in MDROs was
caused by blocked transmission or improved patient care
remained unknown.

In this study, the Patient in the separate, small ward in
the ICU and the other patients in the ICU were selected
as the research objects (Fig. 1), and CRKP-HAIs in the
ICU were observed for 5 years. A total of 65 CRKP-HAI
cases were monitored in the ICU during the 5 years,
including two BSI episodes in the Patient. HAIs in the
ICU mainly comprised BSIs and UTIs, which accounted
for 70.8% of all HAIs (Fig. 2). WGS analysis of 95 CRKP
isolates collected in the past 5 years showed that ST11
was the main type of CRKP. However, phylogenetic
analysis showed that the strains isolated from the Patient
and from other patients in the ICU belonged to different
clades. Intestinal colonized strains from the Patient did
not spread outward and cause transmission in the ICU
(Fig. 3). CRKP-HAIs in other patients in the ICU were
caused by strains of a new subclone. SY37 CRKP, a spe-
cific ST type isolated only from the Patient, also did not
cause any HAIs.

The five clonal transmission events and two clonal
outbreaks that occurred in the ICU were studied by
integrating patient information, HAI data, microbiologi-
cal examination, and WGS analysis (Fig. 4). The results
showed that all clonal transmission and outbreaks were
caused by a new subclone that spread in the ICU within
a short period of time. None of the clonal outbreaks in
the ICU involved the Patient. These results clearly dem-
onstrate that establishing a separate, small ward in the
ICU can effectively control CRKP outbreaks and epi-
demics without additional infection control measures.
Our results also indicate that blocking the transmission
of CRKP from outside the ICU greatly helps control
the prevalence of MDROs in the ICU. Bracco et al. also
explored the role of ICU building layout in the control
of HAIs. Their study compared the incidence of HAIs in
patients staying in large rooms or separate small wards
in a ICU, and found that HAI incidence for patients in
the small wards was reduced by 68% compared with that
for patients in large rooms [39]. However, the study was
limited to bacterial detection rates and lacked genomic
evidence to explain the mechanism. Our study showed
that small ICU wards are effective for CRKP preven-
tion because they reduce or avoid transmission among
patients.

In addition to the physical barrier provided by the small
ward, reduced CRKP transmission may have been related
to bacterial virulence and antibiotic resistance. Virulence
and AMR genetic analyses of CRKP showed that ST11
clade A, which led to the CRKP outbreak, carried more
acquired siderophore and hypermucoidy genes (such
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as entC, entE, entF, ybtA, ybtE, ybtP, ybtS, ybtT, ybtU,
rmpA, rmpA2, etc.), whereas clade B carried more pul-
lulanase genes (pul), which are involved in carbohydrate
metabolism (Figs. S1, S2) [2]. Clade A had more amino-
glycoside-resistance genes, and clade B harbored more
quinolone-resistance genes (ogxA and ogxB). The AMR
genes and resistance phenotypes of clade C were similar
to those of clade A (Fig. S1). However, the differences in
genes related to virulence and resistance cannot explain
the prevalence of clade A in the ICU. Although the viru-
lent genes in CRKP are beneficial to its pathogenesis [40,
41], the ogx genes in clade B can promote its survival in
the environment and thus spread in hospitals. It will be
necessary to study the genetic factors related to transmis-
sion advantages for different clades in the future.

Our study has some limitations. We analyzed the ICU
CRKP-HAIs retrospectively, and it is impossible to deter-
mine the impact of other infection control measures.
In the future, a prospective study should be carried out
to continuously track the patients admitted to the ICU,
along with the implementation of various infection con-
trol measures and the collection of epidemiological evi-
dence and relevant environmental microbial strains.
Genomic comparison of outbreak strains in a prospective
study would add to the findings in the present study.

Conclusion

In conclusion, by integrating epidemiological data with
WGS analysis, we described CRKP outbreaks and trans-
mission in an ICU with separate small wards during a
5-year period. We found that a patient carrying CRKP
who was hospitalized in a separate, small ward for the
entire study period did not spread CRKP to the other
ICU patients. Our study clarifies the value of small-ward
layouts in the control of CRKP-HAIs in ICUs; whole
genomic analysis indicated that the transmission block
of CRKP is likely the major explanation for the lack of
spread.
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